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Foreword
The principles governing the plan and pattern of the present volume
have been summarized in the Preface to the series 'The Chemistry of
the Functional Groups'.
Out of the originally planned contents, three chapters failed to
materialize. These should have been chapters on the 'Photochemistry
of the Amino Group', on the 'Syntheses and Uses of Isotopically
Labelled Amines' and on 'Enamines'.
Jerusalem, September 1967
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The Chemistry of the Functional Groups
Preface to the series
The series 'The Chemistry of the Functional Groups' is planned to
cover in each volume all aspects of the chemistry of one of the important functional groups in organic chemistry. The emphasis is laid
on the functional group treated and on the effects which it exerts on
the chemical and physical properties, primarily in the immediate
vicinity of the group in question, and secondarily on the behaviour of
the whole molecule. For instance, the volume The Chemkty of the Ether
Linkage deals with reactions in which the C-0-C
group is involved,
as well as with the effects of the G-0-C
group on the reactions of
alkyl or aryl groups connected to the ether oxygen. I t is the purpose
of the volume to give a complete coverage of all properties and reactions of ethers in as far as these depend on the presence of the ether
group, but the primary subject matter is not the whole molecule, but
the G O - C functional group.
A further restriction in the treatment of the various functional
groups in these volumes is that material included in easily and
generally available secondary or tertiary sources, such as Chemical
Reviews, Quarterly Reviews, Organic Reactions, various 'Advances'
and 'Progress' series as well as textbooks (i.e. in books which are
usually found in the chemical libraries of universities and research
institutes) should not, as a rule, be repeated in detail, unless it is
necessary for the balanced treatment of the subject. Therefore each of
the authors is asked not to give an encyclopaedic coverage of his subject, but to concentrate on the most important recent developments
and mainly on material that has not been adequately covered by reviews or other secondary sources by the time of writing of the chapter,
and to address himself to a reader who is assumed to be at a fairly
advanced post-graduate level.
With these restrictions, it is realized that no plan can be devised
for a volume that would give a complete coverage of the subject with
no overlap between the chapters, while at the same time preserving
the readability of the text. The Editor set himself the goal of attaining reasonable coverage with moderate overlap, with a minimum of
l*

ix

X

Preface to the Series

cross-references between the chapters of each volume. In this manner, sufficient freedom is given to each author to produce readable
quasimonographic chapters.
The general plan of each volume includes the following main
sections :
(a) An introductory chapter dealing with the general and theoretical
aspects of the group.
(b) One or more chapters dealing with the formation of the functional group in question, either from groups present in the molecule,
or by introducing the new group directly or indirectly.
(c) Chapters describing the characterization and characteristics of
the functional groups, i.e. a chapter dealing with qualitative and
quantitative methods of determination including chemical and
physical methods, ultraviolet, infrared, nuclear magnetic resonance,
and mass spectra; a chapter dealing with activating and directive
effects exerted by the group and/or a chapter on the basicity, acidity
or complex-forming ability of the group (if applicable).
(d) Chapters on the reactions, transformations and rearrangements
which the functional group can undergo, either alone or in conjunction with other reagents.
(e) Special topics which do not fit any of the above sections, such as
photochemistry, radiation chemistry, biochemical formations and
reactions. Depending on the nature of each functional group treated,
these special topics may include short monographs on related functional groups on which no separate volume is planned (e.g. a chapter
on 'Thioketones' is included in the volume The Chemistry of the Carbonyl
Group, and a chapter on 'Ketenes' is included in the volume The
Chemistry of Alkenes). In other cases, certain compounds, though containing only the functional group of the title, may have special
features so as to be best treated in a separate chapter as e.g. 'Polyethers' in The Chemistry of the Ether Linkage, or 'Tetraaminoethylenes'
in The Chemistry of the Amino Group.
This plan entails that the breadth, depth and thought-provoking
nature of each chapter will differ with the views and inclinations of
the author and the presentation will necessarily be somewhat uneven.
Moreover, a serious problem is caused by authors who deliver their
manuscript late or not at all. In order to overcome this problem at
least to some extent, it was decided to publish certain volumes in
several parts, without giving consideration to the originally planned
logical order of the chapters. If after the appearance of the originally
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planned parts of a volume, it is found that either owing to nondelivery of chapters, or to new developments in the subject, sufficient
material has accumulated for publication of an additional part, this
will be done as soon as possible.
It is hoped that future volumes in the series 'The Chemistry of the
Functional Groups' will include the topics listed below:
The Chemistry of
The Chemistry of
The Chemistry of
Ths Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
The Chemistry of
Th.e Chemistry of

the Alkenes (published)
the Carbonyl Group (published)
the Ether Linkage (published)
the Amino Group (published)
the Nitro Group (in press)
Carboxylic Acids and Esters (in press)
the Carbon-Nitrogen Double Bond
the Cyano Group (in preparation)
the Carboxamido Group (in preparation)
the Carbon-Halogen Bond
the Hydroxyl Group (in preparation)
the Carbon-Carbon Triple Bond
the Azido Group
Imidoates and Amidines
the Thiol Group
the Hydrazo, Azo and Azoxy Groups
Carbonyl Halides
the SO, SO,, 4 0 , H and -S03H Groups
the -OCN, -NCO and 4 C N Groups
the -P03H2 and Related Groups

Advice or criticism regarding the plan and execution of this series
will be welcomed by the Editor.
The publication of this series would never have started, let alone
continued, without the support of many persons. First and foremost
among these is Dr. Arnold Weissberger, whose reassurance and trust
encouraged me to tackle this task, and who continues to help and
advise me. The efficient and patient cooperation of several staffmembers of the Publisher also rendered me invaluable aid (but unfortunately their code of ethics does not allow me to thank them by
name). Many of my friends and 'colleagues in Jerusalem helped
me in the solution of various major and minor matters and my
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thanks are due especially to Prof. Y. Liwschitz, Dr. Z. Rappoport and
Dr. J. Zabicky. Carrying out such a long-range project would be
quite impossible without the non-professional but none the less essential participation and partnership of my wife.
The Hebrew University,
Jerusalem, ISRAEL
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I. T H E N A T U R E O F T H E CHEMICAL B O N D A N D T H E M A I N
METHODS O F CALCULATING MOLECULAR W A V E
FUNCTIONS
A. Some Aspects of Molecular Structure

In order to help the readers who are not specialized in the field of
quantum chemistry we will summarize in this first section some
important results on the nature of the chemical bond and the main
ideas which form the basis of the usual methods of calculating electronic wave functions1.
I t will be convenient to introduce the subject by the analysis of the
electronic structure of an atom. Let us take, as an example, a helium
atom in its first excited state (which is a triplet state). I n the old
1

2
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theory of Bohr this state would correspond to one K electron in a
certain circular orbit and one L electron in another one. From the
wave-mechanical point of view the electronic structure of the atom
appears to be rather different.
First of all, since no experiments have as yet been devised to determine the trajectories of electrons in atoms and molecules, it is assumed
that such trajectories (if they exist) cannot be known. The wave
mechanics can only give us a procedure to calculate the probability
of finding an electron at a certain instant in such and such a small
volume of an atom or molecule.
However, the main forces which from the wave-mechanical viewpoint are responsible for the 'motion' of electrons and nuclei, remain
essentially the same as in classical mechanics; these forces are the
coulombic interactions (repulsive between electrons or between nuclei,
attractive between an electron and a nucleus). The Coulomb attraction that the nucleus of an atom exerts on the electrons holds them in a
very small region of space, despite the repulsive forces between the
electrons. Likewise, the repulsion between the nuclei of a molecule is
compensated for by the attraction of electrons for the nuclei. But
furthermore, we must take into account the spin of the electrons. Let
us recall that this kinetic moment is quantized, in such a way, that
if its projection along a given axis is measured, only one of the two
values 5 4h/2r (where h is Planck's constant) can be found.
Obviously it is more difficult to obtain a simple geometrical picture
of an atom in the framework of the wave mechanics than with the
theory of Bohr.
However, such a picture is very useful, especially for chemists who
like to use intuitive concepts. This is why the notion of 'logeY2has
been introduced into the wave mechanics.
Let us go back to our helium atom in its first excited state. Let us
consider a sphere of radius r (this value being completely arbitrary)
with its center at the nucleus. With the help of wave mechanics it is
possible to calculate the probability P of finding one electron, and
one only, in this sphere. When T is very small this probability is also
very small because the sphere is generally empty. When r is very
large, P again will be very small because now the sphere will generally
contain the two electrons (and not one only). Thus, intuitively, we
must anticipate that P will possess a maximum for at least one value
of 7. The curve3 of Figure 1 shows that this is true. The maximum is
large as it corresponds to P = 0.93. The corresponding radius is
1.7 a,. (a, = 0.529.A being the atomic unit of length.) We shall say
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FIGURE1. The probability P as a function of r.

that the best division of the atomic space into spherical loges is
obtained when r = 1.7 a, and that there is a probability of 93 per
cent of finding one electron, and only one, in this sphere (the other
one being outside). Therefore Figure 2 symbolizes the most probable
organization of the electrons of helium in its first excited state. We are
thus quite naturally led to associate the sphere of radius 1.7 a, with
the K shell and the rest of the space with the L shell.

+ Nucleus
0

Electron

FIGURE
2. The best decomposition in loges for the helium atom (first
excited state).

It is important to point out that the K and L shells are associated
with some portion of space, but not with a particular electron. It
would not be convenient to speak ofa K electron or an L electron from
the wave-mechanical point of view, since we know that the various
electrons of a system are assumed to be undistinguishable.

4
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These results can be extended. The space associated with an atom
can be cut up into spherical rings, all concentric with the nucleus,
one built on the other in such a way that there is a high probability
of finding in each ring a certain number of electrons4. For example,
in the fluoride ion F - (ground state) there is an 81 per cent probability
of finding two electrons of opposite spin in a sphere with the center
at the nucleus and with radius r = 0.35 a,, the other 8 electrons being
outside. The sphere corresponds to the K loge, the remaining part of
the space corresponding to the L loge (Figure 3).

Il
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is the de Broglie wave function which satisfies the Schrowhere
dinger equation. For a system ofelectrons this writing is generalized and
represents the probability of finding electron 1 with a projection of
the spin equal to w, in a volume dv, surrounding the point M,, and
electron 2 with a projection of the spin w, in a volume dv, at point
M,. As a consequence of the indistinguishability of electrons it is
easy to show that # must be symmetric or antisymmetric with respect
to a permutation of the electronic coordinates. That is to say:

The Pauli principle consists of selecting the sign minus. We are led to
the very important relation :
Let us calculate the probability of finding the two electrons in
the same volume dv at point M with the same projection of the spin w.
This probability will be :
0

Electron for which Ihe projection
of the spin is

+ 112 -2%1.

but the relation (1) becomes:

0 Electron for which the projection
of the spin is -112 h
2%
FIGURE3. The best decomposition in loges for the fluorine negative ion.

If the volume of a given loge is divided by the number of electrons
which it usually contains, a certain volume v is obtained which gives
an idea of the space associated with one electron in the loge. Moreover, we can evaluate the average value p of the electronic potential
which is exerted in the loge. Odiot and Daude15 observed that for
all atoms and all shells the following relation applies:
p% = constant
A kind of Boyle-Mariotte law exists between the 'electronic pressure'
p and the volume v associated with one electron in an atomic loge.
Another important feature arises from the Pauli principle or in
other words from the symmetry of the electronic wave hnctions.
In wave mechanics the probability dP of finding an electron in a
volume dv surrounding a point M is written as:
= 1*MI2 dv

which obviously shows that:

Therefore the probability of finding two electrons with the same
projection of the spin in the same small volume is zero. In other
words two electrons with the same projection of the spin (or, in
short, 'with the same spin') do not like to occupy the same small
volume of the space. Obviously this is also true for two electrons of
opposite spin as there is always the Coulomb repulsion, but when the
spins are the same a stricter repulsion is added to this Coulomb
repulsion. This is why two electrons with opposite spins are sometimes
said to be coupled. This does not mean that they like to occupy the
same small volume of space. The interaction between them remains a
strong repulsion but the repulsion is less severe than when they have
the same spin. In conclusion it may be said that two electrons with
opposite spin can be found in a smaller portion of space than two
electrons possessing the same spin.

6
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Another way of picturing this phenomenon is to compute the most
probable configuration of the electrons of various atoms. The most
probable configuration of an atom is the set of electronic coordinates
which corresponds to the highest maximum of the modulus of the
wave function. Figure 4 represents the most probable configuration of

FIGURE
4. The most probable electronic configuration of small atoms.

some small atoms, computed by Linnet and Poe 6. For berylliunl in its
3P state, the most probable configuration corresponds to two electrons
of opposite spins at the nucleus and two electrons of the same spin at
2.7 a, from the nucleus; the angle formed by these two electrons and
the nucleus is therefore 180". In the case of boron in its 4Pstate, two
electrons of opposite spins are found at the nucleus and three electrons
with the same spin are found 2.45 a, from the nucleus at the vertices of
four electrons
an equilateral triangle. In the case of carbon (5S)
possessing the same spin are found at the vertices of a regular tetrahedron. It is observed, as expected, that in the same loge, the electrons
possessing the same spin tend to form the largest possible angles with
the nucleus.
The notion of loge is also helpful in describing the electronic structure of molecules. I n a good division of a molecule into loges, some
loges usually appear which were also representative of the free atoms
before bonding. Such loges are said to be loges of the cores while the
others can be called loges of the bonds. As an example let us take the
case of the lithium molecule Li,. Figure 5 represents a good division
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of this molecule3 into loges. In the two spherical loges which look like
the K loges of the lithium atoms there is a probability of 0.96 of finding
two electrons (and two only) with opposite spins. Therefore the distribution of the electrons symbolized by Figure 5 has a very high probability. The region of space outside of the two spheres where there is
also a high probability of finding a pair of electrons, can be considered as the loge corresponding to a two-electron bond.
Another useful notion which gives information on the nature of
the chemical bond is the density dzyerencefunction given by the equation :
where p(M) is the actual electronic density at a given point M of a
molecule, and pf(A4) is the electronic density which would occur at
this point if the density in the molecule were the simple sum of the
density in the free atoms. Therefore, at any point where 6(M) is
positive, an increase of electronic density results from the binding. On
the other hand, in any region where 6(M) is negative, the binding has
led to a decrease in the electronic density. Figure 6 shows the variation
of 6(M) along the line of the nuclei of the hydrogen molecule HZ7.It
is seen that between the nuclei 6(M) is positive. In agreement with
chemical intuition the chemical binding produces an increase in the
electronic density in this region.

FIGURE
6. The density difference function in the hydrogen molecule.

FIGURE
5. A good decomposition in loges for the lithium molecule.

If we consider now a molecule like 0, we are led to a rather different
conclusion. Figure 7 corresponds to that case8. There is no increase of
electronic density between the nuclei but an annular region centered
on the axis of the molecule where 6(M) is positive. The fact that there
is no increase of electronic density along the nuclear axis is probably
due to the presence of four electrons (two of each spin) in this vicinity.
The strong repulsion between electrons possessing the same spin tends

8
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to place them outside the small space surrounding the bond axis.
Therefore we can say that between the cores of small atoms near the
bond axis there is only room for two electrons with opposite spins.

FIGURE
7. The density difference function in the oxygen molecule.

This is the reason why a molecule in which the number of electrons
of the loges of the bonds is twice the number of adjacent atomic cores
usually contains two-electron bonds. Let us consider methane. This
molecule contains ten electrons. In a good division into loges two will
be associated with the K loge of the carbon atom in such a way that
eight electrons remain in the binding region. As there are four pairs of
neighboring cores we expect the formation of four C-H loges associated with the two electrons which are very often near the bond axis
(Figure 8 ) . Four electrons possessing a projection of the spin 4h/27r

9

will very often be in the binding region surrounding the carbon core.
They will tend to form angles of 109" 28' with the carbon nucleus. The
same will be true for the four electrons of spin - 3 h/27r.As in the vicinity of each C-H axis there is very often one electron of positive spin
(and also one of negative spin) we must expect that the angle between
the C-H axes will also be 109" 28'. This explains why methane is
a tetrahedral molecule.
Now let us consider the molecule NH, (the simplest amine !) . It also
contains ten electrons and two will be associated with the K loge of
the nitrogen atom and eight electrons will remain in the binding
region. As the total projection of the spin of such a molecule is zero
this region will often contain four electrons with positive spin and
four with negative spin. In the case of CH,, the electrons possessing the
same spin tended to form tetrahedral angles but as in NH, there are
only three pairs of neighboring cores, six electrons only will be used to
form three N-H bonds, while two electrons will remain as a lone
pair (Figure 9). However, the angle between the N-H bonds will again
be of the order of log0, explaining why NH, is pyramidal. Obviously
the lone pair can be considered as 'a potential bond'. If a proton is
added to the system, the NH,+ ion is obtained (Figure 9) where the
four N-H bonds produce a structure very similar to that of methane.

+

FIGURE
9. Ammoniac and ammonium ion.

FIGURE
8. Methane.

When, as in CH,, NH,, NH,+, it is possible to find, between two
neighboring cores, a good loge associated with a certain number n of
electrons possessing a given organization of spin, it can be said that
an n-electron localized bond between these cores has been defined.

R. Daudel
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But it is easy to see that in certain cases it is not possible to localize,
between only two cores, a region where there is a high probability of
finding n electrons with a precise organization of spins. This is the
case with diborane B2H& This molecule contains 16 electrons. Four
of them can be associated with the two K loges of boron. Twelve
electrons remain for binding purposes. Diborane consists of eight pairs
of neighboring cores. Therefore it is not possible to associate a twoelectron localized bond with each pair of neighboring cores. From the
experimental viewpoint the four outer B-H bonds have the same
behavior as normal localized two-electron bonds. Then, we are led to
try a division into loges similar to the one described in Figure 10a,

bonds delocalized over three centers. I n conclusion, when it is not
possible to find a good loge between two cores the loge will be extended
over a greater number of cores and an n-electron bond delocalized
over p centers will be considered.

10

FIGURE
10. Decompositions in loges of diborane.

since only four electrons remain for the four central pairs of neighboring cores. But obviously, Figure lob corresponds to another situation,
which for symmetry reasons possesses the same probability as the one
shown in Figure 10a. Therefore the probability of the electronic
configuration being symbolized by one of these two figures cannot be
higher than which does not correspond to a good division into loges.
If now, the space of the central B-H is divided between two threecenter loges, as in Figure 11, this difficulty disappears. There are no

+
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B. The M a i n Methods of Calculating Electronic Molecular Wave
FunctionsQ
Assuming that the Born-Oppenheimer approximation is convenient, the main ideas forming the basis of the principal methods of
calculating electronic molecular wave functions will now be summarized.
I n the approximation the calculation of this function is done as if
the nuclei were fixed. T o obtain the space part @ of the wave function
we are led to solve a Schrodinger equation

where H is the non-relativistic Hamiltonian and W the energy of an
electronic state of the molecule. The total electronic wave function
Y is obtained by multiplication of @ by a convenient spin function a
and aRer transformation of the product @a in order to obey the
Pauli principle, we can write

Y

=

A@a

(2)

if A represents the convenient antisymmetrisor.
As it is not possible to solve the Schrodinger equation (except for
very simple molecules) it is customary to use approximate solutions.
An important starting point to find such solutions lies in the independent electron model. I n this model the repulsion between the electrons
is neglected, The corresponding part of the Harniltonian H vanishes
and only a certain part H0 remains. Thus, one must solve the equation

HO@O = WO@'
It is easy to show that

FIGURE
11. Another decomposition in loges of diborane.

is a solution of equation (3) if n electrons are involved in the problem,
and if the various v, obey the equation

a priori reasons to exclude the possibility of finding such good loges.
As they are now extended over more than two cores we shall say that

they correspond to delocalized bonds; more precisely to two-electron

where h is the Hamiltonian corresponding to the motion of one electron

12
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in the field of the nuclei of the molecule under consideration. If this
solution is taken
WO = €1 + E, +".E, + . . .
(6)
The functions p,i are called molecular orbitals. Obviously the discussion applies to the case of one atom (which may be considered to
be a monoatomic molecule), and then the p,, are atomic orbitals. The
relation (6) shows that the energy associated with a given state of the
independent-electron model is the sum of the energies q associated
with the various orbitals introduced in the wave function @O.
If now we consider the total wave function obtained from equation
(2) we have
Y0 = A@Oo
(7)
and it is readily seen that this function is a linear combination of
Slater determinants. For this reason it is not possible to introduce in
@O a given orbital more than twice (one with the a spin function
corresponding to the positive projection of the spin and one with the
p spin function corresponding to the negative projection), otherwise
the determinants will vanish.
But the solutions of the independent model are very far from
exact solutions because the repulsion between the electrons is far
from being negligible. For this reason this interaction must be taken
into account at least in part. To do so the general form of equation (7)
can be kept, that is to say it is assumed that @O is a product of monoelectronic functions p,, but that these p, do not obey equation (5) and
must be chosen by a variational procedure. The functions p, obtained in
this way are again called molecular orbitals. This is the essence of the
self-conristentjeld method. In fact it is very tedious to solve the exact
equation corresponding to the self-consistent field method. A new
approximation is usually made; it is assumed that a molecular orbital
can be expanded as a linear combination of the atomic orbitals
associated with the atoms constituting the molecule: this is the LCAO
approximation.
Some aspects of the calculation of wave functions in this framework
will be demonstrated, using the simplest amine, NH,, as an example.
The ammonia molecule has been studied by several authorsl0 using
the self-consistent field method with the LCAO approximation. Kaplan's results will be analyzed. Figure 12 shows how the axes are
chosen. The three hydrogen nuclei H,1,, H,,, and H,,, lie in the plane
xOy, H,,, being on Ox. The nitrogen nucleus is on the z axis. First
of all, the most important atomic orbitals must be listed. As the

FIGURE12. Coordinate axis for NH3.

ground-state wave function must be computed, only those atomic
orbitals which are usually used in the representation of the ground
states of the free atoms will be considered. These are:
-the 1s orbital corresponding to the K shell for each hydrogen
atom (Let a, b and G be the 1s orbitals of H,,,, H,,, and H,,, respectively)
- the 1s orbital corresponding to the K shell of the nitrogen atom
- and the 2s, 2p,, 2p, and 2p, orbitals associated with the L shell
of the same atom.
TABLE1. Ammonia molecular orbitals.

with,

+ +

h. = no(a b
c)
h, = n,(a - +(b c ) )
h, = n,(b - c )

+

no, n,, n, being normalization coefficients.

R. Daudel
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Following the LCAO approximation each molecular orbital v, is
expanded as a linear combination of these various atomic orbitals

11. S O M E ASPECTS O F T H E PROPERTIES O F A M I N E S IN
T H E I R G R O U N D STATE

14

qf =

k,a

+ k2b + k,c + k41s + k52p, + k62p, + k,2p, + k82.r

where the k's are numerical coefficients that must be computed in
such a way that the total energy associated with the wave function is
a minimum, since we are concerned with the ground state.
Thus a mathematical problem must be solved which leads to
Roothaan's equations. In the case of ammonia these equations have
been solved by Kaplan who obtained the following results. Table 1
contains the explicit form of the molecular orbitals obtained with the
values of the associated energies ei (in atomic units).
The corresponding function 0 is
=

~ l ( ~ l ) v l ( ~ 2 ) ~ 2 ( ~ 3 ) ~ 2 ( ~ 4 ) ~ 3 ( ~ 5 ) ~ 3

04(M7)~4
and the total electronic wave function
Y = A&

can be written as
=

det ~

1 ( ~ 1 ) ~ ) ~ 2 ( ~ 3 ) ~ 2 ( 5)
~ 4 ) ~ 3 ( ~ :

~4(M7)~4(M8)v5(21/19)~5(MlO)

where 'det ' means the Slater determinant built by permutation of the
coordinates in the product of orbitals; a molecular orbital with a bar,
e.g. F, being associated with a /3 spin function and an orbital without a
bar being associated with an a spin function. The total energy corresponding to this wave function is -56.266 a.u. There is a fair
agreement with the experimental value of -56.596, the error being
smaller than one per cent. It is interesting to note that this energy is
not the sum of the energies associated with the molecular orbitals
introduced in the wave function. Such a relation only applies in the
framework of the independent-electron model and disappears when
the repulsion between electrons is taken into account.
Other properties can be computed from the wave function but as is
well known the precision is not as good as in the case of the total
energy. If the first ionization energy is calculated using Koopman's
approximation, that is to say if it is taken as equal to - e5 a value
of about 14 ev is obtained. Experiment gives 11 ev. Furthermore
the wave function Y corresponds to a dipole moment of 1.82 D, the
experimental value being 1-46.
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A. A Theoretical Discussion of some Physical Properties of Aliphatic
Amines in their Ground State
The general formula of aliphatic amines can be written as

where R1, R2 and R3 are hydrogen atoms or alkyl groups. As has been
stated the ammonia molecule NH, can be considered as the simplest
aliphatic amine. I n fact many aliphatic amines possess the most
important properties of ammonia. They all contain a lone pair of
electrons on the nitrogen atom and three two-electron localized bonds
starting from this atom. Therefore, as in the case of NH,, four pairs
of electrons are found surrounding
A
the nitrogen core. For this reason
it must be expected that the RNR angles will be about 109" except
when steric hindrance or geometrical strain
A
appears.
For example, in trimethylamine the CNC angle is 108" 40' + 1ll.
Table 2 contains other geometrical data concerning this molecule.
TABLE
2. Valence angles and interatomic distances in trimethylamine.
A

CNC angle
G N distance
A
HCH angle
G H distance

108.7' f 1 l1 or
1.472 f 0-008 A l l

108 f 4"la
or

1.47 f 0.002 A''

108.5 f 1.5""
1.090 A"

The electronic structure of the N-H bond in ammonia has been
carefully investigated by Tavard13 from the theoretical viewpoint.
Since the electronic structure of the N-H bond in aliphatic amines is
probably very similar, the main results obtained by Tavard will be
reported. He calculated the electronic density in NH3 using a very
elaborate electronic wave function obtained by Moccia14. Figure 13
shows lines corresponding to various values of the density difference
function 6(M). From this figure it appears that during the formation
of the chemical bond there is some electron transfer from the hydrogen
to the nitrogen (as 6 is negative near the hydrogen and positive near
the nitrogen in the vicinity of the bond axis). This transfer is in good
agreement with chemical intuition as nitrogen is considered to be more
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electronegative than hydrogen. Furthermore, Figure 13 shows a
region in which 6 is positive and which forms an angle of about 109"
with the bond axis. This result is consistent with the idea of the
localization of a lone pair near this region.

FIGURE
13. Density difference function in NH,.

Electron diffraction experiments15 confirmed this effect of the
binding on the distribution of electron density in ammonia. Figure 14,
reproduced from the paper of Iijima and coworkers15, shows the
variation of density as a function of the diffraction angle. Curve a
corresponds to theoretical calculations for which it is assumed that

FIGURE
14. Intensity scattered as a function of the diffraction angle.

the electron density at a given point of the molecule is the sum of the
electron densities of the free atoms, curve b is calculated from the
actual density in the molecule when the Moccia electron wave function
is used and finally the points A and 0 correspond to the experimental
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results. First of all, it can be seen that there is a significant difference
between curve a and curve b for the small angles. This difference is a
theoretical measurement of the effect of the binding on the electron
density (as is the 6 function). The agreement observed between curve
b and the experimental results inspires confidence in this measurement.
The N-H stretching vibration corresponds to an infrared band between 3500 and 3400 cm-l in the spectra of secondary aliphatic
amines taken in dilute solution in carbon tetrachloride to avoid
molecular association16. Under these conditions primary aliphatic
amines show two bands near 3500 and 3400 cm-l (asymmetrical and
symmetrical vibrations) 16. Among the vibration frequencies associated
with ammonia two harmonic frequencies are found in approximately
the same region (3506 and 3577 cm-l) 17. Therefore we can anticipate
that the main force constant KRRwill be of the same order of magnitude
for NH,, as well as for secondary and primary amines. This fact
supports the hypothesis that the electronic structure of the N-H bonds
would not be very different in all these molecules.
The force constant K,, of ammonia has been evaluated as 7.1 7 from
the infrared spectrum. Allavena calculated the same constant l6 (with
the help of an electronic wave function similar to Moccia's function,
but a little less precise) and obtained a value of 9. The agreement
between experiment and theory is not very satisfactory and could
certainly be improved if Moccia's function itself were used.
The first ionization energy of aliphatic amines, as in the case of
NH,, is essentially the production of an electron hole in the lone-pair
region. It must therefore be expected that the first ionization energy
is of the same order of magnitude in all this set of molecules. This is
found to be the case since in ammonia the first ionization energy has
been evaluated as 10.5 l g or 1120 ev, the corresponding energy being
estimated as 9 ev in trimethylaminezl.
The electric dipole moment of aliphatic amines also contains a contribution from the lone pair, but as the various bonds also contribute,
the resulting value varies in a more significant manner in going from
one molecule to another. For example, it is evaluated as 1-46D in the
can be
case of ammonia, while values between 0.61 z2 and 0.86
found in the literature for the dipole moment of trimethylamine.

B. Physical Properties of Aromatic Amines in their Ground State
Very little precise information is known about the geometry of aromatic arnines. Some problems remain even in the case of the simplest
aromatic amine, aniline. The main part of the molecule is certainly
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planar and the nitrogen is certainly in the plane of the aromatic ring.
Figure 15 shows for example, the values of valence angles and interatomic distances in a parent compound24. It is seen that the geometrical organization of the aromatic ring is very similar to that of

FIGURE
15. Interatomic distances in pars-iodoaniline.

benzene, but the position of the two hydrogen atoms of the NH,
group is not yet known exactly. Van Meerssche and L e r ~ y studied
,~
the geometrical structure of 2-bromo-4'-dimethylamino-2-cyanostilbene by x-ray diffraction. Figure 16 shows the results concerned with
the part of the molecule which contains the amino group. The authors
claim that the dimethylamino group and the neighboring aromatic
ring are coplanar. Furthermore, it is seen that again the geometry of
the aromatic ring does not differ greatly from that of benzene. It
should be noted that the length of the C-N bond connecting the
amino group and the ring is only 1.34 A. (The length of a normal
C-N simple bond is 1.47 A.)
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apparent discrepancy may lie in the fact that the amino group and he
ring would not be coplanar in the gaseous or liquid phase, but would
be so in the crystal used to observe the x-ray pattern.
No precise detailed experimental study of the electronic distribution
in aromatic amines seems to be available. The only way to obtain such
information is from theory. Let us consider the case of aniline. As this
molecule contains a ring similar to that in benzene, data known about
the latter will first be recalled. The total number of electrons is 42. If
12 electrons are accounted for as being associated with the six K loges
corresponding to the carbon cores, 30 electrons remain to be associated
with the loges of the bonds. The benzene molecule contains 12 pairs of
neighboring cores. The number of electrons is therefore higher than
twice the number of the pairs of neighboring cores. If two electrons are
associated with each pair of neighboring cores, six additional electrons must still be accounted for. As the C-H bonds appear to be
normal simple bonds a convenient division into loges will contain a
two-electron localized bond associated with each C-H bond. The six
remaining electrons have to be associated with the central hexagon.
Figure 17a shows a possible division into loges but Figure 17b represents another one which for symmetry reasons has the same probability.

FIGURE
17. Decompositions in loges of benzene.

FIGURE16. Geometry of a part of 2-bromo-4'-dimethylamino-2-cyanostilbene.

On the other hand, in their recent book Higasi and c ~ w o r k e r s ~ ~
remark that if the group NH, were in the plane of the ring, p-diaminobenzene should be non-polar likep-dichlorobenzene. This is not so, as
the former has a large dipole moment of 1.5 D 27. An explanation of this

Therefore this probability will be at best equal to 0.5. This value
does not correspond to a good division into loges. Figures 18a and 18b
correspond to other divisions, which are poor for the same reasons.
Thus the division shown in Figure 19 is usually adopted, in which
there is a six-electron bond delocalized over the six carbon cores.
To calculate a corresponding electronic wave function the LCAO
approximation must be introduced. In this approximation the molecular orbitals will be expanded on the atomic orbitals associated with
2 + C.A.G.
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the free atoms, that is to say a 1s orbital for each hydrogen atom (let
us call them h,, h2,. . .,h, respectively) and for each carbon atom the
orbitals Is, 2s, 2p,, 2Py, 2P,. Obviously the carbon 1s orbitals can be
associated with the carbon K loges.

FIGURE
19. A better decomposition in loges of benzene.
FIGURE
18. Other decompositions in loges of benzene.

To represent a two-electron localized bond a function must be built
with important values in the corresponding loges. As the nuclei about
a carbon atom (C,,, for example) make angles with it of approximately
120"the following three hybrid orbitals must be considered for this atom

Of all atomic orbitals only the 2p,'s remain unused. It is natural to
associate them with the delocalized bond and to consider the molecular
orbitals
+ s6i2Pez
r i = sJP1z + S2i2P2.2 + .
where the s,'s are unknown coefficients.

. tr;

bond and the Oy
the Ox axis being along the corresponding C,,,-H,,,
axis in the plane of the ring, because the hybrid tr, points in the direction of the hydrogen atom, tr; and tr; point respectively in the directions of the neighboring carbon atoms as seen in Figure 20. These
hybrid orbitals are called trigonal orbitals. Therefore, associated with
the C,,,-H,,,
bond is the bond orbital
ah,
and with the localized C,,,-Ct2,
ctr;
and so on.

FIGURE
20. Hybridization in benzene.

+ btr,
bond, the bond orbital

+ dtri

As six electrons must be associated with the delocalized bonds at
least three r orbitals will have to be introduced. To compute the
coefficients S, it is necessary to introduce additional approximations
such as the Hiickel 28 or the Pariser and Parr 29 approximation. Details
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of these approximations can be found elsewhere1. Table 3 contains
the rr orbitals obtained and the associated energies when the Hiickel
approximation is used 30.
The square of an S, coefficient before a certain 2pz is considered to be
the electronic charge introduced by the rr orbital in the corresponding
carbon atom. It is seen, for example, that the orbital rr, introduces a
charge equal to (0.408)2on each carbon atom. As each of the three rr
orbitals must be used twice for the description of the ground state of
benzene (as there are six electrons associated with the delocalized
bond) the total electronic charge introduced in carbon 1 by the
delocalized bond is

The same result is obtained for the other carbon atoms.
On the other hand, the quantity s2,sSiis considered to be the contribution of the orbital rri to the bond order 31 introduced between carbon
2 and carbon 3 by the delocalized bond. Then the bond order between
carbon 1 and carbon 2 due to the presence of the delocalized bond is

The same bond order is obtained for the other pairs of adjacent carbon
atoms.
Let us consider now the case of aniline. The orbitals IsN,2sN,2PNx,
2PNyy
2PNcwill have to be introduced to take account of the nitrogen
atom in place of the orbital h,, and the 1s orbitals associated with the
hydrogen H,,, and H,,, belonging to the amino group must be considered. Let us call h, and h, these orbitals. Let us assume that aniline
is a completely planar molecule. The IsN orbital will be associated
with the nitrogen K loge. The 2sNY2pNx and 2PNyorbitals will be
combined in such a way as to produce three trigonal orbitals trN,
trh and tri which will be used to represent the various two-electron
localized bonds C,,,-N,
N-H,,,
and N-H,,,
(Figure 21). The
TABLE
3. Benzene molecular orbitals.
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delocalized bond can therefore be extended over the nitrogen atom
as the 2pA., orbital is not yet used. The rr orbitals become
A simple calculation shows that the nitrogen atom introduces two
electrons into the delocalized bond. Therefore to describe the ground
state of aniline four different rr orbitals must be considered, each of
them being used twice.

FIGURE2 1. Hybridization in aniline.

Obviously, as in the case of benzene, additional approximations are
necessary in calculating the coefficients S. But contrary to the case of
benzene, the values of these coefficients depend on the values chosen
for the parameters which characterize the atoms and the bonds. The
parameters under consideration are therefore very often chosen in
order to obtain a good agreement between experiment and calculation for certain properties of the molecule. In the present case, it is
believed that the error introduced by assuming that aniline is
completely planar is probably reduced by using this empirical choice
of parameters.
A recent study of aniline using the Hiickel method has been made
by Fischer-Hjalmars 32. The same author also used the more sophisticated Pariser and Parr approximation. Figure 22 represents the
corresponding molecular diagrams showing the distribution of bond
orders and atomic charges associated with the delocalized bonds.
The presence of a bond order of the order of 0.3 along the C-N
bond explains why it is shorter than a normal C-N two-electron
bond. From the diagram showing the distribution of the electronic
charge it is seen that in the delocalized bond there is a charge transfer
of about 0.07 electrons from the nitrogen atom to the ring. The main
result of this transfer is the presence of an excess of electrons at the
ortho and para positions which therefore become negative.

R. Daudel
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It must also be pointed out that the charge is more negative in the
ortho than in the para position when the Pariser and Parr method is
used. This result seems in agreement with recent measurements of
these charges based on n.m.r. experiments 33. Finally, the contribution

and the equilibrium constant K is a measure of the basic strength of
the amine.
Let us consider the equilibrium
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A+B,'C+D.
K

Electronic charges
irhe values in brackets refer 10 Hiickel method)
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It is well known that K can be expressed as

if the concentrations are small. In this expression the f's denote the
various partition functions associated with the distribution of the
various chemical species on the various translational, rotational and
vibrational levels at the temperature T, and As represents the difference between the sum of the ground-state energies of molecules C
and D and the sum of the ground-state energies of molecules A and B.
Finally X denotes the Boltzmann constant. Therefore

Band orders

0.254 (OQ80)

FIGURE22. Molecular diagrams of aniline.

of the delocalized bond to the dipole moment of aniline is calculated
as 1-2D by the Hiickel method and as 0.78 D by the Pariser and Parr
method. The corresponding experimental estimation is 0.7
C. Chemical Properties of Amines in their Ground State
The basic behavior ofamines is certainly one of their most important
chemical properties. If B denotes the neutral molecule the corresponding equilibrium constant can be written as:

Now for a large molecule a ground-state energy so, may be divided
into various parts:
(a) the vibrational energy E, corresponding to the zero point
energy,
(b) the energy q associated with the localized bonds and the atomic
cores,
(c) the energy sd associated with the delocalized bonds taking
account of the interaction of these bonds with the cores and the
localized bonds,
(d) the energy E,, associated with the interaction between nonbonded atoms, including the steric effect.
Therefore with obvious notations A& can be written as

AE = A&,, + A q

+ Aed + den,

which leads to

K

f*f~
e - ( ~ & , , + A & . +A&,, + A & , , b ) l f l
f c f ~

But in many cases the reaction takes place in a solvent and then it is
necessary to take into account the solvent effect. A simple way to do
~ As representing the difference
that, is to introduce a term A E into
between the solvation energies of the final products and the solvation
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energies of the initial products. But, as the solvation energy of a
molecule depends on the temperature, we shall write this term as

The theoretical prediction of the variation of the pK in the set of
molecules under consideration requires the calculation o f f ' lf and
of the five Ads terms which appears in the exponent.
This calculation has been made by Del RC, Pullman and Yone~ a w a They
~ ~ .assumed that the ratio f ' lf does not differ significantly
from one and that Ads, is negligible.
Obviously Ads, is a very important term because during the
protonation of the amino group a new N-H bond appears and it is
necessary to compute the energy of this new bond. For this calculation
the Del RC method30 is used. I n this method an orbital is associated
with each bond and by the LCAO approximation this bond orbital is
taken as a linear combination of the two convenient hybrids associated
with the two atoms constituting the bond.
The Ads, terms are calculated using the Hiickel approximation and
as all these approximations do not take account explicitly of the
electrostatic interaction occurring between the atomic charges Q, an
additional term

Furthermore, an index s will be put on each partition function to
recall that the solvent effect can affect greatly this function. (Very
often, for example, the free rotation of molecules becomes impossible
and is replaced by oscillation.) Finally the expression

is obtained, which shows that an equilibrium constant depends on
six terms :
(a)
(b)
(c)
(d)
(e)
(f)

the vibrational energy change As,
the localized bond energy change Asl
the delocalized bond energy change As,
the non-bonded atoms energy change As,,
the solvation energy change Ass(T)
the ratio

of the partition functions.
T o show how it is possible to use equation (8) in studying the basic
strengths of amino compounds one should try to understand which
are the main factors responsible for the change in base strength of the
amino group from one amino acid to another. For such substances
two different pK values must be considered; pK, corresponds to the
equilibrium between
H 3 N+-CRR'--C02H

and H 3 N+-CRK-CO,-

:

and pK2 is associated with the equilibrium between
H,N+-CRRf-CO2-

and H2N-CRK-CO,-.

Therefore the problem is the study of pK2. Let us consider two amino
acids with K, and K; as the corresponding equilibrium constants,
Taking account of equation (8)

I n this equation

Ads, = As;

-

Asi

is calculated in which r,, is the interatomic distance between atom p
and atom v. This term contains the main part of As,, when no steric
hindrance occurs. Furthermore estimation of the Aa,(T) terms has
shown that AAss(T) is negligible, and by plotting the experimental
pK as a function of

a rather satisfactory relationship was observed between the pK's and
the considered term 35.
Another theoretical discussion of the pK of amino compounds is
given in the case of amino derivatives of molecules like pyridine,
quinoline, isoquinoline and acridine. There is experimental evidence
to show that with such molecules protonation occurs at the nitrogen
belonging to the aromatic rings. Therefore the pK is not related to the
protonation of the amino group. However, its study is extremely interesting because it permits a measurement of the perturbation brought
to the heteroatom by the amino group. I t was seen in Figure 21, that
the amino group is able to increase significantly the electronic charge
of certain atoms of the aromatic ring. I t must be expected, therefore,
that this group is able to increase the ease of protonation of the
2*
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heteroatom and therefore to increase the pKa of molecules like pyridine,
quinoline and so on. This is exactly what experiment has shown.
Effectively the pKa of pyridine at 20°c in water solution is 5-2337
and the pKa of p-aminopyridine is 9.17 37. Therefore the dissociation
constant of the positive ion is reduced by a factor of 10,000 as a result
of the presence of an amino group, that is to say the amino derivative
is much more basic than the pyridine itself.
Many authors38 have discussed the role of Ae, in the determination
of the pK of such compounds. The importance of As, is obvious, since
during protonation the proton is directly bonded to the nitrogen
heteroatom which belongs to the delocalized bond. The change in
energy of the delocalized bond which results from this binding can
be estimated by various methods. Figure 23 shows the results obtained39 when the pK, is plotted as a function of Ae, calculated by

4 1

I

1.1

1.2

Ae,

I
1.3
(Par~serand Parr)

I
1.4
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The role of the solvent effect has been discussed by Chalvet, Daudel
and Peradejordi 39. 40.
The solvation energy of a molecule can be divided into three parts:
the cavitation energy E,, associated with the hole that the molecule
creates in the solvent, the orientation term E,, due to the fact that the
molecule modifies the average orientations of neighboring molecules
of the solvent and the interaction energy E,, due to the intermolecular
forces which appear between the solvated molecule and the solvent.
With obvious notations we can write
Ae, = Aesc + Aeso + Aesi
In the present case we can assume that Aes, is the most important term
because during the protonation we are going from a neutral molecule
to a positive ion, therefore we must expect a rather large Ae,, term.
The discussion will be focused on the estimation of Ae,,. This term
itself can be divided into three parts. Let us call A&,,, the part corresponding to the anisotropic interaction like those due to the formation
of hydrogen bonds between the solvated molecule and the solvent
molecules. I n our case this term is certainly important because a
hydrogen bond can appear between the heteroatom of a molecule like
pyridine and the water molecules.
But as A&,,, represents the corresponding change of energy between
the neutral and the protonated molecule, it can be assumed that this
term will have about the same value for all the set of molecules under
consideration, in such a way that the AAe,,, terms which appear in
equation (9) will vanish in the first approximation.
The part A&,,, due to dispersion forces will in this case be of small
importance in comparison with the part Ae,,, associated with the isotropic interaction between electric charges and dipole moments. I n
conclusion, to estimate AAe,, account need only be taken of the AA&,,,
term.
The term Ae,,, can be estimated fiom the formula41

91 5

FIGURE
23. The pK as a function of Ar,.

the Pariser and Parr method. It is seen that the points corresponding
to a set of compounds derived from a given skeleton (pyridine, isoquinoline, quinoline or acridine) lie along a straight line.

where the &,'S are the apparent charges of each atom, and where r,,
denotes the distance between the atom i and the atom j except when
i and j are identical. I n the latter case r,, represents a certain empirical
effective radius. Finally D is the effective dielectric constant of the
solvent.
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of proton donors in such a way that association compounds are formed.
There is an obvious analogy between the acid-base equilibrium

and the association equilibrium

where H R denotes the proton donor and K' the association constant.
It is, therefore, interesting to compare the pK and the association
constant.
With obvious notations one can write

FIGURE24. The pK as a function of Aed

+ AeScl.

Figure 24 shows what happens when the pK, of the amino
derivatives under consideration is plotted as a function of Ac, + Assii,
this last term being derived from equation (10). Twelve points corresponding to all families of compounds are now found along the
same straight line with a deviation of no more than 0.3 units of pK.
The introduction of As,,, destroys the segregation of the various
families. The precision is very satisfactory as the theory predicts the
constant with an uncertainty of a factor of only 2 and there is a factor
of 10,000 between the highest and the lowest values of K.
Also shown in Figure 24 are various points which lie near another
straight line; they correspond to molecules containing an amino group
in an ortho or keri position to the nitrogen heteroatom. I n this case a
special As,, term appears mainly due to the interaction between the
lone pair of the heteroatom and the amino group.
I n conclusion, Figure 24 clearly shows the importance of Ac,,
Ae8(T) and Ac,, in the determination of the pK of the molecules under
consideration.
The basic properties of arnines are also seen in other reactions.
For example, amines are able to act as proton acceptors in the presence

Association constants are usually measured in a non-polar solvent
like carbon tetrachloride. The solvent effect represented by Asl(T)
is still further reduced.
Furthermore, the interatomic distance between the amino nitrogen
and the proton is greater in the association complex B - H R than in
the positive ion BH +.Therefore we must expect that the effect of the
electronic structure of amines will be less apparent in K' than it is
in K.
Finally we can expect that K' will vary more slightly with the
electronic structure than K. However there is a chance that K and
K' run parallel. The following table taken from Bonnet's thesis4'
shows such an example
TABLE
4. Comparison of the pK and of values of K' at 25Oc (in n-heptane).

I

p-Cresol

Phenol

Naphthol

86
128

117
162

los K

Triethylamine
Dibutylamine

435
1282

P=

{ 5 5
83

Such a parallel disappears if the pK depends strongly on the solvent
effect and, as has been said, the association constants are measured in
such conditions that this effect is usually very small.
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Ill. S O M E ASPECTS O F T H E PROPERTIES O F A M I N E S
IN T H E I R E L E C T R O N I C A L L Y E X C I T E D STATES

vapor state, the change in ionization potential relative to benzene and
the electron density pasa to the amino group.
Mataga43d performed an analogous analysis of the spectra of
isomeric phenylenediamines, of S-triaminobenzene and of several
amino-substituted nitrogen heterocycles such as 4-aminopyridine,
1,4-diaminotetrazine and melamine.

A. Electronic Spectra of Amines

The electronic spectrum of aniline has been analyzed, using wavemechanical methods, by various a ~ t h o r s ~ The
~ , ~self-consistent
~.
field method which has been presented in section I and used in section
I1 to describe the ground state of this molecule can also be used to
represent its electronically excited states. For practical reasons it
is necessary to introduce the LCAO approximation and either the
Hiickel or the Pariser and Parr method is used. Furthermore, the
'virtual orbitals' approximation is added. Let us consider the eigenfunctions .rri of the self-consistent field operator hSCFcorresponding to
the ground state of aniline in the LCAO approximation. They obey
the equation

hSCF.rri= &pi
Obviously the molecular orbitals .rr: which are used to represent the
ground state are solutions of this equation. But there are also other
functions .rriu which obey the equation. They are called virtual
orbitals for the ground state. It is possible to show that if in the total
wave function of the ground state one (or more) orbital .rr: is replaced
by one (or more) virtual orbital, a convenient approximate wave
function is obtained which represents an electronically excited state
of the molecule.
I n Table 5 some of the values obtained by Fischer-Hjalmars
using this procedure are compared with experimental results.
TABLE
5 . Electronic excitation energies of aniline (in ev).
Theoretical

Experimental4*

Taking account of the various approximations introduced into the
calculation, the agreement is satisfactory. Other authors obtained
analogous results. For example, Bloor and coworkers 43e are led to the
conclusion that by adjusting the core integral empirically, or by using
a variable electronegativity approach, it is possible to obtain agreement between experiment for the first two electronic transitions in the

B. Base Strength of Aromatic Amines in their Electronically Excited
States

Coulson and J a ~ o b shad
~ ~studied, theoretically, charge migration
in aniline under the effect of irradiation. They observed that the .rr
electronic charge of nitrogen is smaller in the first excited state than
in the ground state, that is to say, it should be less basic. F o r ~ t e has
r~~
effectively observed that if a base, such as 3-aminopyrene (which
from the theoretical viewpoint must have a similar behavior) is
irradiated, the excited molecules have acidic properties. To show this
fact Fijrster studied the absorption and fluorescence spectra as a
function of the pH of a solution of 3-aminopyrene. The absorption
spectrum gives information about the ground state of the molecule.
O n the other hand, the fluorescence spectrum depends on the excited
2, the absorpstates of the same molecule. I t is found that up to pH
tion spectra are those of the ArNH3+ ions, whereas the fluorescence
spectra correspond to ArNH,. It appears that as predicted by the
theory, the molecules in their excited states have less tendency to add
a proton than the ground-state molecules. Furthermore, near pH 12
some new bands appear in the fluorescence spectra which can be
attributed to the ArNH- ions. This attractive result shows that the
excited molecules ArNH,* are able to react as an acid

-

ArNH2*

ArNH-

+ H+

The phenomenon has been analyzed in more detail by S a n d ~ r f j r ~ ~
who calculated the distribution of the electronic charges, taking
account of both the .rr and the a orbitals. He found that the nitrogen
which is negative in the ground state becomes positive in the first
electronically excited state, which completely explains why the
molecule becomes an acid.
Other arnines have been studied from the same viewpoint. For example it has been possible to measure the pK of p-naphthylamine in
various states. A value of 4.1 is found for the ground state, whereas a
value of -2 is obtained for the first singlet state and a value of 3.3
for the first triplet state48.
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To explain the difference between the first excited singlet and
triplet levels M ~ r r e 1 pointed
1 ~ ~ out that the energy of the direct donoracceptor charge-transfer configuration lies at a higher energy than
any of the actual states considered. Therefore is it normal that the
actual charge transfer is greater for the excited singlet state than for
the triplet, as the.energy of the former is nearer the energy of the
charge-transfer configuration than is the energy of the triplet state.
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I. INTRODUCTION
For the purposes of discussion, the term amino group is taken to
include not only the primary amino group (-NH,) but also substituted-amino groups bearing one or more aliphatic or aromatic groups
37
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on the nitrogen atom. This chapter is concerned with methods of
synthesis of aliphatic, aromatic and mixed aliphatic-aromatic amines,
including primary, secondary and tertiary amines, and related
quaternary compounds. Other classes of nitrogen compounds which
contain an amino group, e.g. amides, are considered only in relation
to preparative ro.utes to arnines.
The preparation of amines by methods involving substitution,
addition and exchange reactions are discussed in sections I1 to VI,
and reductive procedures are considered separately in section VII;
molecular rearrangements are not considered as such, but are mentioned where appropriate in the text. Steric factors influence many
amine syntheses, but these are considered principally in section IV,
as much of the relevant information has come from studies of aminolysis of halides and related compounds.
II. INTRODUCTION OF AMINO GROUPS BY REPLACEMENT OF HYDROGEN
A. Direct Amination of Aromatic Compounds in the Presence of
Lewis Acids
Examples of the amination of aromatic compounds by various
electrophilic species, derived from hydroxylamine l, and from hydrogen azide2, have been known for some time. Aromatic compounds
which have been aminated in this way range from benzene and
alkylbenzenes to substances such as anthraquinone3. Recently, some
of these reactions have been systematically examined, and the
principal mechanistic features elucidated, mainly by Kovacic and
coworkers.
Direct amination of toluene can be effected with hydroxylamine-0sulphonic acid 4, alkylhydroxylamines and hydroxylammonium
salts6 in the presence of aluminium chloride (at least two moles per
mole of aminating agent), and with hydrogen azide in the presence
of aluminium chloride or sul~huricacid7. These reactions lead to
the corresponding toluidines. Thus toluene and hydroxylamine-0sulphonic acid give mixed toluidines (50y0 yield) of the following
composition :
o-toluidine (51X ) ,
m-toluidine ( 13y0),
p-toluidine (36%).
The preponderance of ortho and para isomers indicates attack by an
active, if somewhat unselective, electrophilic species. In fact, the
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Selectivity Factor, S,, for this reaction, calculated according to
equation ( I ) is 0.74, and similar values were calculated for the other
S, = log

Pars)

(2

meta

aminations examined. Comparison of these values of S, for the amination reactions with those for other electrophilic substitutions led to the
view that the aminating agent is likely to be the protonated or Lewis
acid-complexed nitrogen compound rather than the NH2+ cation,
and this view is reinforced when the results of competitive aminations
of toluene and benzene are compared with those of other substitution
reactions. Likely electrophiles in the hydroxylamine-0-sulphonic
acid/aluminium chloride and hydrogen azide/sulphuric acid aminating systems are 1 and 2:

and the amination of toluene by hydrogen azide may be represented
schematically by reaction (2).

Dialkylamino groups may, in principle, be introduced into aromatic
rings using the dialkylchloroamine and concentrated sulphuric acid O,
except in those cases where the chloroamine undergoes preferential
ring closure (Hofmann-Loffler reactionlO) (reaction 3). However,

these reactions are unselective and appear to be of preparative value
only in a limited number of cases, for example benzene -+ N-phenylpiperidine.
By contrast, reaction of toluene with dichloroamine or trichloroamine in the Dresence of aluminium chloride gives m-toluidine 11, and
the same unusual meta-amination pattern was subsequently observed
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when the reaction was extended to include other alkylbenzenes12.
Other products (from toluene) are o- and p-chlorotoluenes, and small
amounts of m-chlorotoluene, 2-chloro-5-methylaniline and 4-chloro-3methylaniline. The absence of substantial amounts of the last two
compounds has been taken to indicate that N-chloro-m-toluidine is
not an intermediate in the formation of m-toluidine, and after consideration of various possibilities, a U-substitution mechanism has been
advanced to explain the observed orientation. This involves the
formation of a chloroarenonium ion, followed by addition of a nucleophilic nitrogen species, and subsequent aromatisation through loss
of hydrogen chloride. The nature of the nucleophile is not certain, but
it is not considered to be trichloroamine 12, 13. The overall result may
be illustrated by reactions such as (4) and (5); these also account
satisfactorily for the orientation of the chlorotoluenes produced.
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the amination reactions based on hydroxylarnine-0-sulphonic acid,
hydrogen azide, etc., seem to offer little in comparison with other
routes to the corresponding amines.

B. The Chichibabin and Related Reactions
Direct amination by amide ion is possible with aromatic molecules
which are susceptible to nucleophilic attack. This group includes
many heterocyclic compounds, particularly derivatives of pyridine,
quinoline and related ring systems 14, and also a number of benzenoid
compounds containing appropriate electron-attracting substituents.
These reactions may be conducted at elevated temperatures in dimethylaniline or a hydrocarbon for example, or at lower temperatures
in liquid ammonia. I n the pyridine series, it is the electron-deficient
a-position which is preferentially aminated, though y-substitution
may occur if no a-site is available (reaction 6). The second stage

involves dehydrogenation, and ammonium and potassium nitrates
have been used as additives on a number of occasions.
I n some cases, conducting this type of reaction in the presence of a
primary alkylamine (rather than dimethylaniline) allows effective
introduction of the alkylamino group 15. There are grounds for believing that the amino group is introduced and then displaced to a
greater or lesser extent, by the alkylamino group; indeed, equilibration of 2-methylaminoquinoline and 2-aminoquinoline by means of
potassamide in liquid ammonia has been demonstrated in separate
experiments l6 (reaction 7).

I n spite of the unattractive properties of trichloroamine, this procedure may be of value for the preparation of certain m-alkylanilines;

Nitrobenzene may undergo nucleophilic substitution at the ortho
and para positions, but it is desirable to employ nitrobenzene in excess
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as some is destroyed by reduction. Thus N-o-nitrophenylpiperidineis
formed from nitrobenzene and lithium piperidide (reaction 8) 17,

whilst nitrobenzene and sodium diphenylamide give 4-nitrotriphenylamine (reaction 9) 18.
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A radical process is favoured for this reaction, with N-N
fission as the important initiating step (reactions 11-14).
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Ill. INTRODUCTION OF AMINO GROUPS BY REPLACEMENT OF HYDROXYL

For most laboratory purposes, the important reactions under this
heading are the Bucherer Reaction, chiefly useful in the naphthalene
series, and the Ritter Reaction, which will be considered in sections
1V.B and V1.B.
The Bucherer Reaction

Hydroxylamine has also been employed for direct amination of a
few nitro compounds (reaction 10) 19. 20.

Naphthols and the corresponding naphthylamines are interconvertible in aqueous media containing sulphite or bisulphite ion at
elevated temperature^^^. Thus naphthols may be converted to naphthylamines by reaction with ammonia and ammonium sulphite in
aqueous solution, usually in the temperature range 90-150"; the
corresponding dinaphthylamine is sometimes obtained as a byproduct (reaction 15). Monoalkylamines and dialkylarnines similarly
OH

I

C. Photoamination of Cyclohexane

Direct photoamination of cyclohexane with hydrazine in t-butanol
solution has recently been demonstrated, the most favourable yield of
cyclohexylamine being 45%. Cyclohexanol occurs as a by-product,
but its yield may be reduced by excluding oxygen21. Other byproducts include bicyclohexyl and cyclohexylhydrazine, but the latter
is not apparently an intermediate in the formation of cyclohexylamine 22.

NH2

I

give the alkylarnino- and dialkylaminonaphthalenes, though higher
temperatures are normally required. Naphthols also react with arylamines to give the arylaminonaphthalene, l-naphthols reacting less
readily than 2-naphthols. Similar cases have also been noted with
arylamines (reaction 16).

Bisulphite addition compounds of naphthols have been isolated in a
number of cases, and for a considerable time these were formulated as
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derivatives of the ketonic form of the naphthol. Until recently, the
generally accepted reaction scheme was (17) with the naphthol
possibly reacting in the keto form. This overall equilibrium picture
OH

I

HO, ,SO<Naf
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present chapter but it is interesting to note that a new synthesis of
1-naphthol-3-sulphonic acids has emerged from this work. The
scheme for the interconversion of naphthols and naphthylamines may
be summarised by reaction (18), with the possibility of ketimine and
enamine intermediates, except in the special case of reactions involving
dialkylamines, when only an enamine intermediate is possible. Arnine
exchange reactions of 1- and 2-naphthylamines with an amine
R,NH are likely to involve further intermediates of types 5 and 6
respectively, formed by addition of the amine R,NH to the intermediate ketimine or enamine.

was consistent with the results of a systematic kinetic study of the
reaction conducted with a number of naphthol and naphthylamine
sulphonic acids and reported in 194624.

IV. INTRODUCTION O F A M I N O GROUPS BY REPLACEMENT O F HALOGEN, A N D RELATED REACTIONS

The structures of the intermediate addition compounds have been
reconsidered in the light of their physical and chemical properties, and
the compounds from 1- and 2-naphthols are now formulated as tetrall-one-3-sulphonates (3) and tetral-2-one-4-sulphonates (4) respect i ~ e l y Discussion
~ ~ ~ ~ ~of. this evidence is beyond the scope of the
OH

I

A. The Alkylation of Ammonia and Amines
The preparation of amines and quaternary ammonium salts through
displacement of halide ion from alkyl halides by ammonia or amines
is commonly referred to as alkylation of ammonia (or amines) ; alkyl
esters of other strong acids have also been used in similar alkylation
procedures. Equations (19) to (22) represent in simple terms the
sequence of reactions which may occur in the interaction of ammonia
or an amine with an alkyl halide.

In principle, these reactions lead to a wide range of amines and
quaternary salts, containing identical or differing R groups. Internal
alkylation is also possible in appropriate cases. Thus ammonia and
1,5-dibromopentane react to give the amines (7) and (S), and the
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quaternary salt (9)27; ammonolysis of 10 siinilarly gives the symmetrical, high-melting l-aza-adamantane (11) (reaction 23)

Studies of the mechanism of a number of these reactions, and particularly of the quaternisation reaction (22) (commonly known as the
Menschutkin reaction), have been reviewed elsewhere29 and only
certain points are relevant here. The reactions generally exhibit the
normal characteristics of SN2reactions with regard to kinetics, solvent
polarity and structural requirements of the alkyl halide. The basic
strength of the arnine may provide a rough guide to its reactivity, the
more strongly basic amines being frequently the most nucleophilic.
Weakly basic amines such as diphenylamine can be methylated
directly 30 (even to the quaternary stage under forcing conditions 31),
but in preparative work it is not uncommon to enhance nucleophilicity
by conversion to an alkali-metal or Grignard derivative prior to
alk~lation~
However,
~.
steric factors are also important in relation to
the nucleophilicity of amines. These may be illustrated by the relative
rates of reaction of the comparably strong bases, quinuclidine and
triethylamine, with methyl, ethyl and isopropyl iodides in nitrobenzene33. At 25", the ratio (kQ/kT)of the specific rate constants for
quinuclidine (12) (kQ)and triethylamine (13) (k,) have been determined as 57, 254 and 705 for methyl, ethyl and isopropyl iodides
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requirements of quinuclidine are lower than those of triethylamine,
but also that this difference in steric requirement becomes more
important as the steric requirements of the alkyl halide increase.
Similar effects have been observed in the reaction of pyridine and
monoalkylpyridines with the same alkyl iodides3*. Again the reaction
rates drop sharply in the order Me1 > Et1 > i-PrI for each amine,
but whereas (relative to pyridine) 3- or 4-alkyl substitution leads to
slight increases in rate, 2-alkyl substitution results in decreases which
become very pronounced in the case of 2-t-butylpyridine. These steric
factors are of considerable importance in amine alkylations.
Limitations are also imposed by the nature of the alkyl group in the
alkyl halide. Broadly speaking, the alkyl halides which react with
ammonia (or amines) to give amines and quaternary ammonium
salts are those which are susceptible to substitution by the SN2mechanism. Amines preparable by this route are consequently those in
which primary or secondary alkyl groups are attached to the nitrogen
atom. Attempts at alkylation of ammonia and amines using tertiary
alkyl halides are normally frustrated by the occurrence of alternative
elimination reactions and such problems are also apparent with other
halides in which structural features favour alternative reactions
(reaction 24) 35. An important group of tertiary halides which may be

used for the alkylation of ammonia and amines are the tertiary propargylic halides (reaction 25) 3? The ethynyl group may be reduced
NMe,
I

to a vinyl or ethyl group and, since the steric requirements of the
ethynyl group are small, a large variety of sterically hindered amines
have become available, e.g. reactions (26) and (27) 37. These reactions
respectively; for both bases, the rates decrease in the expected order
Me1 > Et1 > i-PrI. These results indicate not only that the steric
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are relatively free fiom complications, although quaternisation of
tertiary amines with tertiary propargylic halides may lead to the
propargylic and the isomeric allenic quaternary salts (reaction 28),
and may involve some destruction of the propargylic halide through
dehydrohalogenation 38. Allylic halides react with ammonia and

with amines to give allylic amines and quaternary salts which may
contain the original or the rearranged allylic group (reaction 29) 3B.

Primary allylic halides generally give normal products, whilst secondary allylic halides frequently give rearranged products, or mixtures of
normal and rearranged products. A general discussion of the factors
relevant to reactions of allylic compounds with nucleophiles, including
arnines, has been given in the first volume of this series 40.
Amongst the alkyl halides, the order of ease of replacement of
halogen is I > Br > Cl. This may be turned to advantage, even
when the iodo compound is not readily available, by conducting
the reaction of amine with alkyl halide in the presence of iodide ion,
so as to generate the organic iodide in situ by halogen exchange. The
preparation of 3- (2-methylpiperid-l -yl)propanol 41 is illustrative

(reaction 30). Whilst alkyl halides probably represent the most
general type of alkylating agent for amines, various other esters have
been used (particularly for the transfer of small alkyl groups) and in
many cases offer practical advantages. Amongst sulphur esters, these
include alkyl sulphates, and alkylbenzene- and toluene-p-sulphonates 42, methyl trifluoromethanesulphonate 43 and methyl sulphite 44.
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Interestingly, use of methyl sulphite leads to the methanesulphonate
of the methylated amine. A recently reported method, considered to
be suitable for alcohols capable of yielding fairly stable carbonium
ions, involves thermolysis of the corresponding dimethylsulphamate,
followed by hydrolysis (reaction 31). The method may prove a useful
ROH

+ROSOzNMe

ARM^^ 5 NRMe,

(31)

supplement to the SN2alkylation procedure^^^. Amines have also been
alkylated by the use of alkyl p h ~ s p h a t e s and
~ ~ , in a few cases by preparation and decomposition of alkyl phosphoramidates (reaction
32)47. Alkyl nitrates are effective alkylating agents for aliphatic

~~.
arnines, though complications arise with aromatic a m i n e ~ Alkylation of amines is also possible with certain types of carboxylic esters4B,
and under appropriate conditions propiolactone can be used to introduce 8-carboxyethyl groups (reaction 33) 50. Epoxides are suitable

for 8-hydroxyalkylation of amines (reaction 34)51;this type of reaction
is very general. being useful for the introduction of amino groups in
the glycerol and sugar series 52, 53.

I t will be appreciated that many of these alkylation reactions (19)
to (22) can be made reasonably selective, for example (20) to the
virtual exclusion of (21) and (22), by appropriate choice of nucleophile and alkylating agent. This selectivity is not likely to occur,
however, in the corresponding reactions of ammonia and unhindered
primary and secondary n-alkylamines with primary alkylating agents
(except in favourable cases where the desired product separates from
the reaction), where mixtures of arnines are to be expected. The
problems attending separation of such mixtures are discussed below.
I n the quaternisation reaction (22), or any sequence ending in
quaternisation, separation of the ionic quaternary salt from unreacted
arnine(s) presents few problems as reaction is normally conducted
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under conditions in which step (22) is effectively irreversible. It is
well to remember, however, that quaternary ammonium ions are
susceptible to nucleophilic displacement reactions 31. Ethanolamine
has been shown to dealkylate tetraalkylammonium and aryltrialkylammonium salts54 at about 154" according to reaction (35). I n

reactions involving a tertiary amine and a derived quaternary
ammonium ion, such reaction may lead to redistribution of alkyl
groups between the amine and the ion55. This has been demonstrated
for benzyldimethylamine and the benzyltrimethylamlnonium ion, and
for related pairs (reactions 36 and 37). The evolution of trimethyl-

amine allows disproportionation of benzyldimethylamine to proceed
in the presence of a catalytic amount of the quarternary salt. I t is
clearly desirable to avoid use of high temperatures for prolonged
periods in these reactions.
The preparation of tertiary amines from alkyl halides and a secondary amine, or a primary amine in which both N-hydrogen atoms are
to be replaced by identical alkyl groups, can be carried out with
favourable yields in many cases, as evidenced by preparations of
diethyl-n-hexadecylamine (from diethylamine) and of dimethyl-ndocosylamine (from dimethylamine) 56. Alkyl sulphonates have similarly been used, and the reaction extended to the preparation of cyclic
tertiary amines from primary amines and appropriate terminal disulphonates (reaction 38) 57. Satisfactory conditions have been reported

for dimethylation of primary aromatic amines using methyl sulphate56
and for d i - n - a l k y l a t i ~ nusing
~ ~ ~ n-alkyl phosphates; aniline and isopropyl phosphate, however, give N-isopropylaniline, indicating the
different steric requirements of the reactants.
The isolation of tertiary amines from alkylation reactions is normally
straightforward; except in special cases59, unwanted primary and
secondary amines can usually be removed from the basic fraction by
conversion to non-basic carboxamides (cf. ref. 46a) or sulphonamides
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(cf. ref. 28). If quaternisation has occurred, the desired tertiary arnine
may still be obtainable if the unwanted group can be removed reductively by use of lithium aluminium hydride (reaction 39) 60, or
sodium and liquid ammonia 61. With allyl or benzyl trialkylammonium

salts, the allyl or benzyl group is removed more readily than a methyl
group. It may be noted in passing that there is a tendency to solvolytic
cleavage of an allyl group in certain tertiary amine hydrochlorides, and
appropriate precautions should be taken during purification (reaction
40)62. (The other product of solvolysis was not identified, but is

presumably allyl ethyl ether.)
The preparation of dialkylarnines from ammonia or primary
amines can be realised where steric factors militate against tertiary
amine formation. Thus monoalkylation of t-butylamine with some
alkyl halides and epoxides has been accomplished (reaction 41) 63.
More generally, ammonolysis or aminolysis of alkyl halides, and
particularly primary alkyl halides, is likely to give rise to mixtures of
the primary, secondary and tertiary amines (reactions 19, 20 and 21).
The proportions of the three possible amines in such a mixture may be
varied by alterations in the relative proportions of the reactants.
Where, for example, the primary amine is the desired product, the
use of liquid ammoniaz7 (to ensure high concentration of ammonia),
and also of sodamide (one mole per mole of alkyl halide) in liquid
ammonia 64 have been recommended, though some dehydrohalogenation of the alkyl halide may occur when sodamide is used (reaction 42).

In the reaction of ammonia with the alkyl halide, secondary and
tertiary amine formation become more important as the concentration
of ammonia is reduced. I n favourable cases, e.g. the mono-, di- and
trioctylamines from ammonolysis of n-octyl chloride65, the amines
may be separable by distillation. In other cases, chemical methods
3

+ C.A.G.
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may be employed. Treatment of such a mixture of amines with benzenesulphonyl chloride (Hinsberg's method) gives an ' alkali-soluble'
amide (from the primary amine) and an ' alkali-insoluble' amide (from
the secondary amine) ; again, phthalic or 3-nitrophthalic anhydride
converts the primary and secondary amines into the phthalamic
acids, but only the acid from the primary amine can be dehydrated to
the corresponding ~ h t h a l i m i d e ~Both
~ . of these separation methods
allow direct recovery of the tertiary amine from the unreacted amine
fraction. Recovery of primary and secondary amines from these
derivatives is considered below. Another method, suitable for separation of secondary amines, involves formation of the N-nitroso compound and subsequent regeneration 67.
B. The Use of Blocking Groups for Control of Alkylation
The difficulties associated with direct alkylation of ammonia and
amines have led to the development of indirect alkylation procedures
designed specifically for the preparation of primary and secondary
amines. These depend on the blocking of the required number of
sites in the ammonia molecule so as to limit the extent of the alkylation
reaction, and fall into two categories depending on whether or not
the alkylation step involves the formation of a quaternary ammonium
ion.
The DClepine method6*, for primary amines, is based on the
quaternisation of hexamine with an alkyl halide; the resulting
hexaminium salt is then decomposed with ethanolic hydrochloric acid
to give the desired amine, ammonia and the carbon fragments of the
ring as diethylformal (reaction 43).

TN7
6

TN7

For preparative purposes, Ritter's original procedure of generating
the carbonium ion from the alcohol (or olefin) and sulphuric acid
is preferred; under these conditions, hydrogen cyanide, produced
in situ from sodium cyanide, can replace the ~ d t r i l e ~Secondary
~.
and tertiary alcohols can be used73, and the reaction, providing
essentially for substitution by the SN1 mechanism, is a valuable
addition to the methods already discussed. It must be borne in mind,
however, that under certain conditions carbonium ion rearrangement is possible, and has indeed been observed in some applications
of this reaction 74.
For preparations of secondary amines by way of quaternisation
reactions, it is necessary to employ a blocking group for two of the
nitrogen valencies. Benzylidene derivatives of primary amines fulfil
this function, and quaternisation of such compounds, followed by
hydrolysis, gives benzaldehyde and the desired secondary amine
(reaction 45) 75. Incorporation of the primary amine into an imidate
PhCH=NR

Me' [PhCH=NMeRICI- ---+

PhCHO

+ RNHMe

(45)

provides a new and interesting variant of this method, and has been
employed for monomethylation of the N, atom of tryptophan. The
primary amine is condensed with y-chlorobutyroyl chloride in pyridine, and the resulting amide cyclised to the iminolactone with silver
fluoroborate. Methylation with methyl iodide, followed by hydrolysis,
provides the secondary amine (reaction 46) 76. Another route to this
RNH2

+

RNHCO(CH2)3Cl

-

R

N

G

+

RN H,
EtOH

3NH3

(43)

6 CH2(OEt),

Primary amines are also available through the Ritter reaction in
which an organic nitrile provides the blocked nitrogen atom. Though
relatively poor nucleophiles, nitriles are able to capture carbonium
ions; the resulting nitrilium ion reacts with water to give the amide,
which can then be hydrolysed to the amine. A number of alkyl and
aralkyl halides capable of yielding carbonium ions have been shown
to react with nitriles in the presence of aluminium chloride69, silver
sulphate 70 or particularly antimony pentachloride (reaction 44) 71.

type of iminolactone (and, by implication, to secondary amines)
which would appear to be particularly suitable where R is a tertiary
alkyl group, is exemplified by reaction (47) 77. It may be noted in
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passing that, in the aromatic series, rearrangement of imidates provides a useful source of diarylamines (Chapman rearrangement)
(reaction 48) 'E.
NAr

//

RC

\

----t

RCONArArl

----t

ArNHArl

(48)

A somewhat different approach to the synthesis of primary and
secondary amines is involved in the use of blocking groups that so
reduce the nucleophilicity of ammonia or a primary amine that
alkylation does not proceed to the quaternary stage. For the conversion of ammonia to primary amines, these conditions are met in the
Gabriel synthesis in which the nucleophile is the anion of phthalimide
and the product the N-alkylphthalimide. Alkyl halides containing a
variety of other substituents, e.g. -CN, -COR, -COOR, -OR, in
the alkyl chain undergo this reaction, and the method has enjoyed
considerable p ~ p u l a r i t y ' ~ alkyl
;
toluene-p-sulphonatessO and epox-~
idess1 can also be used as alkylating agents. The alkylamine can be
obtained from the alkylphthalimide by hydrolysis or by the milder
hydrazinolysis procedure (reaction 49) s2. I n a recent improvement,
the use of dimethylformamide as solvent is recommended for the
alkylation reactions3.

A similar conception underlies the Hinsberg synthesis of secondary
amines in which the anion of a sulphonamide is alkylateds4, and the
amine obtained by hydrolysis (reaction 50). Mono- and dialkylation

of toluene-p-sulphonamide, for example, provide routes to primary and
symmetrically substituted secondary aminess5, and mixed aliphaticaromatic amines are obtainable by use of sulphonanilidesE6. An
interesting synthesis of secondary amines, embodying features of both
the Gabriel and Hinsberg reactions, employs saccharin in a twostage alkylation (reaction 51) E'. The Hinsberg method has not
attracted wide popularity because of the difficulty of liberating the
amine, and similar objections have attended the use of sulphonyl
groups for protecting amino groups. Hydrolysis by moderately concentrated mineral acids at elevated temperatures is frequently
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undesirable, and other acidic procedures have been recommended
for sensitive moleculesEE.A number of reductive methods (zinc and
hydrochloric acid, sodium and isoamyl alcohol) have been reported
for splitting sulphonamidess9, and sodium and liquid ammonia has
been successfully used for this purpose in syntheses of oxytocin and
related compounds

Alkylation of cyanamide (anion), followed by hydrolysis, has been
used for the preparation of some symmetrically substituted secondary
amines (reaction 52) 91. I t is clear from alkaloid studies that reduction

with lithium aluminium hydride may be used as an alternative to the
hydrolysis stage 92.
A method which is suitable for the preparation of allylic amines
involves the allylation of thiocyanate ion to give the ally1 thiocyanate
followed by rearrangement (by the S,i mechanism in many cases) to
the isothiocyanate, and subsequent hydrolysis 40.
C. Nucleophilic Aromatic Substitution by Ammonia and Amines;
the Bimolecular Mechanism93
Aryl halides are relatively insensitive to nucleophilic substitution,
i.e. replacement of halogen as halide ion, by ammonia and amines.
However, susceptibility of the halogen atom to displacement (or of
other groups displaceable as anions) increases as the ortho and para
positions become progressively substituted by electron-attracting
groups, nitro groups being particularly effective. The reactivity of the
halogen atoms in 2,4-dinitrofluorobenzene (14) 94 and in 4,4'-difluoro3,3'-dinitrodiphenylsulphone (15) 95 are cases in point. These examples
illustrate an important difference between alkyl halides and activated
aryl halides towards nucleophilic substitution, namely the generally
high susceptibility of fluorine to displacement in the aromatic series;
--
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this indicates the relative importance of the bond-making step in
these reactions.

Nucleophilic aromatic substitution has been the subject of considerable investigationg3and of some controversyg6. Certain features
are particularly relevant to the practical problem of introducing
amino groups. The formation of the transition state or intermediate
complex in these reactions involves approach of the amine from
within a plane perpendicular to that of the aromatic ring, with the
valencies of the carbon atom C(,, which bears the displaceable substituent becoming approximately tetrahedral. When the nucleophile
is an unhindered amine, relatively little steric hindrance to this
approach is offered by 2- and 6-substituents in the aromatic ring
unless these are especially bulky, e.g. t-butyl, but as the steric requirements of the amine increase, even 2- and 6-methyl groups may exert
detectable interference (cf. 16 below for the case where the activating

Almost comparable with the activating influence of a nitro group is
that of the ring nitrogen atom in pyridine, and many examples of the
introduction of amino groups by nucleophilic displacement of halogen
atoms from the a- and y-positions are known (reaction 55) lol. CorNHPh

I;H~P~

N

p h N H l ,

55.

-

responding positions, i.e. a- or y- with respect to the ring nitrogen
atom, in related ring systems are similarly activated lo2.The synthesis
of atebrine (reaction 56) lo3"is illustrative, and numerous potential
antimalarial drugs have been similarly prepared from substituted
4 - c h l o r o q ~ i n o l i n e s ~Site
~ ~ ~activation
.
is likely to be increased by
NHCHMe(CH2),NEt2

protonation or quaternisation of the ring nitrogen, and acidic catalysis
substituent is a 4-nitro group). I t will be noted that for effective
activation at C(,, by a 4-nitro group the latter should ideally be
coplanar with the ring and this may be rendered difficult by the
presence of alkyl groups at C(3)and C(5, (cf. 17); 3- or 5-substitution
does in fact markedly reduce ease of replacement at C(1,93997.This
second effect is often product-determining in reactions of amines with
alkyldinitrobenzenes (reaction 53)
but is not observed with such
activating substituents as the cyano group where the question of
coplanarity with the ring does not ariseg9. In a number of cases,
competitive displacement of substituents has been noted, as for example in reaction (54) loo.

b;ts been noted in a number of cases (reaction 57)
Cl

939

lo4.

NHPh

In the reactions discussed in this subsection, the displacing nucleophile has been ammonia or an amine. A number of cases have been
reported, however, in which a dimethylamino group has been introduced by use of dimethylformamide; these include displacement of
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halogen from halogenonitr~benzenes'~~~
and heterocyclic chloro
compounds (reaction 58) '05b. Urea has also been used for the preparation of aromatic primary amines such as 2,4-dinitroaniline from the
corresponding chloro c o r n p ~ u n d s ' ~ ~ .

Amines can often be induced to react with aromatic halides, in
which activating influences of the type discussed above are absent, by
employing the device of catalysis by copper and various copper
compounds (reactions 59 and 60). Diarylamines (from aromatic
amines'07") and mixed aliphatic-aromatic amines (from aliphatic
a m i n e ~ ' O ~are
~ ) obtainable in this way. These induced reactions have

PhCl

+ MeNH,

CU"CI"_ PhNHMe

(60)

been presented as nucleophilic substitutions of copper-complexed aryl
halides in which the halogen has acquired positive character by
coordination 93 a.

D. The Route t o Aromatic Amines via Aryne Intermediates
Many cases are known of the reaction of non-activated aryl halides,
possessing at least one free ortho position, with metallic amides by an
elimination-addition, i.e. aryne '08 or heteroaryne '09, mechanism. With
the halogenobenzenes, the observed order of reactivity is Br > I >
C1 >> F. The rates of the steps 18 -t 19 and 19 -t 20 are expected to
decrease in the orders F > C1 > Br > I and I > Br > C1 > F
respectively. The stepwise sequence 18 -t 19 -t 20 thus becomes
effectively synchronous, i.e. 18 -t 20, when the rate of the second step

sufficiently exceeds the rate of the first, and this change occurs between
chlorobenzene and bromobenzene "O.
With substituted halogenobenzenes, the amide ion might be expected to add preferentially to one or other end of the 'triple bond'
and so lead to rearranged amines or mixtures of amines. The occurrence of such cine substitution has obvious attractions for the synthetic chemist in providing useful routes to various amines which might
otherwise be difficult to obtain. An example is provided by the
synthesis of 2-amino-4-methoxybiphenyl from 3-bromo-4-methoxybiphenyl (reaction 61) "l. A similar rearrangement is exploited in a
recent synthesis of the aporphine alkaloid, laurelinen2.
OMe

?Me

The factors underlying the orientation pattern observed with
substituted halogenobenzenes have been generalised by Roberts and
coworkersn3. In the stages leading to the aryne, ortho- and parasubstituted aryl halides give the 3- and 4-substituted benzynes, (20a)
and (20b) respectively. Where the synchronous mechanism, 18 -t 20,
applies, meta-substituted halides are expected to give preferentially the
benzyne formed by removal of the more acidic of the hydrogen atoms
ortho to halogen; for example, m-bromobenzotrifluoride gives 3-trifluoromethylbenzyne. Where the stepwise mechanism, 18 -t 19 -t 20,
applies, loss of halide ion from the two possible aryl anions (19a) and
(19b) becomes a contributory and possibly determining factor, as in
the formation of 3,4-pyridyne from 3-halogenopyridine~'~~.

(198)

W )

(*a)

(2w

The preferred site of addition of arnide ion to substituted benzynes
is considered to be that giving the aryl anion which is most stabilised
by the inductive effect of the substituent. With 3-substituted benzynes,
amide ion would thus be expected to add preferentially to the meta
3*

2. The Introduction of the Amino Group

position if Z is electron attracting, and to the ortho position (neglecting
steric effects) if Z is electron releasing. Similarly, 4-substituted benzynes would be expected to give 4- and 3-substituted anilines respectively depending on whether Z is electron attracting or releasing.
However, inductive effects are weaker with 4- than with 3-substituted
benzynes, and conjugative effects may become relatively important;
for example, approximately equal amounts of m- (21a) and p-anisidine
(21b) are formed from p-bromoanisole and sodamide. These con-

siderations have been generally used for predicting and rationalising
product orientation in additions of amide ion (and of alkylarnide ions)
to arynes 114, though the possible involvement of conjugative effects in
the corresponding additions to 3-substituted benzynes has also been
recently discussed 'l5.
V. PREPARATIONS OF AMINES I N V O L V I N G T H E USE
OF GRIGNARD REAGENTS

A number of amine syntheses take advantage of the nucleophilic
character of the alkyl (or aryl) group in a Grignard reagent. Thus
direct amination of Grignard reagents (preferably those derived from
alkyl chlorides or bromides rather than iodides) by methoxyamine
leads to primary amines (reaction 62) l161117. In a similar way,

various aromatic compounds have been metalated using n-butyllithium and the resulting aryllithium aminated with methoxyamine
(reaction 63) l18.
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A number of a-dialkylaminoalkyl compounds, such as ethers and
cyanides, react with Grignard reagents and so provide useful supplementary routes to tertiary amines. Dialkylaminomethyl ethers, prepared from the dialkylamine, formaldehyde and n-butanol, for
example, react as in (64)l19. Corresponding compounds, available
R,NCH,OBu-n

+ RIMgX

A

R,NCH,Rl

(64)

from cyclic secondary amines such as m o r p h ~ l i n eor
~ ~from
~ , aromatic
aldehydes lZ1,react in the same way. The amino-ether grouping may
also be incorporated in a cyclic structure, in which case the reaction
gives rise to a hydroxy amine (reaction 65) lZ2.

a-Dialkylaminoalkyl cyanides react in a similar way to yield tertiary amineslZ3, although various complications have been observed 124.125. The reaction has, however, continued to find application
and has been used for the synthesis of triisopropylamine (reaction
66)126. Incidental examples of the reaction are also provided by
displacement of angular cyano groups in the quinolizidine and
octahydropyrrocoline series (reaction 67) 127.

A few tertiary amines have been prepared from N,N-dialkylformamides by reaction with an excess of Grignard reagent, though
yields are frequently not high (reaction 68) lZ8.

VI. I N T R O D U C T I O N O F A M I N O GROUPS BY ADDITION
T O CARBON-CARBON DOUBLE BONDS

A. Nucleophilic Addition of Ammonia and Amines t o CarbonCarbon Double Bonds
Olefins are normally susceptible to attack by electrophiles rather
than nucleophiles, and the addition of ammonia or amino compounds
to carbon-carbon double bonds is only expected to occur readily in
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cases where the double bond bears one or more electron-attracting
substituents. Typical activating substituentsU0are -CN, -COOR,
-COR, -NO2, -S02R. The general mechanistic features of this
type of reaction have been discussed in an earlier volume of this
series130, and only problems pertinent to amination reactions will be
discussed here.
These addition reactions may be typified by equation (69) where Y
R2NH

+ CH2=CHY

----t

R2NCH2CH2Y

(69)

is an activating substituent. Reaction often occurs at normal or elevated temperatures without added catalysts, though catalysis is
desirable and often necessary for efficient reaction between aromatic
amines and, a,Sunsaturated esters and nitriles, for example. Typical
catalysts are acetic acid131, and various metallic compounds such as
stannic chloride132 or cupric acetate133. Catalysis by bases (sodium
ethoxide, benzyltrimethylammonium hydroxide) is also employed,
particularly in reactions of amines with a$-unsaturated nit rile^^^^. 134.
I n addition reactions involving ammonia, it is sometimes difficult
to obtain solely the desired product. The problem is well illustrated by
McElvain and Stork's synthesis of g ~ v a c i n e l ~
by~ ,way of the ammonia-ethyl acrylate reaction, which proceeds by reactions (70), (71)
and (72). The optimum yield of the secondary amine, required for
CH.
NH3 ,

= CHCO.Et

' NHaCHaCHzCOaEt

benzoylation, was about 447, (obtained using a 5:I molar ratio of
ammonia to ethyl acrylate), but the tertiary amine was formed in
comparable amount (47'7,). The reversibility of the individual steps,
however, allowed conversion of the tertiary amino compound to
N,N-di(/l-carbethoxyethy1)benzamide by thermal decomposition in
the presence of benzoyl chloride.
Ammonia and acrylonitrile react similarly to give the corresponding
primary, secondary and, to a lesser extent, tertiary amine 131. Methylamine and ethyl acrylate give a mixture of the corresponding secondary and tertiary a m i n e ~ lor
~ ~almost
,
exclusively the tertiary amine137,
according to conditions. Methylamine and acrylonitrile, however,
give mainly the corresponding secondary or tertiary amine131, again
depending on conditions. In this situation, it is customary to control
the reaction as far as possible by adjusting the temperature and
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proportions of the reactants. With aromatic a r n i n e ~ land
~ ~ higher
become
less
primary n-alkylamines the problems of selective reaction
acute and it is usually possible to obtain principally the secondary or
tertiary amino compound as d e ~ i r e d ~ ~ ~ . ~ ~ ~ .
Secondary amines react with acrylonitrile and with ethyl acrylate
to give the tertiary amino compounds. Piperidine, morpholine and to
a lesser extent diethylamine react readily enough but the rates of
these reactions drop with increasing size and branching of alkyl
groups, and may fail with highly branched alkyl amines where
branching occurs near the nitrogen atom103b*140.
These are reactions
in which base catalysis is frequently employed131. Appropriate acidic
conditions (with copper catalysis) have been used for the reaction of
diphenylamine with acrylonitrile 141.
Attachment of an alkyl group to the double bond, either a- or p- to
the activating substituent, may result in a decrease in reactivity of the
unsaturated compound, but also in greater selectivity of reaction.
Thus methylamine and methyl methacrylate interact to give the
corresponding secondary amino compound (1: 1 adduct) in very
good yield (reaction 73) 142. Esters of crotonic acid and its homologues
MeNHa + CH,=CMeCOaMe

---t

MeNHCHaCHMeC02Me

(73)

give similar 1: 1 adducts with ammonia, and primary and secondary
amines (reaction 74)143. Interestingly, ammonia and ethyl ytriEtCH=CHC02Et

+ NHMea ---t EtCH(NMea)CHaCOaEt

(74)

fluorocrotonate give /l-amino-y,y,y-trifluorobutyramide, the inductive
effect of one -CF3 group being insufficient to reverse the direction of
addition (reaction 75) 144a;two p-CF3 groups are however effective
in this respect (reaction 76) 144b. Esters of cinnamic acid react slugCF3CH=CHC02Et

'\

(CF3),C=CHCOaH

+ NH3 ----+
CF3CH(NH2)CHaCONH2
+ NH3 ----t (CF3),CHCH(NH2)C02H

(75)
(76)

gishly with amines to give indifferent yields of the corresponding
p-amino-/l-phenylpropionic esters145.
Ammonia and amines add readily to the double bond in a$unsaturated ketones (reaction 77) 146 and nitro compounds (reaction
78) 147, catalysis being usually unnecessary even for aromatic amines.
PhCH=CHCOMe

Piperidine

> PhCHCH,COMe

I

NCSHIO
PhCH=CH NO,

PhNH.

(77)

> PhCHCH,NO,

I

NHPh

(78)
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The activating effect of a nitro group is even sufficient to promote
arnine addition when transmitted through a benzene ring. Thus
primary and secondary amines add to o- and p-nitrostyrenes to give
1:1 adducts (reaction 79) 148, though yields decrease with increasing
size of alkyl groups in the amine. Similar considerations apply to the

workers have adduced evidence for a substitution mechanism154.In
another context, the P-cyanoethyl group may be seen as a potential
blocking group for -NH, as in recently reported syntheses of glycylglycine and other simple p e p t i d e ~ l removal
~~;
of the blocking group
may be effected using 10yo ammonium hydroxide (reaction 84).
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RN(CHzCHzCN)z

direct addition ofamines to a-and y-vinylpyridines (reaction 80) 149a.b.

10Yo NH,OH

> RNHz

(84)

B. Routes to Amines Involving Electrophilic Additions to CarbonCarbon Double Bonds
A number of routes to amino compounds take advantage of the
normal susceptibility of olefins to attack by electrophiles. In general
these reactions do not lead directly to amines, but rather to compounds which can be transformed to amines by subsequent reactions.
A notable exception is provided by the reaction of dialkylchloroamines with terminal olefins in acidic media (reaction 85) 156. The
EtzNCl

+ CH2=CHR 5 Et2NCHzCHCIR

(85)

process involves addition of an aminium ion-radical, e.g. ('NHEt,)
to the double bond followed by chain transfer. With the higher
dialkylchloroamines, pyrrolidine formation (cf. section 1I.A) takes
precedence over addition to the olefin (though not in the case of
butadiene). Chlorination of the olefin is another possible complicating
reaction. Nonetheless, yields of the 1: 1 adduct are of the order
30-60yo where the reaction is applicable.
a-Piperidyl radicals, generated from piperidine and benzoyl
peroxide, also add to terminal olefins to give the alkylpiperidine157,
whilst addition of nitrogen dioxide to olefins gives products which
are reducible to amino compounds 158.
Further examples of the Ritter r e a ~ t i o n (cf.
~ ~section
. ~ ~ 1V.B) are
grovided by the many substituted olefins that may be protonated to
give carbonium ions which can be intercepted by hydrogen cyanide or
organic nitriles; cyanogen chloride can also be used as intercepting
species159, but offers no advantages. Mixtures of the two possible
amides, and hence amines, are to be expected from non-terminal
alkenes and from such olefinic compounds as oleic acid160.
Olefins may also be converted to amines with yields of up to 60y0,
by hydroboration and subsequent reaction of the organoborane with
chloroamine in alkaline solution or preferably with hydroxylamine-0sulphonic acid in diglyme (reaction 86) lal.The reaction is applicable
+

Styrene itself can be aminated in the presence of sodium, but the
reaction here probably involves addition of the highly nucleophilic
150.
amide ion
A few instances have been noted of allylic compounds bearing an
electron-attracting substituent undergoing addition reactions with
amines. These cases appear to involve shift of the double bond from
the P,y- to the a,/3-position prior to reaction. For example, benzyl
ally1 sulphone and piperidine react to give benzyl/3-piperidinopropyl
sulphone (reaction 81) 151. Ally1 cyanide similarly reacts with am1299

PhCH2S02CH2CH=CH2

-

PhCH2S02CH2CH(CH3)NC,H,,

(81)

monia and amines at elevated temperatures to give adducts derived
from crotononitrile (reaction 82) 152.
CH2=CHCHzCN

NHEt
4
CH3CH(NEtz)CHzCN

(82)

Transamination reactions are occasionally used as an adjunct to
the addition reactions described in this section. Aniline and P-diethylaminopropionitrile (as hydrochloride) undergo amine exchange
at 140-150" to give P-anilinopropionitrile (reaction 83) 153. These
reactions may proceed in some cases by an elimination-addition
mechanism, i.e. via acrylonitrile, but Cymerman-Craig and co-
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to hindered olefins and is stereospecific, the boron being replaced by
the NH2 group with retention of configuration.
VII. REDUCTIVE METHODS FOR T H E PREPARATION
O F AMINES

A comprehensive review is available covering a large number of
known reductive methods for the production of aminesls2. In principle, compounds containing an alkyl or aryl group linked to a nitrogen functional group at a higher oxidation level than -NH2, or those
containing an amino group directly linked to a carbon atom at a
higher oxidation level than alkyl, or again compounds containing
carbon-nitrogen multiple bonds, may all be reducible to amines.
Within the first group, reduction of nitro compounds is by far the
most important, though principally in the aromatic series. Aliphatic
nitro compounds may be reduced to the corresponding primary
amines by catalytic h y d r o g e n a t i ~ n l ~ ~or- lby
~ ~ chemical means.
Favoured chemical methods include reduction by iron and hydrochloric acid (with optional catalysis by ferric chloride163) or by
lithium aluminium h ~ d r i d e l With
~ ~ . the latter reagent, ring enlargement has been noted with some tertiary cyclic nitroalkanes (reaction 87) 166. Lithium aluminium hydride has also been extensively
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sodium hydro~ulphitel~~.
Catalytic hydrogenation is also widely
employed162. Lithium aluminium hydride reduces simple aromatic
nitro compounds to the azo compound 16'; sodium borohydride does
not affect nitro groups except in special cases where a nitro group h
displaced or eliminated as nitrite ion (reaction 89) ls8. A number of

reductive procedures involving hydrogen transfer in the presence of
palladium catalysts are known; hydrazine leg,and sodium borohydride
in neutral or acidified solutions170have been used for this purpose.
A number of these methods of reduction are pleasingly selective
and may be employed with molecules containing other potentially
reducible groups; amongst the selective reagents are ferrous hydroxide
and, particularly for the partial reduction of polynitro compounds,
sodium and ammonium sulphides ls2.
The substitution of a chlorine atom in the aromatic ring has been
noted during some reductions in which concentrated hydrochloric
acid is used; this presumably occurs by conversion of the intermediate
arylhydroxylamine to the N-chloroamine and thence by rearrangement to the chloroaniline. A recent preparation of p-fluoroaniline
exploits this type of substitution (reaction 90) 171.

used for the reduction of p-nitrostyrenes to the important p-phenylethylamines (reaction 88) ls5.The utility of these reductions is limited
by the availability of the nitro compounds, and many applications
depend on the use of condensation reactions involving simple nitroalkanes to provide the required nitro compound 167.
Aromatic nitro compounds are a much more accessible class of
substances, and a wide choice of methods exists for their reduction to
amines. The choice of reducing agents includes (i) a variety of metals,
usually employed in acidic or faintly acidic media, (ii) metallic
compounds involving a low valency state of the metal, stannous
chloride being frequently used and (iii) anionic sulphur compounds
such as ammonium and sodium sulphides and polysulphides, and

With aromatic compounds which are very reactive towards electrophiles, it may be preferable to introduce a nitroso or arylazo group
rather than a nitro group; reduction to the amine can be effected in a
number of ways (reaction 9 1) 162. 172.
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The reduction of hydrazine derivatives has not been widely exploited for the preparation of amines, but might be useful in certain
cases. Benzhydrazide can be alkylated on the terminal nitrogen atom;
hydrogenolysis then gives the amine (reaction 92) 173.

More widely used as a source of aliphatic and alicyclic amines is the
reduction of azides (reaction 93), many of which are available by
stereospecific SN2 azidolysis of various alkyl halides and toluene-psulphonates. The reduction may be carried out catalytically under
very mild c o n d i t i o n ~ l or
~ ~by
, use of lithium aluminium h ~ d r i d e l ~ ~
or diborane 175.
The principal compounds in the second group, i.e. those containing
an amino group linked to a carbon atom at a higher oxidation level
than alkyl, are the carboxylic amides. These are reducible by lithium
aluminium hydride to the corresponding amine; primary, secondary
and tertiary amides give respectively the primary, secondary and
tertiary a m i n e ~ l This
~ ~ . method of reduction allows indirect introduction of bridging amino groups in certain cyclic systems176. There
is evidence that the reduction of primary amides involves the corresponding nitrile as an intermediate in at least some cases177.Amides,
especially tertiary amides, can also be reduced to the amine by means
of diborane (reaction 94) 178.
Compounds containing carbon-nitrogen multiple bonds are also
potential sources of amines; these compounds include imines (Schiff's
bases), oximes, hydrazones, azines and nitriles.
Imines can be reduced to amines by catalytic hydrogenation, or by
reduction with lithium aluminium hydride, sodium boroh~drideor
amine-borane complexes 179. For many purposes, it is not necessary
to prepare the imine as the desired amine can, at least in principle, be
obtained by catalytic reduction of a mixture of the corresponding
carbonyl compound and precursoral amine (reaction 95) leO.The
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fiom the drawback that the amine formed may also condense with the
carbonyl compound and so undergo further reductive alkylation. I n
practical applications of this method, undesired reactions of this type
can often be minimised by suitably adjusting the concentrations of the
carbonyl compound and the starting amine. A recent variant involves
the reduction of a mixture of the carbonyl compound and the arnine
salt by sodium borohydride in aqueous solution182.
Reductive alkylation of amines by carbonyl compounds can also be
effected by procedures in which formic acid and its derivatives provide
the reducing systemle3. The particular combination of formaldehyde
and formic acid (Clarke-Eschweiler method) provides for the methylation of amines, usually to the tertiary stage (cf. ref. 60) le3; the
DClepine method (cf. section 1V.B) can be modified to give alkyldimethylamines by use of formic acid le4.These reactions are considered
to involve decarboxylation of the intermediate aminocarbinyl formate
(reaction 96) le5.

Oximes, hydrazones and azines are obtainable from carbonyl compounds and can be reduced to primary amines (sometimes accompanied by secondary amines) in various ways (reaction 97) 162,186.
RCH=NOH

---+ RCH2NH2

(97)

Rearrangements have been noted in the reduction of some oximes
with lithium aluminium hydride le7.
The catalytic reduction of nitriles is also frequently employed as a
route to primary amines (reaction 98) 162. lee.This involves a n imine
as an intermediate stage and may, as in the reductive alkylation
procedures, lead to the primary amine together with appreciable
amounts of the secondary amine. For the preparation of primary
amines, it has become common practice to conduct hydrogenation in
the presence of an excess of ammonia, or alternatively in the presence
of acetic anhydride, when the primary amide is produced. Lithium
aluminium hydride is also widely used for the reduction of nitriles 165.
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I. INTRODUCTION

The wide distribution of amines in nature, their importance in industry
as raw materials, intermediates, and finished products, and their use
in the laboratory causes continuous interest in the analytical problems
connected with them. These will be focussed at two levels in the present
chapter; at the purely functional level attention will be paid to the
nitrogen atom and its immediate vicinity, and at the molecular level
the interactions between the amino group and the rest of the molecule
will be considered. The alternative approach, centered on the discussion
of the available methods, techniques, and instrumentation, is essential
when one has to carry out an actual analysis, and constitutes the main
part of the literature on the subject, in books and treatises on general
analysis, organic analysis, and organic chemistry, as well as in original
papers and reviews. Some outstanding titles are listed in references
1 to 16.

This chapter will deal with compounds in which structures 1 or 2
appear at least once, where the nitrogen atoms are singly bonded to
carbon or hydrogen atoms, and furthermore, when these carbon
atoms are linked to hydrogen or carbon atoms. Thus structures such
as pyrrole (3), morpholine (4), and their salts will be considered,
whereas pyridine (5) and l-aminoethanol will be excluded, in spite
of the fact that many of the methods applied in analysing the former
compounds are useful for the latter too.

II. FEATURES OF THE GROUP
The amino group is endowed with a set of physical and chemical
properties which depend mainly on the possession of certain structural
elements. These do by no means belong to amines exclusively, but
they may be used for the partial or total solution of many analytical
problems.
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A. The Nitrogen Atom
I. Pyrolyses and other chemical methods

On strong heating, many nitrogen-containing organic compounds
yield hydrogen cyanide and a few yield cyanogen. Ammonia is evolved
from compounds such as urea, guanidine, and some of their derivatives.
Trimethylamine is released by compounds such as choline and
betaineg. If the pyrolysis is carried out in the presence of calcium
oxide the evolution of ammonia can be detected easilyg.17.
The reductive pyrolysis of organic compounds in the presence of
metals leads to the formation of the metal cyanide, which can be
detected as Prussian blue (Fe, [Fe (CN),I ,) or by the copper (11)
acetate-benzidine test18. Several metals and salts have been recommended for the fusion of the organic compound, e.g. p o t a s s i ~ m ~ ~ * ~ ~ ,
sodium 22, magnesium mixed with potassium carbonate 23, zinc
mixed with potassium carbonate24, and a mixture of dextrose with
sodium carbonate 25. When the compound contains sulphur the metal
thiocyanate is also produced, which can be detected by ferric
chloride 26*27.
Another type of reductive process is the combustion in hydrogen
atmosphere in the presence of a nickel catalyst, where at temperatures
over 1000" nitrogen is converted into ammonia and subsequently
determir~ed~~-~O.
A similar method adapted for ultramicroanalysis
has been proposed
Nitrogen and hydrogen can be determined simultaneously by
burning in dry carbon dioxide in the presence of a copper-copper
oxide-silver catalyst, when water and nitrogen are liberated and
subsequently determined32.
A very sensitive test for nitrogen consists of heating the sample in
admixture with manganese dioxide or other oxidants such as lead
dioxide, red lead oxide (Pb304),cobalt(111) oxide, nickel (111) oxide,
or manganese(111)oxide. Nitrous acid is evolved and can be detected
by the Griess reaction g*33.
Many deterrninations of nitrogen based on oxidative pyrolyses of
organic samples are variations, adaptations, and refinements of the
original Dumas method 34, consisting of burning the organic compound
in oxygen. Adaptations suited to ultramicroanalysis (nitrogen content
of the order of 1 yg) have been r e p ~ r t e d ~The
~ . ~Dumas
~.
method
has been amply reviewed15.30*37' 38.
The Kjeldahl m e t h ~ d ~ ~converts
* ~ O the bonded nitrogen into
ammonium bisulphate which is then determined as ammonia. Many
variations have been introduced in order to refine the method or
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adapt it to diverse types of organic materials. It was originally devised
to determine the nitrogen of amino or amido groups and it cannot
be used for other functions without due precautions or previous
treatment of the sample, and in certain cases it fails to render quantitative results, for example when applied to compounds with partial
structure C--N-N-C,
probably because elementary nitrogen is
lost. Ultramicro scale determinations have been carried out by this
m e t h ~ d ~ l Ample
- ~ ~ . reviews and discussions can be found elsewhere 15.30.43.44.
Various classes of nitrogen-containing organic compounds were
found to give colour reactions with p-dimethylaminobenzaldehyde in
the presence of sulphuric acid in toluene solution 45.
2. Nitrogen by mass spectrometry

21p

High-resolution mass spectrometers are capable of recording m/e
values down to several decimal places, and the intensity of the peaks
with an accuracy of fractions of 1yo.This allows one to carry out elegant, though by no means straightforward, determinations of the
elementary analysis and molecular weight of organic compounds.
The m/e value of the molecular ion-the ion resulting from losing
one electron of the original molecule-is equal to the molecular
mass M of the compound. I t can be computed from equation ( l ) ,
where n, is the number of atoms of the nuclide with mass number i
present in the molecule, and d, is the difference between the atomic
mass of the nuclide and its mass number. The fractional part of M
can be calculated from equation (2), where I is an arbitrarily large
positive integer. By finding the values of n, which best fit equations
(1) and (2), the elementary analysis, and therefore the nitrogen content of the compound, have in fact been determined. This can be
accomplished by trial and error or by computer. In Table 1 the
isotopes most frequently encountered in organic compounds are listed.
M = zn,(i

+ d,)

i

[ + 1n, d,l

Fractional part of M = Fractional part of I

i

An alternative approach correlates the natural abundance of the
isotopes (see Table 1) with the relative intensities of the peaks at
M, M + 1, M + 2, etc. In order to illustrate the method consider a
molecule with n carbon atoms with molecular ion of mass M. The
intensity of the peak at M + 1 will be close to (n X l.l)yo of the
4+ C.A.G.
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TABLE
1 . Naturally occurring isotopes frequently encountered in organic

the molecular ions into two particles neither the molecular weight
nor the elementary analysis will be accessible by mass spectrometry.
This splitting will occur less frequently in cyclic compounds, where
the bond rearrangements will not cause fragmentation of the molecule.
The molecular ions of amines frequently abstract a hydrogen atom
from a neutral species thus acquiring stability. This will make the
molecular peak appear at M + 1. Such processes can be detected by
studying the relative intensities of many peaks in the spectrum, as
the relative intensities of peaks resulting from hydrogen abstraction
will be pressure-dependent, as their corresponding ions result from
bimolecular processes 47-51.
The application of mass spectrometry in the determination of
molecular weights has been reviewed 47. 52-54 and tables for the
elementary analysis of compounds containing C, H, N, and 0,
according to both mass spectrometry methods previously described,
have been compiled 55.

compoundsa.
Element

Mass
numberb

Hydrogen
Carbon
Nitrogen
Oxygen
Fluorine
Phosphorus
Sulphur

Chlorine
Bromine
Iodine

1
2
12
13
14
15
16
17
18
19
31
32
33
34
36
35
37
79
81
127

Atomic
massC

Differenced

Natural
abundance ( X )

1.007825
2.01410
12.00000
13.00335
14.00307
15.0001 1
15.99491
16.99914
17.99916
18.99840
30.97376
3 1 .g7207
32.97 146
33.96786
35.96709
34.96885
36.96590
78.9183
80.9163
126.9044

0.007825
0.01410
0.00000
0.00335
0.00307
0.000 1 1
- 0.00509
- 0.00086
- 0.00084
- 0.00160
- 0.02624
- 0.02793
- 0.02854
- 0.032 14
- 0.03291
-0.031 15
- 0.0341 0
- 0.0817
- 0.0837
- 0-0956

99.985
0.015
98.89
1.1 1
99.63
0.37
99.759
0.037
0.204
100
100
95-0
0.76
4.22
0.014
75-53
24.47
50-54
49.46
100

" From reference 46.
c
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i in equation (1).
Based on the arbitrarily assigned atomic mass of 12.00000 to the nuclide l%C,in the physical

scale.

* dr in equation (1).

intensity of the peak at M, because for every carbon atom in the
of it being 13C. The contribumolecule there is a probability of l . l ~ o
tion of 2H to the M + 1 peak is much smaller because of the low
natural abundance of this isotope, however 15N and other nuclides
may have a noticeable effect, especially when more than one atom
of these elements is present in the molecule. For compounds of high
molecular weight, containing many carbon atoms, statistical considerations have to be made in order to calculate the M to M + 1 intensity
ratio. The M + 2 peak can be used in the same way relative to the
M + 1 peak. By comparing the calculated and experimental values
of these ratios the elementary composition of the molecular ion can
be found.
The amino group is a source of instability in the molecular ion
which may cause its rearrangement before reaching the collector of
the mass spectrometer. If such rearrangements involve splitting of all
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3. Nuclear activation

Activation analysis is a method that in some cases allows one to
determine small amounts of nitrogen, of the order of 1 pg or less. I t
consists of irradiating the sample in a suitable generator of particles
or rays, most frequently in a nuclear reactor, and measuring the decay
of the new radioactive nuclides produced. The radioactivity A
induced in such a manner can be calculated from equation (3),where N
is the number of target atoms, U the cross section of the reaction,
Q, the irradiation flux, t the irradiation time, and X the decay constant of the new n ~ c l i d e ~ ~ .
I n a nuclear activation reaction the following factors have to be
considered besides the variables of equation (3) : threshold energy,
mode of decay of the product, interference by other elements present
in the sample yielding the same products as the element investigated,
or products with overlapping decay spectra, etc. For example in the
determination of compound 6 the 14N(n,2n)13N reaction was used57.

This is a 'fast neutrons' reaction, with threshold energy of 10.5 Mev,
and is applicable only if sufficient high-energy neutrons are available.
The other two neutron reactions which could be possibly used,
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namely 14N(n,p) l4C and 16N(n,y) 16N, are not very useful in this
case because of their low yields: w ~ t hthe former 14C has a very low
decay constant h, resulting in a low saturation factor, which is the
expression enclosed in brackets in equation (3), whereas with the
latter reaction the natural abundance (see Table 1) which is directly
related to N, and the thermal neutron cross section o of 15N, are
small 58*.
In Table 2 nuclear reactions are listed in which nitrogen is converted into a radioactive nuclide.

tions. Types 1 and 2 of this table can be considered to differ from one
another in the degree of coordination of the p electrons with a proton,
types 2 to 7 are distinguished by the nature of the electron acceptor,
and type 8 is a contribution (hypothetical or actual) to the structure
of amines where the amino group is attached to an unsaturated system.
I t should be noticed that the molecule tends to be planar at the nitrogen site in type 8, in contrast with the nearly tetrahedral geometry in
the remaining seven types.

TABLE2. Nuclear activation reactions of nitrogen.

TABLE3. Coordination of the p electrons of amines.

Reactiona.

Half-life of
product
5770 years
10.0 min
10.0 min
2.03 min
2.03 min
2.03 min
20.5 min
7.35 sec

Type of coordination
Possible interferencesa.b. c
170(n,a)14C and 13C(n,y)14C
l3C(p, n)13N and leO(p, a)13N
l3C(p, n)13N and leO(p, a)13N
160(d,dn)150, 14N(p,Y ) ~ ~ O ,
and 15N(p,n)160
160(p,pn)150
160(p,pn)160

" From references 58 and 59.
C

In a reaction X(a, b)Y, nuclide X irradiated with a releases b yielding nuclide Y.
n-neutron, pproton, y-y-ray, d-deuterium nucleus, u-a-particle.
From reference 46.

B. The Free Electron Pair
The fact that in amines the nitrogen atom has two free electrons
readily available for reaction is the basis of a large number of detection
and determination methods. Furthermore, in many cases in which
the products are apparently the result of a reaction with N-H
groups, the presence of the free electron pair is essential for the
reaction to take place. The latter cases however will be treated in
section 1I.C together with other properties of the N-H moiety.
Table 3 summarises the various ways in which the free electron
pair (p electrons) of arnines can react with other compounds or func-

* The nuclides aH, l a c , 13C, 14N, 16N, leO, 170, and 1 6 0 can be determined
after proton or deuteron activation, in gaseous samples, at pressures of a few mm
Hg, by neutron time of flight s p a c t r ~ s c o p y In
~ ~ the
~ . case of nitogen the reactions
are 14N(d,n) 1 6 0 and l6N(p,n)lSO.

1.
2.
3.
4.
5.
6.
7.
8.

Section in which considered

Hydrogen bonding
Ammonium salts of protonic acids
Ammonium compounds with Lewis acids
Complexes with metallic ions
Quaternary ammonium compounds
Amine oxides
Complexes with T acids
Electron transfers in unsaturated molecules

A further way in which the free electrons may react is by losing
only one of them, thus yielding a radical-cation, for example by
electron impact in a mass spectrometer, where reaction (4) probably
takes place (see also sections II.A.2 and IV.A.2).

I . Reaction with protonic acids
a. Basicity tests. Amines are weak bases capable of reacting with
acids. Several methods of detecting this reaction have been proposed.
The simplest is the solubility test of a sample in dilute mineral acid,
used in qualitative organic analysis8. Is. I n another test the sample is
dissolved in hydrochloric acid, evaporated to dryness, the residue
redissolved, and the solution tested for chloride with silver nitrateQ.
Some basicity tests make use of equilibria involving the formation of
coloured precipitates, such as the complex of dimethylglyoxime (7)
with nickel(11) ionss0, or 8-hydroxyquinoline (8) with zinc ions61. If
in equations (5) and (6) the concentration of protons is adjusted to a
value at which the solubility product of the metal complex is nearly
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reached, then the addition of a base will lower the proton concentration and enhance the complex concentration thus causing its
precipitation.

TABLE4. Salts derived from amines and used for analysisa.
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Nia+ + 2 XH

e Nixa + 2 H +

(XH = 7)

Halidese5
Perchloratesee
Antimony(111)iodide complexes (9, 10, M = Sb)
Bismuth(111)iodide complexes (9, 10, M = Bi)
Chloroaurates
Metapho~phates~~
Phosphomolybdates
Phosphotungstate~~~.
73-7e
Silicotung~tates~~.
Fluor~silicates~~
Reinecke salts (11)78*
Chloroplatinatese5~
79
Oxalates65
Imidazole-4,5-dicarboxylates(12)
3,5-Dinitrobenzoatesal
2,4-Dinitroben~oates~~
3,5-Dinitro-o-toluatese3
3,5-Dinitro-p-toluatese4
Picrates (13)
85,86
Picrolonates (14) 87-89
Flavianates (15) O0
Styphnates (16) 7 9 . 9 1
2-Nitro-1,3-diketohydrindenesalts (17) 92
Tetraphenylborates (18) 7 9 v 9 3 - 9 7

(5)

Many aliphatic amines have pK, values in the range of 9 to 11,
and aromatic ones in the range of 4 to 5. Accordingly, an aqueous
solution buffered at pH 5-5 will dissolve akylamines but not arylamines 62.
b. Precipitation of salts. Amines are lipophilic substances, especially
when no acidic groups are present in the same molecule, and therefore they will dissolve in organic solvents such as chloroform, ether,
benzene, etc., whereas their water solubility is small, except for a
few with low molecular weight63. On the other hand, ammonium
salts are lipophobic owing to their ionic character. These properties
can be applied to the separation of amines from other organic materials dissolved in solvents of low polarity. Precipitation by acids from
these solutions, according to equation (7), has been applied qualitatively and quantitatively. The extraction of ion pairs by organic
solvents is sometimes possible owing to the hydrophobic character of
the radicals attached to the ammonium moiety64.
R1RaR3N+ HX
R1RaR3NH+X(R1,Ra, R3 = H, alkyl, aryl)

A great variety of salts derived from amines have been used for
analytical purposes, a partial list of which appears in Table 4. It
should be noticed that the nitro compounds listed in this table are
both protonic and .rr acids, and therefore their derivatives may be
ammonium salts, or under certain circumstances .rr complexes. With
the commercial availability of reagent 18, the preparation of tetraphenylborates has become an important method for the determination
of organic bases 95.
c. Aqueous titmtionr. Amines in aqueous solution interact with water
yielding two formal species: a hydrate in which water is hydrogen
bonded to the nitrogen atom, and an ammonium ion. The former can

65,793

799

a

Formulae 11 to 18 belong to the reagents.
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be considered as the most abundant species when amines are dissolved in waterg8-loo,whereas the latter is the result of the acid-base
dissociation of the former according to equation (8).
\
\+
-N-..H--OH
c-N-H
+ OH(8)
/
/
The equilibrium favours the undissociated form on the left hand
side of equation (8), but it can be displaced to the right by addition
of a strong acid which will react with the hydroxide ions. Titrations
with standard mineral acids can be carried out easily in aqueous
solution when the amine has pKa 2 9, while for lower values it is
difficult to distinguish the end-point. By adding neutral salts to the
solution, the potentiometric break is enhanced, allowing better
detection of the end-point lol.lo2.
The low solubility of most amines in water is usually corrected by
adding organic solvents such as ethanol, methanol, or dioxane.
Another potential source of error arises from the possibility of association in solution, for example if the ammonium ion and a neutral
amine molecule become associated the potentiometric break will be
produced before the equivalent amount of acid has been added, as
was found to be the case with aminophenols lo3.
Amino acids in the zwitterion form104.lo5 can be titrated with
mineral acids only if the acid moiety is a weak acid such as a carboxyl
group, as in equation (g), which is a special case of titration of ammonium salts of weak acids.

components are requiredlo8. Standardised perchloric acid in anhydrous acetic acid is the titrant most frequently used. Very weak bases
such as diphenylamine were titrated with this solvent-titrant system
by differential thermometrylog. I t should be noted that approximately 0.6% of water is contained in a 0 . 1 ~
perchloric acid solution
prepared from commercially available reagents, and if strictly anhydrous conditions are required, it can be removed by treatment
with the required amount of acetic anhydridellO.
Acetic anhydride. This is also an excellent solvent for titrating organic
bases, giving good end-points when they have pKa 2 0.5 lo7,although
acetylation may occur to some extent in certain cases. Standard
perchloric acid
or flu~r~sulphuric
acid 113 in acetic anhydride have been used as titrants. Mixtures of acetic acid with acetic
anhydride were also proposed as solvents for the titration of
amineS107. 114.115
Acetonitrile is a solvent in which excellent end-points and resolution
l17. It has, however, the disadvantage
of mixtures can be attained
of enabling the titration of many amides which may be mixed with
amines in the sample. Perchloric acid is usually the titrant. Hydrogen
bromide was used for thermometric titrations of amines in this
solvent l 18.
Nitromethne has properties similar to those of acetonitrile
Dioxan gives good end-points. It can be used for titrating bases such
as pyridine, but titrations of aniline were not satisfactory in this
solvent. The titrant is perchloric acid lZ2.
Glycols give good resolution in the titration of amines with close
~
pKa values l 2 3 124.
Many other solvents have been used for the determination of pure
and mixed amines. The subject is amply reviewed and discussed
elsewhere14.15.37.125-128.
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- CO2- + H+

NH3+

-

NH3+

C0,H

(9)

Aqueous titrations of amines are amply discussed elsewherel4~
15*37.
d. Nonaqueous titrations. Three main purposes may be served by
carrying out titrations in nonaqueous solvents: increased solubility,
change of the p H scale, and resolution of mixtures. The prediction of a
potentiometric titration curve in an arbitrary solvent is a difficult task,
in which many factors intervene, such as dielectric constant, definition
of acid and base in relation to the solvent, electrodes, actual structure
of conjugate acids and bases, etc. Acetic acid, sulphuric acid, acetonitrile, and alcohol-water mixtures have been extensively studied and
were reviewed elsewhere lo6.Some solvents will be treated here briefly:
Acetk acid. Bases with pKa 2 2 can be titrated in anhydrous acetic
acidlo7, where they show a good potentiometric break. On the other
hand, in this solvent bases become distinguishable only if their pKa
values differ widely, and it is therefore not recommended for the
determination of mixtures in which concentrations of the various

lo79
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2. Reaction with Lewis acids

A limited application of Lewis acids has been made in analyses of
amines; boron t r i f l ~ o r i d e l ~titanium
~,
tetrachloride, and tin tetrachloride130 were used to titrate heterocyclic bases in aprotic solvents.
Other applications connected with steric effects in amines will be
discussed in section IV.C.4.
3. Complexes with metal ions

Amines can coordinate their free electron pair into empty orbitals
of some metal ions, much in the same way as ammonia does in inorganic
4*
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complexes. This has found some application in the detection and
determination of amines although the scope of each reaction is limited
by factors such as the type of amine analysed and interferences from
other classes of compounds.
Aqueous solutions of copper(11) salts give a green to blue colour or
precipitate in the presence of water-soluble amines16. In organic
solvents, and preferably in the absence of water, aliphatic amines
form a complex with excess of copper(11) chloride. Although the
structure ofthis complex is unknown, it has composition 2CuC1,. amine,
becoming therefore useful for quantitative analysis131. Amino acids
yield complexes with the same salts, which are stabilised by a chelate
structure 19. After isolation of the complex, it can be analysed for its
copper content g r a ~ i r n e t r i c a l l y l or
~ ~ c, ~ ~l o~u r i m e t r i c a l l y ~ ~ ~ - ~ ~ ~ .

Ferric complex ions have been used for very sensitive tests of
detection and identification of certain classes of amines. Green to
blue complexes are formed by the reaction of primary aromatic
amines with sodium pentacyanoaquoferriate, as in equation (10)
When a secondary amine is treated with sodium nitroprusside
(Na,[Fe(CN),NO]) in the presence of acetaldehyde, acetone, pyruvic
acid, etc., blue to violet compounds of unknown structure are obtainedg. 137, 138. This is the so-called Rimini test139. A colourimetric
method for determining secondary amines is based on this reaction 140.
I n the absence of oxidants, cobalt(11) nitrate in a basic medium
yields deeply coloured complexes with certain classes of amines, such
as histamine (20), which can thus be determined colourimetrically.
The formation of such complexes does not seem to depend on the
presence of the imidazole (21) partial structure, although 21 itself
yields a violet precipitate 4. 141.
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Copper and cobalt complexes of amino acids have found applications in the solution of stereochemical problems, as mentioned in
section IV.C.2.
4. Quaternisation

Amines react with alkyl halides or certain esters attaining a higher
degree of alkylation. Primary and secondary amines give, usually,
mixtures of amines and ammonium salts while tertiary amines undergo a one-step reaction (equation 1l ) , the product of which is relatively
easy to separate and purify. Some reagents which raise the degree of
substitution by one only, are treated in section II.C.3, and similarly
sultones react according to equation (12), the best results being
obtained with primary a m i n e ~ l ~ ~ .

Quaternisation reactions can be carried out with alkyl halides such
as methyl iodide143.144,and esters of strong acids such as methyl
2,4-dinitroben~enesulphonate~~~,
methyl p-toluene~ulphonate~~~,
methyl picrate (0-methyl derivative of 13) 147, and methyl sulphate148.
The reaction can take place with or without solvent and at temperatures ranging from room temperature up to that of refluxT9.143-145. If
the quaternary salt is obtained quantitatively it can be filtered off
and weighed, or otherwise determined according to section 111.
Some amines in chloroform solution yield the corresponding
N-(dichloromethy1)ammonium chloride149. This reaction may lead
to abnormal products, as is the case with 22, from which 23 is
derived 150.

For heterocyclic bases a method of determination was proposed
based on quaternisation with ethyl iodide or methyl sulphate, followed
b y treatment with basic potassium permanganate. Volatile arnines
are thus formed which can be collected in standardised mineral acid
and back titrated 148.
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Certain complex structures yield with alkylating reagents atypical
products, for example acronycidine (24) on treatment with ethyl
iodide yields the N-ethyl analogue of isoacronycidine (25) 151. More
complex results were reported for the action of the same reagent on
the similar compound dictamnine (34)151 (section II.C.2.b).
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The following oxidants were reported to give colour reactions with
aromatic amines, which may be used for identification purposes under
controlled conditions: chloric acid ls9, ammonium persulphate-silver
nitrate lsO,benzoyl peroxide lel, and sodium hypochloritele2.Amines
with partial structures 26 and 27, where R1, R2 = H, alkyl, give the
haloform reaction with hypochlorites in basic media le3.
-CHa

A method based on quaternisation was proposed for the detection of
/3-hydroxyethylamine~~*~~~,
which can be possibly extended to other
B-substituted ethylamines. It consists of heating the amine with sodium
chloroacetate. A betaine is first formed (equation 13), which decomposes on further heating, yielding acetaldehyde (equation 14). The
latter can be detected with a morpholine-sodium nitroprusside
solution (compare with the Rimini test in section II.B.3).

5. Some oxidation methods

Oxidations of amines usually yield degradation products, some of
which provide indirect evidence for the presence of different types of
amines.
A solution of potassium dichromate in sulphuric acid has been used
for the detection of classes of amines according to the colour changes
observedls3, and in thin-layer chromatography for the identification
of a r y l a m i n e ~ l ~Ceric
~ . sulphate in sulphuric acid can be used for
spotting alkaloids and probably other bases in thin-layer chromatographylSs. A standard solution of ceric sulphate was used for determining p-methylaminophenollSe.
Lead dioxide in dilute acetic acid or alcohol reacts with aromatic
amines giving characteristic colours1s7. The same oxide dissolved in
phosphoric acid can be used for colourimetric determination of aromatic a m i n e ~ l ~ ~ ,

N-Iodosuccinimide with primary and tertiary amines yields stable
brown solutions whereas with secondary amines the colour fades in a
few minutes; N-bromosuccinimide yields orange precipitates with
tertiary amines16.1e4, and gives colour reactions which may be of
aid in the classification of other types of aminesle5.
6. Spectral properties of the electron pair

a. Electronic spectrum. The p electrons of amines have an absorption
band at the fringes of the far ultraviolet region, due to a transition from
a p orbital to an antibonding a orbital of nitrogen. Thus trimethylamineles and piperidine (28) le7have a band at 200 mp, ems1 4000.
It has been suggestedle6 that this band can be used to distinguish
primary, secondary, and tertiary amines, but this region is frequently
obscured by other chromophores and is therefore rather difficult to
interpret in more complicated cases lea.A band at 2 14 mp, shows
that the amino group is not attached to an unsaturated carbon atom,
as otherwise the band is displaced towards longer wavelengths l".
Further spectral properties associated with transitions of the p electrons of amines are discussed in section IV, in connection with
molecular structure.
b. Vibrational spectrum. Bands in the 2800 cm-l region are associated
with the p electrons of certain amines, because they disappear on
coordination of these electrons170. Some of the structures in which
these bands arise are the following: N-methyl and N, N-dimethyl (not
in N-ethyl) with medium to strong bands 171-174, in cyclic compounds
when two or more adjacent H
C
-groups are tram to the electron pair
as in 10-methyl-tram-quinozilidine (29), with a group of small
bands175, and in other compounds such as di- and triethylamine,
piperidine (28), N-ethylpiperidine, morpholine (4), etc., with a group
of small bands 17e.

-
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a. The Zerewitino$ method. This consists of allowing the active
hydrogen compound to react with a Grignard reagent (equations 15
and 16) and measuring the evolved h y d r o c a r b ~ n ~ ~ ~ - ~ ~ ~ .
RNHa

The N-methyl bands may be of aid in the further characterisation of
the molecule172 as they appear at 2810-2820 cm-l in aromatic
amines and at 2780-2805 cm-l in aliphatic or alicyclic arnines. A
dimethylamino group attached to an aromatic system has a band
near 2800 cm-l, and when attached to an aliphatic or alicyclic
system it has two bands, a strong one at 2765-2775 c m - l and the
second one at 2810-2825 cm-l.
C. The N-H Bond
Among the most important reactions of ammonia and of amines are
ammonolyses and condensations. Both start with an attack of the
p electrons on an electrophilic centre, followed by the loss of one or
two protons, and other transformations depending on the electrophile. These reactions are the basis of many analytical methods for
amines. Other methods are based on the instability of the bond, on
its ability to form hydrogen bonds, and on its distinctive vibrational
and nuclear magnetic resonance spectra.
I. Active hydrogen
The N-H partial structure confers upon primary and secondary
amines a set of properties which can be connected mainly with two
phenomena: active hydrogen and hydrogen bonding. Both are interrelated, although the methods of determining the former are usually
'chemical', while the latter is investigated mainly through physical
properties as shown in section 1I.E.
Contrasting with the high thermochemical stability of the N-H
bond (bond energies at O'K, in kcal/mole: C-H 98.2, C-N 78,
N-H 92.2177)it is most unstable kinetically, and is capable of undergoing extremely fast proton interchange reactions in protonic solvents
such as water or a l c ~ h o l sand
~ ~ even
~ , in the gas phase this interchange
is probably very fast 17g.
Various methods have been used for detecting and determining
active hydrogen in general, and they can be applied with diverse
degrees of success to amines.

+ 2 CH3Mgl ---+

RN(Mgt),

+ 2 CH,

(15)

An interesting example of a positive Zerewitinoff reaction is provided by sempervirine (30), in spite of its lack of N-H bonds. I t was
proposed that the active hydrogen is present in the methylene group
marked with (*) in 31, as 31 is a resonance form of 301a3.

b. Lithium aluminium hydride. I n the presence of active hydrogen
compounds (X-H) LiAIH, decomposes according to equation (17),
and the evolved hydrogen is measured la4,la5.
(17)
X-H + 3 LiAIH, ---+ X-(LiAI),,,
+ Hz
c. Isotopic exchange methods. Amines exchange their active hydrogen
among themselves and with other active hydrogen compounds, in
particular with water. This provides a method for detecting and
determining active hydrogen by equilibrating with pure deuterium
oxide, and then estimating the amount of 0-H bond formed by
means of density measurementsla6, i.r. s p e c t r o p h o t ~ r n e t r y ~n.m.r.
~~,
s p e c t r o s c ~ p yor
~ ~alternatively,
~,
by using tritium-labelled water and
measuring the radioactivity of the amine after equilibrationla9.
d. N-H and C-H spin-spin coupling. That the amino group is able
to exchange protons in aqueous solutions was also shown by nuclear
magnetic resonance. I n solutions of high pH methylamine shows a
singlet corresponding to the three methyl protons, although a triplet
could be expected from coupling of these protons with the two on the
nitrogen atom. The singlet was interpreted as a result of the rapid
exchange of the protons on the amino group, which does not allow
their alignment with the external field, and therefore the spin states
of the amino protons are averaged to zero. On the other hand, in solutions of low pH, where the methylammonium ion is prevalent, proton
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exchange with the solvent occurs at a slow rate and a quartet is
observed for the methyl group, resulting from spin-spin coupling
with the three ammonium ~ r o ---t o n s-l ~ ~ .
The analysis of active hydrogen is extensively discussed elsewhere15. 180.185.191.1Q2.
1

-

2 Acylation
Table 5 summarises some of the derivatives obtained by acylation
(equation 18), which have found application in analysis. Acyl
derivatives are widely used for identification p ~ r p o s e s ~ . ~ ~ .

+

RIRaNH Acyl-X ---+ R1R2N-Acyl+ XH
(R1,Ra = H, alkyl, aryl; X = halogen, OH, alkoxy, 0-acyl, etc.)

Acetarnides 184.103-204.
Formamides162, 205-207

a

#
8
Trifluoroacetamidesl B 22088210,
212
p-Nitrophenylacetamides
Benzamides213-210. a
3,5-Dinitrobenzamides 220-222
p-Phenylazobenzamides223
a, c
Phthalimides
a, c
Pyromellitic diimides aa5,
N- and N,N-substituted
3-nitrophthalamic acids 227* a
3-Nitrophthalimides227, a*c
N, N-Diphenylureas228
Benzenesulphonamides22e-231, a
p-Toluenesulphonamides72. 232-234
Benzylsulphonamides233
Methanesulphonamides235
p-Bromobenzenesulphonamides 236
m-Nitrobenzenesulphonamides~37
Sulphonebisacetamides238
~-Phenylazobenzenesulphonamides23e
2,4-Dinitrobenzenesulphenamides240
o-Nitr~benzenesulphenamides~~~.
242
2249

a

absence of catalyst16 and in the presence of catalysts such as
acids193-195,pyridine16,1gs.197,and sodium hydroxide8.
Although this reaction is of great value in the characterisation of
primary and secondary amines, the reagents can cause rearrangements
obscuring structural elucidation. Thus for example, harmaline (32)
undergoes acetylation at N,,, yielding compound 331Q8.19g.

(18)

TABLE
5. N-Acyl derivatives of primary and secondary amines.
Derivatives
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Type of reagent
Anhydride or acyl chloride
Acid or mixed acetic-formic
anhydride
Anhydride
A Cchloride
~ ~
Anhydride or acyl chloride
Acyl chloride
Acyl chloride
Anhydride
Dianhydride
Anhydride
Anhydride
Acyl halides
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Ethyl ester
Acyl chloride
Sulphenyl chloride
Sulphenyl chloride

See text.
Derived from esten of amino acids.
Primary amines only.

a. Acetylation. A great variety of methods for the preparation of
acetamides from acetic anhydride have been suggested, both in the

Acetylation with acetic anhydride in anhydrous pyridine can be
used for the determination of primary and secondary amines according
to equations (19) and (20).

+

RNH2 + (CH3CO),0 +RNHCOCH,
CH3C02H
R2NH + (CH3CO)20---t RaNCOCH3 + CH3COaH

(19)

(20)

The amount of amine reacted is determined by titration of the
liberated acidlg6or by the amount of water necessary for hydrolysing
the excess acetic anhydridelg7.
Acetylation proceeds at different rates for alcohols, phenols, aliphatic amines, and aromatic amines. It is possible therefore to determine the latter in the presence of all the others200,or sometimes even
in alcoholic solution201. Similar determinations based on the use of
acetyl chloride were proposed202*203, but the anhydride methods seem
to be more advantageous15.
Further discussions of this reaction and lists of acetamides can be
found elsewhere8s 10.14-16.37.203.204.
b. Benzoylation. This reaction has found its main application in the
characterisation of compounds as ' a ~ y l a t a b l e ' ~and
~ ~ in
, the identification of primary and secondary amines.
Benzoylation of certain compounds may yield atypical products,
for example dictamnine (34) gives no reaction with acetic anhydride
but yields N-benzoylnordictamnine (35) on treatment with benzoyl
chloride 213, and myosrnine (36) yields compound 37 on treatment with
benzoic anhydride 214.
Further discussions of benzo~lationand lists of benzamides can be
found elsewhere8s 1 0 ~ 1 ~ 1 6 . 2 0 4 , 2 1 ~ 2 l Q .
c. Phthloylatwm. Phthalic anhydride 2a4 and pyromellitic anhydride
(38)
are reagents for the determination of primary and secondary amines.
aa59226
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coefficient of the former band to that of the latter varies from 0.4 to
0.8 for primary amines, and from 2.1 to 2.4 for secondary aminesZ7l.
I t was pointed out15 that the ratio is 2.1 to 2.4 for a-amino acids, that
is, similar to the case of secondary amines.
I. Bass

2,4-(N0,),C6H3F

3. Nitroarylations and nitrobenzylations
Certain aryl and benzyl halides react with primary and secondary
amines yielding the corresponding secondary and tertiary amines, in
addition to hydrogen halide, much in the same fashion as described
in section II.B.4. However, by virtue of the electronegative nature of
the reagents, the reaction does not proceed further up to quaternisation as with the previous case, neither does it yield quaternary ammonium compounds with tertiary amines.
Many authors include these reactions among acylations, based on
the similarity of the processes and the nomenclature of some reagents,
for example from picric acid (13) one prepares picryl chloride which
yields a picramide according to equation (18).
The reactions of amines with p-nitrobenzyl
and of
amino acids with 5-fluoro-2,4-dinitroaniline254, were recommended
for identification purposes. So was picryl
which can be
also used in quantitative analysis, by determining the hydrogen
chloride released in the r e a ~ t i o n ~ ~ ~ . ~ ~ ~ .
2,4-Dinitrophenyl chloride or fluoride with amines give a strong
colour which under certain conditions can be tentatively correlated
with the type of arnine, i.e. yellow for primary amines and orange to
brown for other types9. The derivative is useful for identification
purposes 257.
2,4-Dinitrophenyl fluoride has found wide application in biochemical analysis, in problems related to amino acids, peptides, and proteins,
such as the chromatographic separation and identification of amino
259, and the analysis of end amino acids of peptidic chains,
(equations 27 and 28) 260-265. The same reagent was used for the
determination of primary and secondary amines in genera1266v267
and
26g, by measuring the derivative
of a-amino acids in
spectrophotometrically after extraction with a suitable solvent or
after chromatographic separation2''. The spectra of the derivatives
present bands at 350 and 390 mp, providing a way of distinguishing
between primary and secondary amines, as the ratio of the extinction

m

+ NH,CHRCO-Peptide

residue
2.4-(N0,),C6H3NHCHRCO-Peptide

2,4-(N02),C6H3NHCHRCO-Peptide residue

H,O(Acid)

residue (27)

2,4-(N02),C6H3NHCHRCOaH
(28)

+ Peptide degradation products

The applications of 2,4-dinitrophenyl fluoride in organic analysis
are amply reviewed elsewhere260. 272.
4. The Folin reaction

I n this method primary aliphatic and aromatic amines yield
coloured products by nucleophilic displacement of the sulphonic
group of 1,2-naphthoquinone-4-sulphonicacid (44) (equation 29) 273.
This reaction has also been applied in colourimetric determina-

(44

5. Ureas, thioureas, I ldantoins, and thiohydantoins

Primary and secondary amines react with aryl isocyanates, as in
equations (30) and (31), or with azides of arylcarboxylic acids, after
their rearrangement to isocyanates, according to equation (32).
ArNArNa

+ NHaR
+ NHR,
ArCON,

-

ArNHCONHR

(30)

ArNHCONR,

(31)

ArN=C=O

+ N,

(32)
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When the arylurea derivative of an a-amino acid is treated with
acid a hydantoin is formed, according to equation (33), which can be
used for detection and i d e n t i f i ~ a t i o n ~ ~ ~ .

An important application of phenyl isothiocyanates is the analysis of
end amino acids in peptides and proteins. This is represented by
equations (35) to (39), and involves derivatives of the end amino acids
such as thiazolines (45), phenylthioureas (46), and phenylthiohydantoins (47) 2Q6-301.

H

I t is sometimes advantageous to use aryl isothiocyanates instead of
aryl isocyanates yielding the corresponding thioureas, as these reagents
are more resistant to decomposition by water8. Both aryl isocyanates
and aryl isothiocyanates were found to yield atypical products with
certain enamines, as shown for example in (34), where a vinylogue
of an arylurea is obtained from an aryl i s ~ c y a n a t e ~ ~ ~ .

+

C6H,NCS NH,CHRCO-Peptide
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PH 8-9

residue --+
C6H6NHCSNHCHRCO-Peptide residue

C6H5NHCSNHCHRCO-Peptideresidue H P ( H +)

c6H5N
+
Peptide
degradation
products

0
c6H5NH=r$

Table 6 summarises the ureas and thioureas derived from amines
and used in analysis.

HaO(H')l

R

C,H,NHCSNHCH RC0,H

(fast)

(46)

/'

0
TABLE6. Arylureas and arylthioureas derived from primary and secondary
amines.
Derivatives

(45)

Type of reagent

N, N-Diphenylureas 228
Carbamoyl chloride
a-Naphthylureas 278
Isocyanate
P-Naphthylurea~~~~
Isocyanate
m-Chlorophenylureas 280
Isocyanate
p-Chlorophenylureas 281
Isocyanate
m-Bromophenylureas 280, 282
Isocyanate or benzazide
p-Bromophenylureas 283. 284
Isocyanate or benzazide
m-Iodophenylureas 285
Benzazide
p-Iodophenylureas
Isocyanate
m-Nitrophenylureas
288
Isocyanate or benzazide
p-Nitrophenylureas
Isocyanate or benzazide
291
3,5-Dinitrophenylureas
Isocyanate or benzazide
2,6-Dinitro-p-tolylureas 2B2
Benzazide
Phenylthioureas 203
Isothiocyanate
a-Naphthylthioureas 204
Isothiocyanate
P-Naphthylthioureas 203
I~othioc~anate
p-Biphenylylthioureasm3
Isothiocyanate
o-Tolylthi~ureas~~~
Isothiocyanate
~-Chlorophenylthi~ureas~~~
Isothiocyanate
m-Nitrophenylthioureas 2g5
Isothiocyanate
2877

2B0g

The applications of phenyl isothiocyanate to biochemical analysis
are amply discussed e l s e ~ h e r e ~ ~ ~ . ~ ~ ~ .
The reaction of amines with phenyl isothiocyanate is of the second
order and proceeds at different rates for different amines, thus providing a means of determining the components of a mixture, by
following kinetically the decrease of the amine concentration in the
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reaction mixture 3029 303. Among aliphatic amines secondary ones react
faster than primary ones, but akylarylamines react slower than primary arylamines. In general aromatic amines react faster than aliphatic
arnines 30a.

Reactions (40) and (41) can be followed by direct titration of the
dithiocarbamic acids with a l l ~ a l310,
i ~ or
~ ~by~ precipitating complex
48b and determining the nickel in the precipitate311. Secondary
amines were determined coulometrically as the dithiocarbamate
anions react with mercury(11) cations generated at the electrode, as in
equation (46) 31a.

6. Reactions with carbon disulphide
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Primary and secondary amines yield dithiocarbamic acids with
carbon disulphide (equations 40 and 41).
The analysis of amines via dithiocarbamic acids is amply discussed
elsewhere14-16.37.
After discarding the excess reagent, the presence of dithiocarbamic
acids can be detected by their catalytic action on the process in
equation (42), as the evolution of nitrogen becomes patent, or by a
black precipitate obtained on adding silver nitrate solutiong.
2 NaN3 + ,I ---+ 2 Nal + 3 N,
(42)
Iodine can be used to oxidise the dithiocarbamic acids to an
isothiocyanate and sulphur; the latter is insoluble and therefore
detectable by the turbidity it produces (equations 43 and 44) 304.
Alternatively the dithiocarbamic acids can be oxidised with iron(111)
chloride or mercury(11) chloride, as in equation (45), and the hydrogen
sulphide easily detected 305.

S

Aromatic amines can be determined in dioxane solution by adding
excess of sulphur trioxide (equation 47), then destroying the excess
reagent with water and titrating the sulphuric acid thus produced313.

8. Reactions of primary amines with aldehydes and ketones

The general reaction described by equation (48), when carried out
with certain reagents and under controlled conditions, provides good
methods of detection and determination of primary amines, although
some amines of other types may interfere.
RINHa

S

''

+ O=/

I. NaOC,H,

II II

RNHCSSCNHR

Ia

> 2RNCS+2S

+RNCS + HS,
(45)
Dithiocarbamic acids with copper(11) salts in the presence of ammonia give coloured complexes (48a). If the R groups are sufficiently
hydrophobic the complex can be extracted into benzene for better
detectiong. For secondary amines the complex 48a can be extracted
With
into chloroform and measured spe~trophotometrical1y~~~~~~~.
nickel(11) salts coloured precipitates (48b) can be obtained 308.
RNHCS,H

S=C

7. Reaction with sulphur trioxide

S
/ \M/

NR,

\

r--S

-

RIN=C

\R3

/

+ H,O

(48)

\R3

(49)
(R1, Rat R3 = H, alkyl, aryl)

a. Benzaldehyde and similar reagents. Primary aliphatic and aromatic
amines can be determined with benzaldehyde in nonaqueous solution.
Excess of reagent is used and destroyed afterwards with hydrogen
cyanide314 (equation 49), and the water produced according to (48)
is measured by the Karl Fischer method315.
C6H5CH0

+ HCN +CBH5CH(CN)OH

(49)

2-Ethylhexaldehydel10 and vanillin (50) react, in a way similar to
benzaldehyde, with primary aromatic amines; the Schiff base (49)
derived from 50 can be determined spectrophotometrically31e.With
salicylaldehyde (51) the use of hydrogen cyanide is avoided, and
instead the excess reagent is titrated with standardised sodium
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methoxide317, or otherwise the Schiff base is measured spectrophotometrically 318.
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stable and has to be prepared not more than a few days before use,
either by irradiating aqueous pyridine with ultraviolet light327
according to equation (52) or by treatment of N-(4-pyridy1)pyridinium
chloride hydrochloride with alkali328according to (53). Products 53
and 54 of these reactions are enolate salts derived from glutaconic
aldehyde (55), and are able to condense with primary amines in the
presence of acid (equation 54) 329.

A variation of the salicylaldehyde method, applicable only to
primary aliphatic amines with an unbranched a-position, consists of
carrying out the reaction in the presence of copper(11) chloride and a
base such as triethanolamine, whence complex 52 is formed, which
can be extracted and measured spectrophotometrically310.
2,4-Pentanedione undergoes tautomerisation according to equation
(50), and therefore resembles salicylaldehyde in its reactions with
primary amines
320.
319p

P-Dimethylaminobenzaldehyde is the reagent used in very sensitive
tests for the detection and possibly identification of primary amines
as coloured Schiff basesg*321. Other amines, notably diphenylamine
and pyrrole derivatives in which the N H group and at least one hydrogen atom of the pyrrole ring are preserved, also give colour reactions
with this reagent322.323.The reaction with the pyrrole derivatives is
due to condensation of the aldehyde with a methylene group, produced in the heterocyclic compound by tautomerisation according to
equation (51). Condensations with pyrroles and other atypical amines
can be avoided when detecting primary amines, by controlling the
pH of the solution9.

b. Glutaconic aldehyde. This compound yields with primary amines
polymethyne dyes324-32esuch as 56. The reagent is however un-

Glutaconic aldehyde can react with compounds other than primary
a m i n e ~for
~ ~example
~,
it undergoes condensations at C-positions with
pyrrole derivatives that tautomerise according to equation (51).
The condensations of amines with aldehydes have been reviewed
and discussed elsewhere
37.
l4-l69

9. Reaction of a-amino acids with ninhydrin

Ninhydrin (hydrate form, 57) 330,331 and similar reagents such as
perinaphthalenetrione (hydrate form, 58) 332, 333 are capable of oxidising a-amino acids in neutral solution. This provides a very sensitive
detection method, as dyes such as 59 are probably produced in a process involving equations (55) to (57) in the case of ninhydrin, and
similar ones for the other reagents.
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RCCOzH

II

NH

+ HzO

W

RCH4

a. The van Slyke method. Primary aliphatic amines, including amino
alcohols and amino acids, react with nitrous acid (equation 58),
followed immediately by decomposition (equations 59 or 60). The
amines are determined by measuring the amount of nitrogen
e v o l ~ e d ~Ammonia
~ ~ . ~ ~reacts
~ . as a primary amine, and has to be
determined independently when present. Amines of high molecular
weight or complex structure fail to give quantitative results37. The
method has been amply reviewed14.15*37*356.

+ NH, + COz

+

R-NEN

The colour reaction is transient but it can be fixed with special
reagents and applied for detection and identification of individual
amino acids, by making use of polychromic methods, especially after a
chromatographic separation 334-341.
The determination of amino acids based on the ninhydrin reaction
can be carried out in several ways: by spectrophotometry of the
coloured s o l ~ t i o n s ~ ~
or~ spectral
- ~ ~ ~ , reflectance after chromatographic separation of the amino acids and colour development 339.346,
by spectrophotometry of ninhydrin-zinc chloride complexes347,by
determining the aldehyde obtained in equation (56), either chemically342or by gas chr~matography'~~,
or by determining ammonia,
carbon dioxide, or both, produced in equation (56) 348-354.
The ninhydrin reaction has been amply discussed and reviewed
elSewhere9,14-16.133.192.355-359.
10. Diazotisation of primary amines

With nitrous acid, primary amines are diazotised (equation 58),
secondary amines undergo N-nitrosation (section II.C.2.e), and tertiary aliphatic or alicyclic amines fail to react while tertiary aromatic
amines may undergo C-nitrosation.
R-NHS

+
+ HNOz + H + ---+ R-NEN
+ HzO

(R = alkyl, aryl)

11 1

(58)

+Olefin + H + + Nn

(60)

b. Ayldiamnium salts. Primary aromatic amines can be detected,
after diazotisation and coupling, as deeply coloured azo dyes are produced in the presence of phenols or aromatic amines in solutions of
controlled pH8.14. Quantitative analyses via diazotisation can be
performed in various ways; for example by titrating with standardised
. ~by
~ ~spectrophotometry
,
of the diazonium salt
sodium r ~ i t r i t e ~or
itself363or its coupled
Several methods have been proposed based on the decomposition
of diazonium salts. The volume of nitrogen can be measured after
treating aryldiazonium compounds with copper(1) chloride14, potassium iodide 365, or titanium(111) chloride 366*367. Otherwise, the excess
catalyst can be determined, as in the case of titanium(111)chloride14,or
chromium(~~)
The diazonium compound strongly heated
with hydriodic acid yields iodine which can be t i t ~ a t e d ~ ~ ~ .
The differential kinetic method (section II.C.5) is also applicable
to mixtures of primary aromatic amines, which after diazotisation can
be determined by measuring the first-order rates of evolution of
nitrogen, catalysed by copper (I) chloride 370.
These methods are further discussed elsewhere 8. 14* 65.
159

I I. Spectral properties of the N-H bond
a. Vibrational spectrum. Two complementary spectroscopic methods

are available, namely infrared and Raman spectroscopy. Unfortunately the latter has not yet acquired the popularity and widespread
application of the former. Raman spectra can be used as fingerprints of compounds for identification, and for the detection of
functional groups, among which amino groups appear with characteristic bands arising from N-H vibrations. The N-H group of
primary and secondary amines has characteristic infrared absorption
bands which are summarised in Table 7.
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TABLE7. Absorption bands of N-H
Region (cm- l )
1600
3400
5000
6700
l0000

3. Detection, Determination, and Characterisation of Amines
in aminesa.

Origin of band

Deformation modes
Stretching (fundamental)
Combination of stretching and deformation modes
Stretching (1st overtone)
Stretching (2nd overtone)

" Data from references 170, 37 1,

and 372.
The influence of hydrogen bonding is not included.

Considerable discussion notwithstanding, the absorption band in the
1600 cm-l region has been assigned to N-H deformation modes371.
For primary amines a medium to strong band appears almost always
at 1590-1650 cm-l; in aromatic amines this can be confused with a
band from an aromatic ring vibration near 1600 cm-'. I n the case
of secondary amines this band is much weaker.
The most useful region for analytical purposes is that of the fundamental stretching modes. I n the absence of association, primary
amines present two bands, which for aromatic amines appear at
about 3400 and 3500 cm-l, while in the case of aliphatic amines they
appear at frequencies, lower by about 100 cm-l. The lower frequency
band is assigned to the symmetric and the higher to the asymmetric
stretching mode, both being of medium strength 373-378. This pair of
bands can be identified more easily if the correlation in equation (61)
is
Secondary amines show, in the absence of association
phenomena, a single band in the 3300-3500 c m - l region379-384.
The intensities in the fundamental stretching region are much higher
for aromatic and some heterocyclic primary and secondary amines
than for aliphatic amines, and the former can be determined in this
region 372,385,388.

Primary amines have absorption bands in the 5000 cm-l region,
probably arising from the additive combination of bending and
stretching modes387. For aromatic amines it appears at 5050-5100
cm-l and has been proposed for the characterisation and determination of these corn pound^^^^*^^^. The absorptions of aliphatic amines
are of about half the intensity of those of aromatic amines, appearing
a t somewhat lower frequencies, and it has been suggested that they
too can be used for quantitative analysis372.
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Primary aromatic amines have two bands assigned to the first overtone of the stretching mode, the symmetric one appearing at about
6700 cm-l and the asymmetric one at about 6900 cm-l, the former
being some six times more intense than the latter389. Secondary
aromatic amines have only one band in this region, near the site of
the symmetric band of primary aromatic amines but of about half the
intensity372r388*390.
Primary and secondary aliphatic amines absorb
at about 6500 cm- l, which is out of the range of the aromatic ones390,
and allows the determination of mixtures of both classes388. I t has
been suggested that this and the combination region are better than the
fundamental region for the determination of aliphatic amines, owing
to the wider choice of solvents that can be used for this purpose372.
Finally, in the second overtone region only very weak bands can be
observed for aromatic amines, the most outstanding being the symmetric band at about 9800 cm-l, of limited analytical value389.
I t has been pointed out that a possible way of distinguishing between
primary, secondary, and tertiary amines is by treatment with acid
and looking for the bands arising from the ammonium salt, as these
are distinctive for each ammonium type170,176. The problem of
distinguishing between O H and NH groups in the fundamental
stretching region was also considered391. A comparison of absorption
bands and intensities of functions containing N-H bonds can be
found elsewhere 392.
b. Nuclear magnetic resonance spectrum. The resonance bands due to
NH groups are summarised in Table 8. The main factors affecting the
location and shape of the N-H bands are hydrogen
the quadrupole moment of 14N, and the fast proton exchange occurmain effects stem from the quadrupole
ring in certain solvents 394. TWO
moment of 14N, namely a splitting of the band into a triplet, by coupling with the three states of 14N, and the bands becoming broad, even
sometimes disappearing395,396. The fast proton exchange occurring in
certain solvents tends to sharpen the N-H
band (see however
reference 397, and also section 1I.C. 1).
TABLE8. Chemical shifts of NH groupsa.
Type of compound
Aliphatic and alicyclic amines
Aromatic amines
Amides

'Data from reference 393.
In parts per million (p.p.m.) of the 6 scale.

Chemical shift
2.9-5.0
3.6-4.7
54-8.0
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The values in Table 8 are only general guides for the assignment of
resonance bands, and wide discrepancies have been observed, for
example histidine (60) dissolved in trifluoroacetic acid presents a band
at S 1, assigned to the nitrogen-bonded irnidazole proton398.

-

(61)

D. The N-C Bond
I. Chemical methods
The N-C bond of amines is very resistant to chemical attack and
is usually cleaved only under drastic conditions.
a. The Herzig-Meyer method3g9-402.When an amine and hydriodic
acid are heated strongly, dealkylation occurs (equations 62 and 63).

somewhat higher homologue, the aldehyde produced can be detected
by the colour it produces with a solution of sodium nitroprusside and
morpholine, which is similar to the Rimini test described in section
II.B.3.
Compounds containing alkoxy or propenyl groups interfere with
this method, as they too yield aldehydes on fusion with benzoyl
peroxide.
c. p-Substituted ethylaminesg. The process in equations (65) and (66)
takes place when compounds of general structure X-CH2CH2-Y
are fused with moist zinc chloride406.The acetaldehyde of equation
(66) can be detected by the sodium nitroprusside-morpholine reagent.

H

\
N-R
/

+ HI

1-

j

/

/

X, Y = OH, OR, N\ , SH, SR, halogen, etc.

'\R

The alkyl iodide can be determined by gravimetry, iodometry, or
gas chromatography, and identified by the latter method or by
preparing derivatives recommended for alkyl halides 2 ? 1°*16.
Akoxy groups undergo dealkylation more readily than amines, and
in the presence of the former, after addition of the hydriodic acid the
sample should be subjected first to distillation at 150°, in order to
determine the alkoxy groups, and then to pyrolysis at 360°, where the
Herzig-Meyer method is operative 403.
The method is further discussed elsewhere15.358*404.
b. Fusion with benzoylperoxideO. On melting an amine with benzoyl
peroxide, the N-alkyl substituents become oxidised according to
equation (64).

2. Vibrational spectrum

Table 9 summarises the regions in which bands assigned to C-N
vibrations appear. In the case of aliphatic amines407 the band is
difficult to locate both because of its low intensity and the fact that it
appears in a region where other bands also usually do371.The bands
of aromatic amines407.408
can be used for confirmation of proposed
structures, although the possibility of confusion with bands belonging
to other groups should be born in mind.
TABLE
9. Absorption bands of C--N stretching vibrationsa.

i n the case of N-methyl compounds (R = H in equation 64)
formaldehyde is liberated, which gives a violet colour with a chromotropic acid (61)-sulphuric ,acid solution405. When R = CH, or a

Type of compound

Region (cm-')

Intensity

Aliphatic amines
Aromatic amines
Primary
Secondary
Tertiary

1020-1220

Weak to medium

1250-1340
1280-1350
1310-1360

Strong
Strong
Strong

Data from references 170 and 371.

5-k C.A.G.
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E. Hydrogen Bonding in Amines
In sections 1I.A to 1I.D the main features of the amino group were
examined from the point of view of organic qualitative and quantitative analysis. Section IV will deal with some of the structural problems
posed by amines. It is convenient to bridge these two aspects of analysis
with a brief examination of hydrogen bonding in the amino group,
which has a deep influence on a wide range of physical and chemical
properties used in the elucidation of molecular structure. The importance of hydrogen bonding can be more fully appreciated by considering Table 10, in which nearly all these properties are listed.
TABLE
10. Influence of hydrogen bonding on the properties of a systema.
Property
Structure of compound

Geometry of bond
Molecular weight
Density
Molecular volume
Molecular refraction
Viscosity
Self diffusion
Parachor
Surface tension
2nd Virial coefficient
(Berthelot equation)
Vapour pressure
Boiling point
Melting point
Solvent power

Intramolecular
hydrogen bond

Usually found in ortho, Usually found in meta,
cis, peri, diequatorial,
faro, trans, and diaxial
and equatorial-axial
positions
positions
Usually bent
Usually straight
Normal
Increased
Increased
Decreased
Decreased
Increased
Decreased
Increased
Decreased
Decreased
Decreased
Decreased
Increased
Normal
Absolute value increased
Normal
Normal
Normal
Normal

Thermal conductivity
Acoustic conductivity
Electric conductivity

Normal
Normal
Normal

Dielectric constant

Normal for solids and
variable according to
molecular shape for
liquids
Lower than calculated
for structure. Concentration independent

Dipole moment

Intermolecular
hydrogen bond

Decreased
Increased
Increased
Increased if solute becomes hydrogen bonded to solvent
Increased
Increased
Increased if hydrogenbonded network is
formed
Increased for solids and
variable according to
molecular shape for
liquids
Higher than calculated
for structure. Increases
with concentration
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TABLE
l &(Cont.).
Property
Reaction rate
Reaction mechanism
Optical rotation
Electronic absorption
bands
Phototropy
Vibrational spectrum
Stretching frequencies

Intramolecular
hydrogen bond

Intramolecular
hydrogen bond

Often influenced
Often influenced
Often influenced
Often influenced
Can be large if spiro Usually none
structures are formed
Shifted
Shifted
Often presented

Seldom presented

Shifted down

Shifted down

Shifted up

Shifted up

None

Present

Determined by functional groups and size of
ring formed
Small

Determined by functional groups

(vs!

Bendmg
frequencies
(v!,)
Concentration dependence of v, and v b
Size of AV,

Effect of phase change
on AV,
Intensity of stretching Somewhat increased
band
Half-width of stretch- Somewhat increased
ing band
Nuclear magnetic resonance
Shifts to lower field
Chemical shifts
Concentration depen- Small
dence of chemical
shifts

Large
Very much increased
Very much increased
Shifts to lower field
Large

a From G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, W
. H . Freeman and Company,
San Francisco, 1960.

Amino groups are capable of becoming associated among themselves
or with other functions by two types of hydrogen bonding, formally
represented as 62 and 63. In the former the amine acts as a weak
protonic acid, and must therefore be primary or secondary (or an
ammonium compound other than quaternary). On the other hand, in
63 it acts as a weak base, sharing its F electrons, and can be any type
of amine (but not an ammonium compound).
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Hydrogen bonds of types 62 and 63 are relatively weak and therefore amenable to investigation by i.r. spectroscopy 179. 384.409-41a.
Special attention should be paid to the stretching frequencies of the
N-H and X-H bonds, the shape and intensity of the absorption
bands, and the effect of temperature, concentration, and deuterium
exchange.
F. Miscellaneous Chemical Properties

1
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c. Reaction with triphenylmethyl dyes. All amines yield on melting with
a mixture of 'fluorescein chloride' (65) and anhydrous zinc chloride,
red water-soluble dyes of structure 66. Their fluorescence under U.V.
illumination may be used to classifjr amines as follows: yellow-green
fluorescence shows the presence of an NH-alkyl partial structure in
66, orange fluorescence shows the N(alkyl), partial structure, and if
an N-aryl group is present in 66 no fluorescence is o b s e r ~ e d ~ ~ ~ , ~ ~ ~
Pyrroles, indoles, and carbazoles give blue fluorescence g.

I. Preliminary tests for detection and classification

A great number of methods have been proposed hitherto in order to
ascertain whether a nitrogen-containing compound is an arnine or not.
I t is possible to use some of these tests to classifjr amines into aromatic,
aliphatic, primary, secondary, or tertiary. As the chemical process
involved in most of them is vaguely known, results should be taken
only as a helpful guide. Such tests include many of the oxidations
described in section II.B.5 and the ones listed below.
a. Potassium thiocyanate test. Salts of amines (not quaternary ammonium compounds) yield hydrogen sulphide on heating at 200-250' with
potassium thiocyanate413. Compounds which liberate water on heating
also give a positive test. The process is probably similar to the ammonium thiocyanate rearrangement (equation 67) 414* 415.

b. Chloranil test. Chloranil (64) yields coloured products in the
presence of amines. Amino acids do not react, but some amides such
as anilides do. Aliphatic amines react more readily than aromatic
amines, and the colour may be used for classification as follows 416. 4 l 7 :
red-primary,
violet-secondary, and emerald-tertiary.
This reaction can be used for chromatographic development41e.

Bromophthalein magenta E (67) yields coloured derivatives with
aliphatic amines in anhydrous solutions. The colour can be correlated
with structure as follows: purple (X,, 530-540 mp)-primary, blue
(X,, 570-580 mp)-secondary, and red (X,, 520-530 mp)-tertiary4,1.

pco2c2

d. Lignin test. The lignin present in newsprint reacts swiftly at room
temperature with primary and secondary arylamines, in the presence
of strong acid, yielding yellow to orange spots. Aliphatic and alicyclic
primary and secondary amines give the reaction on heating. Tertiary
amines, amino acids, and amides do not react 16.
e. o-Diacetylbenzene test. Primary amines, aliphatic and aromatic,
undergo colour reactions with this compound. Secondary and tertiary
amines, and some primary amines such as glucosamine give negative
results 422.
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f. Reaction with polycarboxylic acidr. Tertiary amines yield red to
blue coloured solutions when heated briefly with malonic (68),
citric (69), or aconitic acid (70), in acetic anhydride solution423.
Aconitic anhydride (71) can also be used for this test417.

2. Development of chromatograms
I n Table l 1 a list is given of the most usual developing reagents
recommended for amines in thin-layer chromatography, many of
which can be used for the same purposes also in column and paper
chromatography.
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C02H
CH2
Co2H
(68)

CHzCOzH
HOk02H
CH2C02H
1
(69)

CH2C02H
CCOzH
1

I1

CHCOzH
(70)

1::

CH,CO,H

H C=O

(71)

TABLE11. Reagents for development of amines in thin-layer chromatographya.
Reagent
Bismuth(1rr) iodidelacetic acid (Dragendorff
reagent)
Cerium(rv) sulphate/sulphuric acid
Chloranil (64)
Chloroplatinic acid/potassium iodide

Amine for which reagent
is recommended
Alkaloids

Alkaloids
Aliphatic amines
Alkaloids, N-heterocyclic
compounds
Chromic acid/sulphuric acid
Aromatic amines
Cinnamic acid (72)/hydrochloric acid
Indole derivatives
p-Dimethylaminobenzaldehyde/hydrochloric
Indole derivatives, ergot
acid
alkaloids
p-Dimethylaminobenzaldehyde-2,4-pentanedioneAminosaccharides
Formaldehyde/hydrochloric acid (Prochazka
Indole derivatives
reagent)
Glucose/phosphoric acid
Aromatic amines
Iodine solution
General reagent for organic
compounds
Malonic acid (68)/salicylaldehyde (51)
Amines, N-heterocyclic
compounds
Mercury(r1) iodidelsodium hydroxide (Nessler
Alkaloids
reagent)
4-Methylumbeliferone (73)
N-heterocyclic compounds
Ninhydrin (hydrate form, 57)
Amino acids, amines
Ninhydrin/copper(~~)
nitrate (polychromatic
Amino acids
reagent)
Nitric acid
Alkaloids, amines
Potassium iodate
Sympaticomimetic aminesb
Sodium 1,2-naphthoquinone-4-sulphonate
Amino acids
(Folin reagent, sodium salt of 44)
Sodium nitroprusside/acetaldehyde(Rimini test) Secondary aliphatic and
alicyclic amines
Sulphuric acid (charring reagent)
Alkaloids, amines
Vanillin (50)
Amino acids, amines
a

Data from references 16, 424, and 425.
E.g. (phenylethy1)amine and derivatives.

3. Ring substitution in aromatic amines

Aromatic amines are usually very reactive towards electrophilic
reagents yielding derivatives substituted at carbon atoms. Reactions
such as nitration8 and b r ~ m i n a t i o n ~ . can
~ ~ -be~ ~
applied
, ~ ~ to the
amine as such, or to the amine previously protected at the nitrogen site.
Although the derivatives from these reactions are useful for identification and possibly quantitative purposes, the site and stoichiometry of
the substitution are specific for every system, and no generalisation can
be made. Aryldiazonium salts undergo coupling reactions with aromatic amines to yield azo dyes, which can be used for detection and
determination. In Table 12 some of the aryldiazonium salts used in
analysis are listed.
TABLE12. Diazonium salts for coupling with aromatic amines.
p-Acetylbenzenediazonium chloride4
p-Aminobenzenediazonium chloride4
p-Arsonobenzenediazonium chloride4a6
Benzenediazonium salts4a7
2-Carboxy-4-nitrobenzenediazonium r e s i n e s u l p h ~ n a t e ~ ~ ~
2,5-Dichlorobenzenediazoniumresinesulphonate 4a6
m-Nitrobenzenediazonium chloride l 4
p-Nitrobenzenediazonium r e s i n e ~ u l p h o n a t e ~ ~ ~
p-Nitrobenzcncdiazonium salts4.4a7
p-Nitrobenzenediazonium t e t r a f l u ~ r o b o r a t e ~ " . ~ ~ ~
p-Phenylazobenzenediazonium tetraflu~roborate~~'
p-Sulphobenzenediazonium salts4. 427, 430
p-Toluenediazonium chloride14
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Ill. QUATERNARY A M M O N I U M COMPOUNDS
The analytical methods based on chemical reactions of compounds
with structure 2, in which the nitrogen atom is bonded to four carbon
atoms, can be grouped into two classes, namely methods preserving
the cationic part of the molecule, and methods in which this part is
destroyed.
The latter class is rather limited as it involves, usually, drastic
treatment of the sample. Quaternary ammonium compounds treated
with morpholine yield tertiary amines (equation 68) which can be
fractionally distilled and determined431. Simple quaternary ammonium compounds can be determined by repeatedly heating with
sodium hydroxide and collecting the liberated tertiary amines, for
example tetramethylammonium salts yield trimethylamine by this
method 432.

l23

TABLE
13. Reagents for the determination of
quaternary ammonium compounds.
Reinecke salt (11) 3. 442
Phosphotungstic acid 44"
Potassium d i ~ h r o m a t e ~ ~ ~
Picric acid (la) 445. 448
Dipicrylamine 447-44Q
Potassium iodide450
Potassium cadmium iodide (CdI, .2 KI) 451
Sodium tetraphenylborate (18)Q5*452, 453
Alipal CO-436 14.
Igepon T-77l4,
466
Sodium lauryl sulphate
Sodium dodecyl sulphate4S6
Sodium s u l p h o s ~ c c i n a t e ~ ~ ~
c
Eosin A (74)
Bromophenol blue (75)
459-463. c
Bromothymol blue (76)
461*462.c
Bromocresol purple (77) 464, c
Chloranil (64)
c
Aconitic anhydride (71)465, c
4649

4587

4539

44Q9

In the most important methods the ammonium ion is not destroyed.
Quantitative analyses can be carried out by determining either the
cation or the anion, whereas in detection or identification problems, of
course, the cation has to be traced.
Quaternary ammonium hydroxides are strong bases, comparable
with alkali hydroxides, and therefore can be easily titrated with
standardised mineral acid. This affords a method of determining
quaternary salts, by using ion exchangers and titrating the resulting
h y d r ~ x i d e ~Ammonium
~ ~ . ~ ~ ~ .salts other than quaternary will yield
weak bases distinct from the strong quaternary ones. The converse ion
exchange can be also carried out, thus alkaloid salts were converted
into magnesium salts, and the metal cation determined435.
or carSalts of weak acids such as c a r b o x y l a t e ~ ~pi~crate^^^^,
~,
b o n a t e ~can
~ ~be
~ titrated with mineral acids. Ammonium halides
can be converted into acetates by treatment with mercury(11) acetate
in glacial acetic acid, and determined by subsequent titration with
perchloric a ~ i d ~Salts
~ ~of . strong
~ ~ acids,
~ . such as sulphates and
halides, can be determined by measuring the anion441,or alternatively
the quaternary cation can react to form complexes which precipitate,
or remain in aqueous solution, or have to be extracted into organic
solvents. These complexes can be measured directly, or indirectly by
measuring the excess reagent. In Table 13 appears a list of reagents
used for the determination of quaternary ammonium compounds
by complex formation.

a Trade name for ammonium nonyl phenoxy polyethoxy
sulphate of mol. wt. 504.
Trade name for oleyl methyl tauride.
C Can be used in colour reactions for detection.

IV. ELUCIDATION OF STRUCTURES

The chemist confronted with the problem of assigning a structural
formula to a compound has a great variety of methods to aid him in his
pursuit. His choice will usually depend on the amount of background information available, the relation between the amount of
work to be invested to the amount of information expected, and the
adaptability of the method to the particular problem. Thus for
example, if he has to find the structure of a crystalline organic solid,
and assuming that all the requirements are met, a single method that
5*
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could solve the problem completely is x-ray diffraction. This however
will probably be his last resource, as the method requires specialised
training and can be extremely time consuming and expensive.
Usually information is obtained from elementary analysis and physical
properties such as melting point, boiling point, pK,, etc., and from
i.r., u.v., n.m.r., and mass spectra. The compound is subjected to
chemical reactions and the above proceedings repeated with the
derivatives. At progressive stages it is possible to propose more and
more detailed structures, until finally the elucidation is complete or
no further advancement can be expected. It may then be necessary to
resort to crystallographic methods for confirmation or completion of the
solution of the problem. To round up the case a total or partial
synthesis of the compound may be attempted, assuming that the
structure of the starting material, intermediates, and products is
unambiguously known.
For example, the elucidation of the structure of festucine (78) went
through the following steps466:elementary analysis and mass spectroscopy showed formula C8HI4N2Oand molecular weight 154; n.m.r.
indicated the presence of one N-methyl group, the two nitrogen atoms
were shown to be basic by preparing the dihydrochloride, pKa values
2-5-3-0 and 8.25; the alkaloid underwent monoacetylation and
mononitrosation, and the acetyl derivative was an N,N-disubstituted
acetamide as shown from its i.r. spectrum; the oxygen atom was
considered to be etheric since no carbonyl or hydroxyl stretching
bands were observed; after strong heating with concentrated hydrochloric acid festucine yielded a compound of formula C8Hl,C1N20,
which showed a hydroxyl stretching band (and was diacetylated with
acetyl chloride but only monoacetylated with acetic anhydride,
pointing to a secondary alcohol structure) and from which festucine
could be regenerated on treatment with base; and the dihydrochloride
of festucine did not undergo hydrogenation, pointing to a saturated
structure. From its physical and chemical properties, analogous to
those of other known bases, it was concluded that festucine was a
cyclic ether with pyrrolizidine skeleton, and the definitive structure 78
was assigned after carrying out an x-ray diffraction

In the following sections an outline will be presented of the solution
of some important structural problems in which the properties of the
amino group are taken into account. It should be pointed out that the
methods mentioned below, especially those based on spectroscopy and
crystallography, are capable of yielding much more detailed information than that stemming from the interactions of the amino
group with the rest of the molecule alone, but the discussion of such
applications lies beyond the scope of the present chapter.

A. Saturated Vicinity of the Nitrogen Atom
It was shown in section II.D.l that chemical methods for the
analysis of groups attached to the nitrogen atom require drastic
treatment. O n the other hand i.r., n.m.r., and mass spectroscopy
afford excellent methods for such studies. In sections II.B.G.b, 1I.C. 1l .a,
and II.D.2 certain structural features of saturated amines yielding
absorption bands in the infrared region were mentioned already, and
no further treatment of i.r. spectroscopy will be made here.
I. Nuclear magnetic resonance spectrum

N-Methyl groups show a band at about 6 2-15 p.p.m. ;this is shifted
to higher fields when -CH2-,
-CHR-,
or -CRR1groups are
interposed between the nitrogen atom and the methyl group, making
the chemical shift almost indistinguishable from a hydrocarbon
methyl group. In some cases it may be helpful to locate the band of
the interposed methylene or methyne group at lower field (see below),
and observe the splitting into a quartet for the free amine and a more
complicated pattern when the amine is converted into an ammonium
salt (see section II.C.l). The methyl bands of aryl-N-CH,
and
acyl-N-CH, systems468are shifted towards lower fields, which is of
great aid in the assignment of structures.
Protons of N-methylene and N-methyne groups give rise to bands
at slightly lower fields than those of N-methyl groups, and they too
become shifted to lower fields by N-acetylation.
Examples illustrating the chemical shifts of various saturated groups
attached to the amino group are given in Table 14. The bands arising
from N-H groups were treated in section 1I.C.ll.b. Detailed discussions on this method can be found elsewhere393,469-472.

TABLE
14. Nuclear magnetic resonance bands of alkyl groups in aminesa.
(Groups containing the relevant protons are indicated by *).

Structure

Chemical shift
-..--~

CH3*NR'R2 (R', R2 = H, alkyl)
(CH3)2*NCH2CeH,
,CH2GH2

\

-

~

-2.15
2.17

/

CH2CH2
CH3*CH2NR1R2(R1, R2 = H, alkyl)
CH3*CH2CH2CHaNR1R2
(CH3)2*CHNH2
(CH3)3*CNH2
(CH3)2*NC6H5
(CH3)2*NCeH4CHO-fl
Alkyl-CH2*NHa
CH2CH2*

I

- ~

\

I1

!
l
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2. Mass spectrum
Mass spectroscopy provides a powerful means for the elucidation
of the structure of alkylamines. The radical-ions derived from these
compounds tend to become stabilised by undergoing scission of
a,P-carbon-carbon bonds, as in equation (69).
+
+
R3. + [CHZ=NR1R2 t-t CHZ-NRIRz]

---+

[R3--CH2-NR1R2]'+

(69)

(79)

(R1, R2, R3 = H, alkyl)

Cation 79 is capable of undergoing further cleavage if R1 or R2
have a hydrogen atom in the a-,p-, y-, or &positions, according to
equation (70), where M represents a neutral molecule derived from
R2 by scission and loss of one hydrogen atom473-476.The same
process of course can take place on cation 80.
R'
CH,=N

+/

R1

---+

M

+

+/
CHz=N

\

"R2

(79)

(70)
H

(80)

Cleavage according to equation (69) has been applied in the study
of amino acid sequences in oligopeptides, by reducing the peptide
to an amino alcohol (81) (equation 71) and determining its mass
spectrum.
H-C-NH-

II
o

a

t

H-CO,H

>

I n 81 scissions at bonds a, b, or c, yield two different ions, as two
heteroatoms can be responsible for the scission. If the reduction is also
carried out with lithium aluminium deuteride (LiAlD,), the assignment of the peaks in the mass spectrum will be more facile, as a
displacement of + 2 mass units will be observed for every reduced
carbonyl group included in the ion, for example in 81 the molecular
ion and the ions resulting from scissions at d, e, or f will be displaced
by + 6 mass units, the ion on the left of a scission at b will be displaced
by + 2 units, and that on the right side by + 4 ~ n i t s ~ O . ~ ' .
CH3
" Data from references 4-70.
In parts per million (p.p.m.) of the S scale; S 0.00 for tetramethyhilane.
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B. Unsaturated Vicinity of the Nitrogen Atom
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TABLE16. Ultraviolet spectra of some amines.

I. Ultraviolet spectrum

The amino group, when attached to an unsaturated system, shifts
the absorption bands in the ultraviolet and visible regions towards
longer wavelengths (see Table 15) and enhances their intensity.
TABLE 15. Bathochromic shifts due to an
-NR, (R = H, alkyl) group attached to an
unsaturated systema.
System

Indole (84)487

2,3-Dimethylindole (cf. 84) 487

Shift (mp)

C=G-NR,
C=G-C=C-NR,
GBH5-C=C-NR,
O=C-C=C-NR,
H02C-C=G-NR,
C6H,-NR,

40
65
58
95
80
51 and 43

" Data from references 477-479.

The main absorption bands of unsaturated amines are associated
with electronic shifts such as those depicted in equations (72) and (73).
R

Ibogamine (85)485
Alloyohimbine (86) 486
Ajmalicine (87)486
-V-Methyl-A 8-9-octahydroisoquinolin-7-one
(90)496
3-(Dimethylaminomethyl)cyclohex-2-enl-one (91) 496
4-(2-Dimethylaminoethy1)cyclohex-2-en-l-one (92) 496
4- (Dimethylaminomethyl)cyclohex-2-en-l-one (93)496
A1-9-Octahydronaphthalene-2-one(94)496

R

The absorption spectrum of a compound can be associated with a
partial structure of the molecule (sometimes the whole molecule), and
it can be expected that all molecules embodying that part as their
only chromophore will have the same spectrum. This principle has
been applied in the elucidation of structures of natural products 483, 484.
Thus for example, it was found that the indole alkaloids have two
25000, and at 270-290
absorption bands, at about 225 mp, em,,
mp, E,,,,,
6000, as in ibogamine (85) 485, alloyohimbine (86) 486, and
ajmalicine (87) 486, shown in Table 16. The enhanced absorption of
87 at 226 mp is due to superimposition of the absorption of the
acrylic system also present in the molecule. Some care has to be taken
when deciding which is the chromophore responsible for the absorption spectrum of a compound. Thus 2,3-dimethylindole (cf. 84) 487 is
a better choice than indole (84) 487 itself, as a model for the spectra of
alkaloids 85, 86, and 87, as showin in Table 16.
N

When the p electrons of the amino group are coordinated, as occurs
in ammonium compounds, the spectra resemble those of the hydrocarbon skeleton, for example the spectrum of the anilinium ion is
similar to that of benzene, and differs much from that of aniline 480, 481,
and that of the N,N-dimethylindolium ion (82) is similar to that of
styrene and indene (83) but not to that of indole (84) as shown in
Table 16 482.
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Amino groups attached to vinyl systems can undergo tautomerisation as in equation (74), or take part in processes as in equation (75).
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('39)

I t should be pointed out that the process suggested by equation (75)
has been recently subjected to criticism and revision 490. 493-495.
T h e p electrons of amines can also influence the spectrum of a distant
chromophore. I n Table 16 the absorption bands of some compounds
(90-93) are shown in which 'long range conjugation' (equation 77)
possibly takes place, resulting in a displacement towards lower wavevalues as compared with the model comlength and smaller E,,,
pound 94496.

Equations (51) and (76) are examples of tautomerisation equilibria.
I n the former the N-protonated form is predominant, while in the
latter it is the C-protonated form488.

Reaction (74) is the main reason for the instability of vinylamines,
as it facilitates solvolysis in the azomethine form. It has been studied
by following the changes in the spectrum of the system489,490.
Usually an unsaturated amine will change its absorption spectrum
on passing from a basic or neutral solution to an acid solution. This is
due either to the conversion of the amine into an ammonium salt
or to the occurrence of a process similar to equation (75). The former
cause allows one to determine pK, values from spectrophotometric
data479.An example of the latter cause is found among retinenes:
compound 88 has h,,
365 mp in alkaline solution, and acquires
structure 89 in acid solution with h,, 440 mp4919492.

Fuller discussions on the applications of U.V. spectroscopy in
structural elucidation can be found elsewhere 168. 479. 483. 484.
2. Basicity of unsaturated amines

Aromatic amines are less basic than aliphatic ones owing to the
delocalisation of the p electrons in the resonance hybrid (e.g. equation
73) and to the higher -I effect of unsaturated structures, for example
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aniline and cyclohexylamine have pK, values of 4.58 and 10.64
respectively 4g7.
Vinylamines (Table 17) capable of reacting according to equation
(75) are more basic than their saturated counterparts498,e.g. compound 95 as compared with 96499.On the other hand, unsaturated
amines prevented by their structures from undergoing protonation
according to equation (75), will be less basic than their saturated
counterparts, owing to the -I effect exerted by the double bond, for
example compounds 97-100 of the quinuclidine s e r i e ~ ~ ~ Oand
.~~l,
neostrychnine (101) as compared with dihydrostrychnine (101
without the isolated double bond) 502.
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The comparison between pK, values of unsaturated and saturated
amines may be of aid in placing the unsaturation. Thus the senecio
alkaloids 102, 104, and 106 were correctly assumed to be allylamines
because their pK, values are lower than those of the saturated alkaloids
103,105, and 107 (Table 17). The vinylamine structure was discarded
in these, as basicities higher than those of the corresponding saturated
compounds would be expected503. The opposite should be true in the
case of neostrychnine (101), a vinylamine unable to react according to
equation (75), and therefore less basic than strychnine (108), an allylamine in which the -I effect of the unsaturation on the amino group
is weakened by distance (Table 17) 502.

TABLE
17. Basicity of unsaturated amines and their saturated counterparts.
Unsaturated amines

N,2-Dimethyl-A2-pyrroline

cpK,

Saturated amines

11.94

10.26 N,2-Dimethylpyrrolidine

9.82

10.95 Quinuclidine (98) 500. 501

(95) 499

A2-Dehydroquinuclidine

pK,+

(96) 499

(97) 500.501

~ e t h i~l ~ - d e h ~ d r o ~ u i n u c l7.17
idine-3-carboxylate

9.40 Methyl quinuclidine-3-carboxylate (100) 500. 501

(99) 500.501

Neostrychnine (101) 502
Strychnine (108) 502
Retronecine (102) 503
Deoxyretronecine (104) 503
Heliotridine (106) 503

: }
8.94
9.55
10.60

7.45 Dihydrostrychnine (cf. 101) 502
10.22 Platinecine (103) 503
10.91 Retronecanol (105) 503
11-48 Heliotridane (107) 503

C. Stereochemical Aspects of Amines
I. Asymmetric nitrogen atom

A nitrogen atom can become a centre of asymmetry in compounds
such as ammonium salts. The resolution into two optical isomers of
benzylmethylphenylpropylammonium salts504, and other similar
corn pound^^^.^^^^^, was accomplished at the turn of the century, by
precipitation of diasteroisomeric salts. A study on aziridinium salts
was carried out recently507.
The nitrogen atom of amines is an asymmetric centre, at least in
theory, if three different groups are attached to it, owing to the nonplanarity of the group. The fact that such amines cannot be resolved,
is attributed to the mobility of the p electrons at the heteroatom508,509.
More recently it was shown that in certain cases, such as the aziridines
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109 and 110, the inversion at the nitrogen atom is s~fficiently
slow near room temperature to show two distinct C-methyl bands in
the n.m.r. spectra, which should coincide were that inversion much
faster 510, 511, as is the case with larger heterocycles 510. This however is
still far from actual resolution into optical isomers. In fact, the asymmetric nitrogen has to be held in a rigid structure in order to avoid
inversion. In such cases the asymmetric nitrogen is usually accompanied by asymmetric centres at carbon atoms, for example compounds 101-108 and 120-127. To the author's knowledge, arnines
with asymmetric centres exclusively at nitrogen atoms have not yet
been resolved, although racemic mixtures of compounds such as 111
are known512. Troger's base (112) was actually resolved513, but this
example departs slightly from the restricted definition of amines
given in section I.

Among amines where the amino group is attached to an asymmetric
centre a-amino acids and peptides are by far the most widely investigated class from the point of view of stereochemistry. The main results
will be presented here, and more detailed discussions can be found
e l ~ e w h e r e ~ l ~It- ~was
l ~ .found that most a-amino acids derived from
peptidic and proteinic materials belong to the L series, that is they
have absolute configuration 113, related to L(+)-lactic acid (114),
when 113 and 114 are drawn according to the Fischer-Klyne convention518. Evidence for these assignments came from optical rotation
studies in series of derivatives of hydroxy acids and amino acids51Q.620,
a-azido- and a-halogenopropionic acid derivatives 521, which can be
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correlated with the derivatives of lactic acid and a l a r ~ i n e ~and
~~.~~~,
D-2-glucosaminicacid as compared with D-amino acids524-529.

-

2. a-Amino acids
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It was shown that the optical rotation changes observed on treating
neutral natural amino acids with acid or by converting them into
hydantoins (115), were of the same sign and about the same magnitude
for almost all the cases studied. This was interpreted as being due to all
these compounds having a unique c o n f i g u r a t i ~ n ~ Assignments
~~-~~~.
of configuration based exclusively on optical rotatory evidence have
led in some cases to the wrong conclusions532.It is fortunate therefore
that the configurations proposed above were confirmed by several
independent methods, including x-ray diffraction515.

More recently, widespread use has been made of optical rotatory
dispersion as a means for studying configurations. a-Amino acids were
investigated as s
~
~ or has derivatives,
~
~
~notably
- alkyl
~
~dithio~
carbamates (116) 536, 537, copper(11) complexes 538. 539, and cobalt(111)
complexes540.From these studies useful though not always straightforward correlations have been obtained, between the shape and
location of the dispersion curves and the configuration of the compounds.

Rotatory-dispersion curves of polypeptides ideally depend almost
exclusively on the conformation of the peptide-links backbone, and
not on the amino acid composition541, although in special cases the
contribution of individual amino acids may be important 542-544.
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3. Examples of configuration assignment

Certain reactions take place under strict steric requirements as is
the case of the pinacol-type rearrangement shown in equation (78).
Compound 117 has two asymmetric carbon atoms and therefore four
diasteroisomers. With racemate a (118) the phenyl group migrates,
and with racemate p (119), the p-chlorophenyl group. The conformations shown in 118 and 119 are the less strained, where the smallest
group H is staggered between the two bulky aromatic substituents.
The relative positions of the groups depicted in 118 and 119 are
preserved in the transition state, thus determining the nature of the
rearranged product, and from the latter the geometry of the amino
alcohol can be d e d u ~ e d ~ , ~The
- ~ ~same
~ . could be found from
kinetic data, as the migration aptitude of a phenyl group is larger
than that of a P-chlorophenyl group 548. Similar studies were carried
out also with diasteroisomeric 2-amino- l ,2-diphenylethanol 549.
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TABLE
18. Physical properties of cinchona alkaloidsa.
Compound

Quinidine (120)
Epiquinidine (122)
Epiquinine (124)
Quinine (126)
Cinchonine (121)
Epicinchonine (123)
Epicinchonidine (125)
Cinchonidine (127)

pKa

+254"
+ 102"
+43"
- 158"
224"
120"
+ 63"
-111"

+
+

7.95
8.32
8.44
7.73

"Data on optical rotation from reference 551, and on basicity
from references 550 and 552.

&
N

Evidence gathered from chemical reactions, optical rotation, and
basicity, as well as conformational considerations were applied in
order to assign the configurations of the two families of cinchona
alkaloids listed in Table 18550-552.The main steps of the elucidation
were the following: the configuration at Cs, and C,,, (cf. 120) is the
same for the eight alkaloids; the decreasing order of optical rotations
in the two series was taken as a guide-line for proposing parallel
configurations at C(,) and C,g, (cf. 120); the highest positive optical
rotation and the negative one in each series were considered to have
opposite configurations at both C,,, and C,g,; quinidine and cinchonine were known to yield a cyclic ether by reaction of the hydroxy
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C-C

H-A...,$+

and vinyl groups; an alkaloid could be converted into the epi form
and vice versa by oxidation of the alcohol followed by reduction; the
fact that in a pair, alkaloid-epialkaloid, the latter is the more basic was
attributed to the stabilisation of the ammonium cation by hydrogen
bonding, as the conformation attained on forming the hydrogenbonded structure 130 is sterically less hindered in the epi forms.
The configurations of four 10-hydroxydihydrodesoxycodeines(131)
appear in Table 19. The assignments were made by taking into
account the stabilisation of the ammonium ion by hydrogen bonding553,by acquiring a structure such as 130. Lysergic acid (pK, 7.8)
and isolysergic acid (pK, 8.4) are two isomers of structure 132.
They were respectively assigned configurations where the carboxyl
group could not and could establish hydrogen bonding with the
ammonium cation on formhg the salt 554-556.
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TABLE
19. Configuration of
10-hydroxydihydrodesoxycodeines(131)".

(133) and N,N'-dimethylpiperazine (134) as compared with morpholine and cyclohexane 658.

a

R

pK,

H
H
CH3
CH3

8.72
9-17
7.7 1
9.41

Assignment

tram
cis

tram
cis

Data from reference 553.
C{m)-OH relative to C(s)-NR.

4. Conformations, steric hindrance, and other stereochemical
problems

The preferential conformations of a compound can be deduced in
certain cases by considering the bulkiness of the groups present in the
molecule, as was done above with the amino alcohols (118) and (119),
and the alkaloids (120-127). I n other instances more indirect considerations have to be made. For the needs of the present section, the
changes in configuration resulting from inversion of p electrons at
nitrogen atoms will be regarded as changes in conformation.
The equilibrium of conformers of tram-N,2-dimethyl-3-isopropylaziridine, shown in equation (79), was found by n.m.r. spectroscopy to
favour the left hand side by a ratio of about 4 to 1, at temperatures
from -55.5 to 9'. The method could not be applied at somewhat
higher temperatures 557.
Pr-i

Pr-i

N.m.r. was also used to show that at low temperatures there is
considerable freezing of ring conformation in N-methylmorpholine

From optical rotatory dispersion studies, 3-benzoyl-3-chloro-Nmethylpiperidhe was shown to have conformation 135, with the
carbonyl group pointing away from the amino function, in neutral
solution, and conformation 136, with the carbonyl and ammonium
moieties pointing towards each other, in acid solution 559.

The preferential conformation of a substituent at the nitrogen atom
of piperidine seems to depend on its size and the state of solvation of
the p electrons560. Thus it was found that the steric requirements of
the unsolvated pair are less than those of a proton or a methyl
group 561, 562, for example in equation (80) equilibrium favours form
137 over 138 at room temperature in benzene solution ( ~ 8 8 for
7 ~
R = H, and -94yo for R = CH,), as was shown by dipole-moment
measurement^^^^. O n the other hand, the solvated electron pair has
larger steric requirements than an N-hydrogen, as shown for example
from the kinetics of equilibration of epimers of methyl N-methyldecahydroquinoline-4-carboxylate (139) 563. Results from the n.m.r.
spectroscopy of piperidine and N-methylpiperidine in methanol (a
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strongly solvating solvent), also support these hypotheses on the
steric requirements of the p electrons of a m i n e ~ ~ ~ * .
Conformations of o,o'-disubstituted diphenylamines could be determined from i.r. spectra by studying the hydrogen bonding established
between the N-H group and X or Y, as shown in 140, in a manner
similar to the one applied for o,ol-disubstituted diazoaminobenzene~~~~.

In contrast with the tetrahedral disposition of bonds and electron
pair at the nitrogen atom in the examples discussed above, it was
shown from rotational spectra that pyrrole (3) is a planar structure 566.
The degree of planarity at the nitrogen atom varies according to the
substituents attached to it. From its rotational spectrum aniline was
shown to be non-planar at the nitrogen atom567,nevertheless arylamines are more planar at that site than alkylamines, owing to the
contributions of planar forms to the resonance hybrid (e.g. equation
73). The degree of planarity at the nitrogen atom can be changed by
steric hindrance, as can be deduced from the U.V. spectra of substituted
N,N-dimethylanilines568~569,
their basicity497, and their dipole
moments 570. Thus methyl groups in the ortho positions will hinder the
dimethylamino group from attaining coplanarity with the ring,
resulting in U.V. spectra that are intermediate between that of dimethylaniline and that of benzene. The p electrons by participating
less in p-n conjugation, will tend to adopt the tetrahedral geometry of
ammonia, resulting in their increased availability (basicity) and a
lowered dipole moment.
Benzoquinuclidine (141) is a case where owing to the rigidity of the
structure and to the p electrons being held at a right angle with the
n system, no p-n conjugation occurs, and therefore the main effect of
the benzene ring is a negative inductive effect resulting in a basicity
higher than that of N,N-dimethylaniline but still lower than that of
quinuclidine, as shown in Table 20 571,572.
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TABLE
20. Basicity of some amines.
Compound
N,N-Dimethylaniline487
Benzoquinuclidine (141) 571. 57a
Quinuclidine (98)
Ammonia576
Meth~lamine~"~
Dimethylamine 675
Trimethylamine5"5
671p

PKS
5.06
7.79
10.65
9.25
10.63
10.78
9.80

Steric hindrance to coplanarity, may also shift U.V. absorption
for exbands to longer wavelengths (Brunings-Convin
446 mp) as compared with 143
ample in dyes such as 142 (h,,,
(h,,, 479 mp). It was suggested that the resonance energy was more
affected by steric hindrance in the ground state than in the electronically excited state, in compounds of this type, yielding El-E, values
for the transition which are smaller, and therefore corresponding to a
longer h,,,
in the case of 143574.

The basicity of an amine can be considered as the result of electronic and steric effects acting on the functional nitrogen atom. The
increasing pK, values observed on progressively methylating ammonia stop at dimethylamine and drop for trimethylamine575~576
(Table 20). The increase in pK, parallels the increasing inductive
effect by methyl groups, and the decrease observed for trimethylamine
was attributed to steric e f f e ~ t s ~ More
~ ~ - ~recent
~ ~ . evidence from
hydrogen bonding of ammonia and the three methylated amines with
methanol in the gas phase, shows strict inductive order for the series 179.
Steric hindrance by substituents at the nitrogen atom of amines
has been determined by preparing certain Lewis salts and measuring
their dissociation constants and heats of formation. Quinuclidine (98)
was found to yield the most stable adduct with t r i r n e t h y l b ~ r o n ~ ~ ~ ,
while the adduct in the case of triethylarnine is unstable581. These
results show that the approach to the nitrogen atom is hindered to a
certain extent by the ethyl groups, which are free to rotate and flip
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around the nitrogen atom, while in quinuclidine these movements
are absent, leaving free the approach to the fi electrons580.
An important consequence of the formation of a hydrogen bond
A-H...B
is the shortening of the interatomic distance A-B, as
compared with the sum of the van der Waals radii of A and B. This
has to be considered when studying the stereochemistry of amines and
ammonium compounds, especially in the solid phase, as very significant distortions and steric effects may result. Table 21 summarises
hydrogen bonds involving nitrogen atoms, and their lengths are
compared with the van der Waals distances. The contraction taking
place on hydrogen-bond formation is the more noteworthy as the van
der Waals radius of hydrogen is not taken into account for this
comparison.
TABLE
2 1. Hydrogen-bond lengths and van der Waals distances in
crystalline compoundsa.

A-H type
All 0-H
Ammonium
Amide
Amine
All N-H
NH,F
NH, .BF,
NH2(CH2),NH2.2 HCl
Adenine (144).HCl .$ H 2 0
4,5-Diamino-2-chloropyrimidine
(145)
NH2(CH2),,C02H.HBr .$ H,O
Cleavamine methiodide (146) 582

van der
Waals A-B
A-B distance
distance

(4

(4

2.80 + 0.09'
2.88 + 0.13d
2.93 + 0.10"
3.04 + 0.13'
3.10 + 0.130
2-69
3.01
0.3
3.01, 3.07
3.11, 3.21
3.5 1, 3.52
3.30, 3.44
3.4

a From G. C. Pimentel and A. L. McClellan, The Hydrogm Bond, W . H . Freeman and Company,
San Francisco, 1960.
Estimated from 1.65 A proposed by Pimentel and McClellan for the van der Waals radius of
nitrogenloo, and those given by Pauling for the other atomsss.
C Average of 21 data.
Average of 41 data.
Average of 35 data.
f Average of 30 data.
g Average of 37 data.

"

I n spite of the A-B contraction, the A-H bond undergoes elongation in these cases. The location of the hydrogen atom participating
in a hydrogen bond has been accomplished by several methods, for

example x-ray diffraction which although rather ineffective for this
purpose owing to the low scattering amplitudes of hydrogen atoms,
yielded in some instances reliable results, e.g. for compound 145583.
Electron diffraction was also used for the same p ~ r p o s e ~The
~ ~ . ~ ~ ~ .
neutron scattering amplitude of hydrogen is comparable with that of
carbon or oxygen, allowing therefore the localisation of hydrogen
atoms by neutron diffraction. Furthermore, by this method hydrogen
and deuterium atoms can be distinguished, thus adding to its usefulness loo. Finally, N-H distances have been calculated for amines,
ammonium compounds, and other functions, based on the band widths
measured by n.m.r. s p e c t r o s ~ o p y ~ ~ ~ - ~ ~ ~ .

D. Multifunctional Amines
The presence of additional functional groups in an amine can of
course be detected by spectroscopic and chemical methods specially
devised for these groups. Functional groups affect strongly the properties of the amino group if they are near the nitrogen atom, but
their influence decreases steeply with distance. For example the pKa
values of the senecio alkaloids 102-107 in Table 18 illustrate the
effect of the electronegativity of hydroxyl groups, as these lower the
pK, of the compound. Extensive studies have been carried out to
establish the influence of substituents on the basicity of amines of
structure X-(CH2),-NH,.
I t was shown that the pKa value is
strongly affected for functional groups X, compared with X = H,
when n = 0, 1, only slightly for n = 2, and remains practically unaffected for n 1 3. Some of the groups studied were h y d r ~ g e n ~ ~ ~ - ~ ~ ~ ,
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carboxylic acid and ester507, sulphonic acid598,phosphonic acid509,
phenylso0,etc.
early and extremely important application of basicity studies
was made when glycine, and by analogy other natural amino acids,
was established as a zwitterion. The dissociation of the conjugate acid
of this compound could take place according to equations (81) or (82).
The former is similar to the dissociation of the conjugate acid of
methylamine (pK, 10.6) which has been modified by an a-carboxy
group, while equation (82) resembles the dissociation of acetic acid
(pK, 4.8) modified by an a-ammonium group. The pKa value of
glycine being 2.3, points to the latter possibility as the correct
one 104*105.

anilinessoShave been found, which may be of aid in the assignment of
substitution sites of similar compounds.
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I. INTRODUCTION

Owing to the presence of a lone pair of electrons on the nitrogen atom,
all arnines can potentially act as bases, accepting protons from
Lowry-Bronsted acids. In the case of normal acids in aprotic solvents
161
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this results in the formation of substituted ammonium ions, probably
with hydrogen bonds between the proton and the anion, but with
some weak proton donors such as alcohols it may lead only to the
production of hydrogen bonded complexes (equations 1 and 2).

The reaction in a so-called 'ionising' solvent, however, is very different.
I t is generally written formally as in equation (3)
where S represents a solvent molecule, but this is an over-simplified
representation of a chemical reaction in which solvent participation is
both fundamental and complex. Thus change of solvent is tantamount to a change of reaction under study.
The lone pair of electrons can be broadly described as occupying
an sp3 hybrid orbital of the nitrogen atom, but the precise character
of this orbital depends upon the groups linked to the nitrogen atom.
Thus the energy of the N-H bond produced, and the thermodynamic
stability of the positive ion, depend on the nature of these groups. As
a result of this and other factors the strengths of amines as bases vary
considerably.
I n aqueous solution the strength of a base B can be defined in terms
of the equilibrium constant K, of the reaction (4).
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Having activity coefficient terms for univalent ions in both the numerator and denominator, at low concentrations this reduces to equation

The product KaKb is given by equation (10).

Since at 25Oc the value of K,, the ionic activity product of water, is
about 10-14g. ion2/litre2,it follows that pK, + pKb = -log K, = 14.
The lower the value of pKb and hence the higher the value of pK, the
stronger is the base.
The values of pK, for bases can be determined by essentially the
same methods as are used for acids. These have been listed, and the
pKa values for a large number of amines tabulated, by Perrinl.
II. F A C T O R S D E T E R M I N I N G T H E S T R E N G T H S O F
A M I N E S A S BASES

A. Thermodynamic Considerations
The standard free-energy change AGO attending the dissociation of
an aminium ion is given by

-AGO

=

R T h K,

so it follows that
At low concentrations the activity coefficient term fB can be taken as
unity, and fBH+ = foH- = f*, SO

For convenience in expression, and by analogy with the pH and pKa
scales, K, may be written in terms of its negative logarithm, i.e.
pKb = - logl0 Kb.
The alternative and more usual scheme, however, is to describe
the strength of a base in terms of the dissociation constant K, of its
conjugate positive ion, i.e. the constant of reaction (7).

pK,

=

AG0/2.303 R T

where the standard states are those of unit activity for the amine, its
cation, and the solvated proton and the pure state for the solvent. The
pK, value, therefore,is determined by the temperature and by the freeenergy difference between the (imaginary) states of the system when
the solution contains (a) the amine at unit activity, H 3 0 f ions at
unit activity, and solvent, and (b) the aminium ions at unit activity
and solvent. Again since
this free-energy difference depends upon the enthalpies and entropies
of the two states of the system. Any factors which can modifjr these
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properties in either state will therefore influence the base strength of
an amine.
The dissociation of a molecular acid HA is accompanied by net
generation of charges, and hence there are very large net hydrational
changes. The increased order in the system which this brings about
leads to large changes in the entropy of the system. Also, because the
extent of this ordering is temperature dependent, it leads to large
changes in the heat capacity. Typically for the dissociation of a molecular acid in water (equation 14)

A S 0 is about - 20 cal/deg/mole and AC; is about - 40 cal/deg/mole.
The dissociation of an amine cation, on the other hand, is isoelectric,
so A S 0 and AC,O may be zero or have low values, positive or negative.
The analysis of the factors determining the value of pKa is complicated by the fact that AGO, AHO,and ASOallvarywith the temperature:

Even AC; is temperature variant. Since AGO is essentially the quantity
measured, it follows that the precision with which AHO,AS0, and AC;
can be determined decreases with the increase in the number of
differentials upon which they depend. Thus even if AGO can be
determined to f 0.5 cal/mole, the error in AHOmay be + 20 cal/mole
and in A S 0 0.1 cal/deg/mole, whilst the error in AC; will be even
greater. Present accuracy does not permit the temperature dependence
of AC; to be determined. The apparent alternative route of measuring
AHOdirectly by heat of neutralization measurements is not useful, as
it is as yet impossible to achieve the accuracy required with solutions
sufficiently dilute for the purpose.
Meaningful values of the thermodynamic quantities at a particular
temperature T can only be determined, therefore, by precision measurements over a range of graduated temperatures on either side of T.
Then if AC,O can be regarded as effectively constant over the temperature range used,

+

Introducing these values into equation (13) gives

I

4. Basicity and Complex Formation

or
pK, = AIT

+ (AC;/R) log T + B
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(19)

where A = -AH;/2.303 R and B = - (AS$ - AC;)/2.303 R. The
results of measurements at different ionic strengths are extrapolated
to zero ionic strength so as to obtain the value of pK, at each temperature. The resulting data are then analysed using equation (19) and
the best values of A, AC;/R, and B deduced. Thence the values of
AH;, AS;, and AC; are derived '.
Unfortunately only a few amines have been studied with such
precision. A number of authors, however, have deduced approximate
values of A S 0 and AHOfrom measurements at two temperatures by
using the relationship (dAGo/dT) = -AS0, the value of AHObeing
obtained by application of equation (13). The values so obtained are
very useful for comparative purposes, but their limitations must be
realised when interpreting small differences.
The comparison of data for different amines is made more complicated by the fact that they often refer to measurements with different
solvents or solvent mixtures and at different temperatures. The effects
of these factors on pKa will therefore be considered first.
B. The Nature of the Solvent

I n general the net effects of the presence of any solute species in a
solution should be assessed in terms both of solute-solvent interactions
and of the influence of the solute on solvent-solvent interactions, which
in water are particularly strong and specialised3. For ionic species
close-range nearest-neighbour interactions with solvent molecules are
strong. This interaction depends on the charge type and effective size
of the ion, the factors which determine the intensity of its field, and also
on its chemical nature. It may involve orbital overlap, an interaction
akin to hydrogen bonding, or intense charge-dipole interaction. For
aminium ions or amine molecules in aqueous solution hydrogenbonding interactions undoubtedly occur with nearest-neighbour water
molecules. Whatever type of interaction is involved in this primary
hydration 'shell' it is sterically limited in extent but gives rise to a
substantial loss of enthalpy (since attractive forces are satisfied), entropy
(through loss of freedom of the solvent molecules), and usually, of heat
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capacity (through loss of freedom and through the fact that freedom
tends to be regained with rise of temperature) 3.
The orderliness of arrangement can be regarded as transmitted
outwards from the primary zone, so that there is 'correlation' between
the first and second shells. The field of the ion is still strong, and highly
polarised water molecules in the first shell readily form hydrogen
bonds with others further from the ion. Proceeding outwards, however, the influence of the ion must decline and restriction of freedom
of the solvent molecules decreases until orientational rather than
translational freedom is lost. As a result, the secondary hydration
zone is less well defined than the primary zone, but it contributes to
the loss of entropy and of enthalpy. Its effect on heat capacity is
probably composite. Since weak restriction of freedom will undergo
release with increase of temperature there may be a positive contribution.
The order generated in this way locally around an ion does not fit
particularly well into the peculiar orderliness of the structure of the
water. I t is primarily centro-symmetrical, whereas the water structure
is not, and the result of conflict between the incompatible ordering
influences seems to be a zone of disorder which makes a substantial
positive contribution to the entropy. This is the reason why Frank
and Evans4 found that ions in aqueous solution have 'too much'
entropy.
Non-polar solutes have the effect of promoting the ordered arrangement of water molecules about themselves, lowering both the enthalpy
and entropy. Thus methane is only very slightly soluble in water
because of the very large entropy loss which dissolution involves.
This effect is common not only to all non-polar solutes but also to
non-polar parts of bifunctional solute molecules with hydrophilic
groups. I t is called 'hydrophobic hydrationy4because it involves no
specific solute-solvent interactions, but is the effect of an inert body
on solvent-solvent interactions in its vicinity. It is the cause of the
apparently ice-like structure which seems to exist a t the interface
between water and gas or water and a hydrocarbon.
This hydrophobic hydration gives a very large contribution to the
heat capacity, apparently because it 'melts' with rise of temperature.
Since it conflicts with the centm-symmetrical association it is probably
weakened or destroyed by the field of a charge on an adjacent part
of the molecule. As a result it is more important for the neutral amine
molecule than for its conjugate cation, and so it should lead to a
negative contribution to A S 0 and a positive contribution to ACE, as
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well as making AHOless positive. I t may be noted that it is a general
that the factors which lead to a decrease in AHOalso
AS0, and hence there is a partial compensation in the
decrease
values of AGO and hence of pK,.
These effects have been discussed in detail by Ives and Marsden 3, upon
whose views the majority of this section has been based. They will be
referred to again later in the discussion of various groups of amines.
I n general, the apparent basic character of an aminc is influenced
by the base strength of the solvent, the greater its proton a h i t y the
lower the pK, value. I n addition, however, it depends upon the relative extents to which the solvation of the amine molecule and the
H,O ion on the one hand, and the amine cation on the other, affect
the entropy and enthalpy of the system. There is no simple formula,
therefore, relating the relative strengths in one solvent to those of the
wme
---.- amines in another solvent, and it is not surprising that the basic
strengths of amines in anisole and chlorobenzene solutions, compared
by measuring their equilibria with the indicators 2,6-dinitrophenol
and bromophenol blue, do not parallel completely their strengths in
water5. O n the other hand, they show a much closer relationship
with the catalytic constants for the decomposition of nitramide in
anisole6. Similar behaviour has been observed with various bases in
isoamyl alcohol 7.
The basic strengths of many amines have been measured in mixed
solvents, particularly in mixtures of water with an alcohol. I n such
media a certain degree of solvent sorting occurs, with the result that
the solvation layers around the various species tend to differ in composition from the bulk of the solution, thereby confusing the position
still further. I n spite of these complications, however, the pK, values
for different amines in these hydroxylic media differ numerically from,
but are closely parallel with, their values in water. The parallelism
arises doubtless because of the variation of AHO,which depends
predominantly on the relative proton affinities of the base and
solvent. The actual numerical values, however, have not quite the
same significance as for aqueous solutions, since the relationship
pK, + pK, = 14 no longer holds.
+

-

C. Temperature

Since AGO = 2.303 R T pKa it follows that (dAGO/dT)= -AS0 =
2.303R pK, + 2.303 RT(d(pKa)/dT) and hence
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Thus (dpKa/dT) is negative so long as -AS0 is less than 4.576 pKa.
As AS0 never has such high negative values the temperature coefficient of pK, is always negative.
Perrin8 has pointed out that the temperature variation of the pK,,
values of univalent organic cations can be represented satisfactorily
by the function

and for bivalent cations by

These corrections tacitly assume that for univalent cations AS0 is
about -4.1 cal/deg/mole, whilst for divalent cations it is zero. Since
for many amines AS0 has relatively low values no great error is introduced by employing these relations, provided that the temperature
range over which correction is made is relatively small.
D. Structural Features

The nature of the remainder of the molecule to which the amino
group is linked affects the relative energies of the amine and its cation. '
Factors which decrease the free energy of the cation more than that of
the amine tend to stabilize the former and hence to increase pKa,
whilst if the base is stabilized to a greater extent than the ion the pKa
value is reduced. The formation of the amine cation requires the donation of the lone pair on the nitrogen atom to a proton, so any factor
which tends to increase the electron density or availability at the
nitrogen atom will increase its proton affinity, that is will increase the
strength of the base, whilst any factor which tends to decrease this
electron density has the reverse effect. The modifications to the base
strength produced by various groupings in the molecule are generally
classified under three headings.
I. Inductive (polar) effects
When a hydrogen atom linked to a carbon atom in an amine molecule is replaced by a halogen atom or a nitro group, or by any other
group attracting electrons, a dipole is set up with its negative end
directed away from the carbon atom. This exerts a - I inductive
effect, that is electron density is drawn away from the carbon atom
making it more electronegative. It therefore tends to draw electron
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density away from its neighbouring atoms, and eventually this leads
to a decrease in the electron density on the nitrogen atom. The new
dipole also exerts a direct field effect, tending to polarise the orbitals
of all the other electrons in the molecule. The result of these effects is a
of the base strength of the amine.
A methyl group, having a weak dipole in the reverse sense, with its
positive end away from the carbon atom, should have a slight tendency
to exert a + I effect, with resulting increase of base strength.
These inductive effects fall off very rapidly with distance, particularly in saturated compounds, so it is with substituents relatively near
to the amine group that they are most marked. When the substituent
is linked to an aromatic ring or other conjugated system with a highly
polarizable n-electron system, however, these inductive effects extend
over much further distances.
2. Mesorneric (resonance) effects

When the amino group is linked directly to a conjugated system the
lone-pair electrons tend to become delocalized and to participate in the
conjugated system. This reduces their availability for accepting a
proton and hence lowers the base strength. If another group is now
introduced into the system in such a position that its mesomeric effect
can interact with that of the amino group there is a further effect. A
nitro group or other group with a - M effect will withdraw electron
density from the conjugated system by the mesomeric mechanism and
so effectively increase the + M mesomeric effect of the amino group
and decrease the base strength still further. O n the contrary, a halogen
atom, a hydroxyl group, or any other group with a + M effect donates
electron density to the system, opposing the mesomeric effect of the
amino group and so increasing the base strength.
Since in general the inductive and mesomeric effects of different
substituents present in the molecule are roughly additive, attempts
have been made to correlate the pKa values of aromatic amines with
the Hammett o functions of the substituentsg and those of aliphatic
amines with the corresponding Taft U* functions 1°. These relationships and their applications have been fully reviewed by Clark and
Perrin l.
3. Steric effects
When bulky groups are present in close proximity to an amino
group, steric effects are to be expected. If they are present, for instance
in an aromatic amine, in positions where they tend to prevent the
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amino group from assuming the conformation most favourable for
mesomerism, they should increase the basic strength of the amine
relative to that of the corresponding compound in which obstructing
groups are absent. Such behaviour is observed with ortho-substituted
N,N-dialkylanilines. I n some other cases, however, the presence of
such bulky groups tends to decrease the basicity of the amine. Although
this general behaviour has been known for some time, the mechanism
through which the effect is exerted has been the subject of considerable
controversy. Brown and Cahn l2suggested that the - NH, group in
the cation is appreciably larger than the -NH2 group of the free
arnine and is comparable in size with a methyl group. On this basis
the presence of other large groups in the vicinity may cause steric
interference which increases the potential energy of the cation relative
to that of the free base. This would be unfavourable to cation formation and so would lower the strength of the base.
This theory, however, has not received universal acceptance. For
one thing it is by no means certain that the anilinium ion has greater
spatial requirements than the free amine, in fact the reverse seems
more likely to be true. Although the ammonium ion is tetrahedrally
symmetrical, the HNH bond angle in ammonia is smaller than the
tetrahedral angle. This suggests that the lone-pair electrons exert a
greater repulsive force on the hydrogen atoms than does one boundq
hydrogen atom on another. The relatively small H ~ bond
H angle
(1044") in the water molecule and the structures of some of the' interhalogen compounds also suggest that a lone pair has considerable
spatial requirement. I t seems much more likely that in the majority
of cases the reason for decreased base strength is to be sought in
solvation phenomena, as discussed in section ILB, rather than in
actual physical interference of the groups.
As in some instances more than one mechanism may be acting, these
effects will be discussed in conjunction with the classes of compounds
in which they arise, particularly the alkylamines, ortho-substituted
anilines and N,N-dialkylanilines, and polynuclear aromatic amines.

mutual polarisation of the methyl and amino groups. At the same
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A. The Methykamines
The basic strength of methylamine is appreciably greater than that
of ammonia. This is sometimes attributed to the +Iinductive effect
of the methyl group, leading to an increased electron availability at
the nitrogen atom1,. I t would perhaps be better to regard this as a

time it is of importance to note, as will be discussed later, that the
difference in AGO and hence in pK, arises more from the difference
b e ~ e e nthe entropy changes associated with the dissociation of the
ions than from the difference between the enthalpy changes.
The substitution of a second hydrogen atom of the ammonia molecule by a methyl group to give dimethylamine leads to only a small
firther increase in base strength, whilst the substitution of the third
hydrogen atom leads to a considerable decrease, trimethylamine
being only slightly stronger as a base than ammonia.
This peculiar order of base strengths was attributed by Brown and
his coworkers to what they call 'B-strain'14. 15. This they define as the
strain introduced into a molecule as a result of changes in the normal
bond angles of an atom brought about by the steric requirements of
bulky groups attached to that atom. Thus they suggested that in
trimethylamine the three methyl groups are crowded around the small
nitrogen atom, and that their steric requirements are met by a
spreading of the CNC bond angles to a value greater than the tetrahedral angle. O n this view the addition of a proton to the lone pair,
which would tend to reduce the bond angle to the tetrahedral value,
is resisted by the molecule. Very similar ideas have been expressed
by Fyfe16. These views, however, seem to be inconsistent with the
observations of Lide and Mannl", who have deduced from the microwave absorption spectrum that the CNC bond angle in trimethylamine is 108.7 + 1O.
The apparent anomaly is clarified to a considerable extent, however, by reference to the precision measurements of Everett and
Wynne-Jones on a m m ~ n i a l ~methylamine,
*~~,
dimethylamine, and
tnmethylamine2, which covered a wide range of temperatures and of
ionic strengths. These permitted the evaluation of AG, AS0, AGO, and
AHOfor the dissociation of each of the cations. The final results for
25" and zero ionic strength are included in Table 1.
For the dissociation of the ammonium ion AS0 is small and AC; is
zero. Unlike methane, which is repelled from water due to the large
negative AS value involved, the ammonium ion must be very strongly
attracted by water. As a result there is only a very small decrease in
entropy on dissociation corresponding with the slight changes in the
orderliness of arrangement attending the replacement of the NH, ion
by an H,O+ ion and a water molecule by an ammonia molecule. The
equilibrium is determined principally, therefore, by AHO,which in turn
depends mainly on the relative base strengths of ammonia and water.
+
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TABLE1. Thermodynamic functions for the dissociation of amine
cations in aqueous solution at 2 5 ' ~ .

Ammonia 18* l Q
Methylamine 21
Dimethylamine 21
Trimethylamine 21
Ethylamine 22.l6

AC;

ASo

(cal/deg/
mole)

(cal/deg/
mole)

AG
(kcal/
mole)

AH"
(kcal/
mole)

pK,

0.0

+ 7.5

+ 19.9
+41.0
-

Triethylamine l6
n-Propylamine 22
n-Butylamine 22
Ammonia
in 60y0 MeOH23
Methylamine
in 60% MeOH23
"Dimethylamine
in 60% MeOHZ3
"Trimethylamine
in 60y0 MeOH23

-

0.0
-

12
0

Positive

Data for ionic strength 0.10.

As the hydrogen atoms of the ammonia molecule are successively
replaced by methyl groups the value of AS0 changes systematically to
more negative values. Trotman-Dickenson 20 explained this as arising
from the progressive decrease in the number of hydrogen atoms on the
amine cation available for hydrogen bonding to solvent molecules,
thus decreasing the constraint produced in the solvent through this
cause. At the same time AC; acquires a progressively larger positive
value, this being associated with a large decrease in AN0. For the
change from ammonia to methylamine the entropy effect predominates
and leads to a large increase in AGO and hence in pKa, but for the
subsequent changes from methylamine to dimethylamine and from
dimethylamine to trimethylamine almost similar increases occur in
-AS0, but with each step AC," shows increasing increments, with
associated decreases in AN0. The result is that a maximum value of
AGO is reached at dimethylamine.
In addition to the effect produced by the reduction of the number of
hydrogen bonds to the cation, and the further ordered structure

I
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produced near the aminium group, the successive additions of methyl
groups would be expected to yield increasing areas of surface over
which hydrophobic hydration can occur in the neutral amine molecule, and to reduce slightly the hydrogen bonding of its amino group.
~t is difficult to assess the area over which hydrophobic hydration can
occur but it is not unreasonable to suppose that this may be very
greater over the almost complete hemisphere formed by three
methyl groups than over the smaller surfaces presented by two or
one methyl groups. Being close to the centre of positive charge this
hydration atmosphere will be almost wholly dispersed in the cation,
so the heat capacity of the system in the dissociated state will be higher
than that for the cation-solvent system, since it contains a term representing the heat required to disperse this solvent layer. This has a
corresponding effect on the enthalpy of the amine-solvent system,
since a considerable amount of heat would be required to bring the
solvent atmosphere around the methyl groups isothermally to the
more random state which exists around these groups in the cation.
These effects and theories regarding hydrophobic hydration are
discussed fully by Ives and Marsden3.
It is interesting to note that the effects become modified in aqueous
methanol solution, where for ammonia AS0 becomes positive, possibly
through the ammonium ion exerting a greater sorting effect in its
hydrogen bonding than does the hydroxonium ion. Although AC; has
the rather unexpected value of - 12 cal/deg/mole for methylamine,
it is very low for the other amines, indicating that no phenomenon
analogous to hydrophobic hydration occurs to an appreciable extent
in this solvent mixture. The changes in AS0, therefore, may reflect
the decrease in the number of hydrogen atoms in the cation available
for hydrogen-bond formation. The AGO values for dimethylamine and
triethylamine must be lower at zero ionic strength than at I = 0.10,
so the net result is that in this medium methylamine seems to be the
strongest of the bases.
B. Higher Alkylamines

Lengthening of the alkyl chain makes only relatively slight differences to the pKa values of primary amines (Table 2). After a very small
increase in ethylamine they remain almost constant up to n-decylamine, after which there seems to be a slight decrease. Chain branching also produces very little effect. Amongst secondary amines (Table
3) there is evidence of the values rising to a maximum at di-n-butylamine, after which they assume an almost constant value.

175

J. W. Smith

4. Basicity and Complex Formation

TABLE
2. pK, Values of primary alkylamines in aqueous solution at 25'~.

The effect of chain length is more pronounced in the tertiary alkyla d n e s (Table 4), where triethylarnine is much more basic than
trimethylamhe, whilst N, N-dimethylethylamine and N, N-diethylrnethylamine lie intermediately. There are some anomalies amongst
the data for the higher members of this series, and further measurements on them would be of interest.
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Amine
Ammonia
Methylamine
Ethylamine
n-Propylamine
n-Butylamine
n-Pentylamine
n-Hex~lamine
n-Heptylamine
n-Octylamine
n-Nonylamine

PK.
9.2424.19, 9.2525
10.62 28, 10.6321, 10.6425
10.6422, 10.67 1.9
10.5322, 10.6g27
10-6022, 10.6128. 29, 10.6630
10.6329, 10.6 1 31
10.64 2Q
10.6629
10.65 29, 10.5731
10.6429

TABLE4.

Amine
Trimethylamhe
Triethylamine
~ri-n-propylamine
Tri-n-butylamine
N, N-Dimethylethylamine
N, N-Diethylmethylamine
N,N-Dimethyl-n-propylamine
N, N-Dimethyl-n-butylamine
N, N-Dimethyl-i-propylamine
N, N-Dimethyl-i-butylamine
N, N-Dimethyl-S-butylamine
N, N-Dimethyl-t-butylamine

n-Pentadecylamine
n-Hexadecylamine
n-Heptadecylamine-n-Docosylamine
i-Propylamine
i-Butylamine
t-Butylamine
i-Pentylamine
t-Pentylamine
Methyl(diethy1methyl)amine
Triethylmethylamine
TABLE
3. pK, Values of secondary alkylamines in aqueous solution
at 25'c.
Amine
Dimethylamine
Diethylamine
Di-n-propylamine
Di-n-butylamine
Di-n-pentylamine
Di-n-hexylamine
Di-n-octylamine
Di-n-dodecylamine-Di-n-octadecylamine
Di-i-propylamine
Di-i-butylamine
Di-S-butylamine
Di-i-pentylamine
N-Methyl-2-aminoheptane

pK, Values of tertiary alkylamines in aqueous solution at 25'c.

--

PG
10.7326, 10-7732, 10-78", 10.81 33
10.9422, 10.9828918, 11.0433
11-0031
11.2531, 11-3128
ll.182e
11.01 29
ll.01a9
11.00 29
11.05
10.50 34, 10.8228
11.0134
l l .00 2e
10.8231

PK*
9.7425, 9.7538, 9-7635,9.8021.32,9-8133
10.6535, 10.6718, 10.71 32
10.652e
9.93 28, 10.87
9.9935
10.2935
9.9935
10.02 35
10.30 35
9.9 135
10.4035
10.52 35

Studies of the entropy changes attending the dissociation of the
cations of these amines have led to somewhat conflicting results
(Table 1). From measurements at only two temperatures Evans and
Hamann22 found the value of - A S 0 decreased systematically from
methylamine to n-butylamine, this being accompanied by a progressive increase in A H O . They also found - A S 0 for the dissociation
of the diethylammonium ion to be less than for the dimethylammonium ion. Fyfe16, on the other hand, inferred from measurements
at four temperatures that the values of - A S 0 for the ethylammonium,
diethylammonium, and triethylammonium ions were all much higher
than for the corresponding methylammonium ions.
The difference between these two series of amines is likely to arise
principally from the hydrophobic hydration effects. If Evans and
Hamann's results are correct they suggest that in ethylamine the
extent of hydrophobic hydration may not be much greater than in
methylamine, or may persist in part in the cations, since the p-carbon
atom is an appreciable distance from the charge centre near the nitrogen atom. Fyfe's measurements, on the contrary, suggest that this
hydrophobic hydration atmosphere is dispersed in the cation. Further
measurements on these compounds are obviously required.
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C. Substituted Alkylamines
The introduction of a trimethylsilyl group into an alkyl group
increases the base strength, the pKa values of both trimethylsilylmethylamine and di(trimethylsilylmethy1)amine being appreciably
higher than the values for methylamine and dimethylamine, respectively. The effect diminishes, however, the further the trimethylsilyl
group is removed fi-om the amino groupz7 (Table 5).
Although chlorinated alkylamines generally hydrolyse or cyclise
rapidly in solution, the pKa values of some of these compounds have
been measured. As is to be expected from their strong - I effects,

halogens decrease the base strength of an amine, the effect diminishing
the further the halogen is removed from the amino group. Although
the available data are somewhat restricted, they indicate that fluorine
has an appreciably greater effect than chlorine.
The presence of a hydroxyl group also decreases the base strength,
and again there is a marked effect of the position of the substituent.
The introduction of a second amino group similarly decreases the
pKa value of ethylamine, but with the introduction of further methylene groups between the amino groups the base strength increases
progressively and becomes higher than that of the corresponding
alkylamine. This is attributable to the statistical factor, since in these
compounds there are two possible sites for acceptance of the proton,
as well as to the fact that with increasing separation the mutually
polarizing effects of the two groups are diminished.
The protonated amino group naturally reduces the pKa value
more than the neutral amino group. Data are shown as first dissociation constant (pKal) values for the doubly charged diamine cation in
Table 5. With increasing number of methylene groups separating the
two amino groups the effect of the positive charge gradually diminishes, but again, for statistical reasons the pKal values are always
smaller than for the corresponding alkylamines.
These effects are illustrated by the thermodynamic data shown in
Table 6. In interpreting them it must be borne in mind that the
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TABLE5.

pKa Values of substituted alkylamines in aqueous solution.
Amine

Trimethylsilylmethylamine
p-Trimethylsilylethylamine
y-Trimethylsilylpropylamine
Di(trimethylsilylmethy1)amine
p$-Difluoroethylamine
p,p,p-Trifluoroethylamine
y,y,y-Trifluoro-n-propylamine
p,p,p-Trichloroethylamine
y,y,y-Trichloro-n-propylamine
6,6,6-Trichloro-n-butylamine
y-Bromo-n-propylamine
N,N-Di(p-chloroethy1)ethylamine
N, N-Di (p-chloroethyl)-n-propylamine
N,N-Di(p-chloroethy1)-i-propylamine
N,N-Di (p-chloroethyl)-n-butylamine
p-Hydroxyethylamine (ethanolamine)
y-Hydroxy-n-propylamine
6-Hydroxy-n-butylamine
Ethylenediamine (pKa2)

Propylenediamine (pKa2)
Butylenediamine (pKa2)
Pentylenediamine (pKa2)
Hexylenediamine (pKa2)
Ethylenediamine (pKal)
Propylenediamine (p&,)
Butylenediamine (pKal)
Pentylenediamine (pKal)
Hexylenediamine (pKal)

pKJTemperature ('c)
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TABLE6. Thermodynamic data for the dissociation of a~k~lenediamine
and hydroxy-amine cations in aqueous solution at 25'~.
ACpO

Ethylenediamine 150.51
2 50'51
Propylenediamine 151
2 51
Butylenediamine 151
2 51
Hexylenediamine 150
2
E t h a n ~ l a m i n e44~ ~ .
p-Methoxyethylamine 44

ASo

(cal/deg/
mole)

(cal/deg/
mole)

17.5

+ 5.1

9.6

-

8.2
8.4
- 1.17
-

$3
- 5.8
-7
$8
-3
-2
-9
+ 1.3
- 3.3
- 2-94
-5
-4

AGO

AH"

9.343
9.4
13.545
13.5
11.6
14.3
12.6
14.5
13.411
14.912
12.955
13.0
12.9

10.87
10.3
11.82
11-5
13.9
13.3
12.0
12.0
13.82
13.9 1
12.08
11.5
11.7

(kcal/mole) (kcal/mole)
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entropy changes attending the first and second stages of the dissociation of the divalent cation include terms + R In 2 and - R ln 2,
respectively, for the statistical effect. Similarly the AGO terms include corresponding contributions of - R T In 2 and + R T In 2,
respectively.
Everett and Pinsent 50 explained the results for ethylenediamine on
the grounds that AGO for the first stage is low because of the high
initial potential energy of the divalent cation through charge repulsion. This repulsion will stiffen the molecule, probably with a greater
effect on the entropy than on the heat capacity. The cooperative
effects of the two charges will cause much stronger solvent orientation
than two separate charges. As the reaction to give the univalent
cation and a proton is associated with freeing these solvent molecules,
it will be accompanied by increases in both the entropy and heat
capacity. The second stage of the dissociation follows much of the
normal pattern for an alkylamine. In hexamethylenetetramine the
effects of the repulsive forces between the charges seem to have
virtually disappeared, the values of AS0 and AGO for the two stages
differing only by the statistical factors. Everett and Pinsent inferred,
therefore, that the zone of influence of a single positive charge extends
over about 5 A.
The negative value of AC; for ethanolamine is of some interest, as it
suggests that the presence of the hydroxyl group leads to hydrogenbonding hydration in both the cation and free amine, thus effectively
nullifying the effect of hydrophobic hydration.
The replacement of one of the hydrogen atoms in the alkyl chain of
an alkylamine by a phenyl group causes a marked decrease in pKa,
the effect being greatest for benzylamine and diminishing with increased separation of the phenyl group from the amino group (Table
7). This can be attributed to the withdrawal of electron density from
the nitrogen atom through the - I inductive effect of the phenyl
group. This arises through the fact that the sp2 hybridisation of the
orbitals of the ring carbon atoms causes its electronegativity to be
greater than that of the methylene carbon atom with sp2-hybridised
orbitals53. Hyperconjugation of the methylene group to the aromatic
ring may also play a role. The electron-donating character of the
methyl group has been suggested as explaining the fact that the
a-methyl derivatives of these compounds are stronger bases than
the unmethylated compounds6*.
The electron-withdrawing effect of spa-hybridised carbon atoms also
accounts for the fact that the presence of a double bond in the hydro-

TABLE
7. pKB Values of phenyl-substituted
and unsaturated amines in aqueous solution
at 25%.
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Amine

PK=

PhCH2NH2
Ph(CHz)2NHz
Ph(CH2)3NH2
Ph(CHz),NH,
Ph(CH2)5NHz
PhCH2NHMe
PhCH2NHEt
PhCHzNHPr
Ph(CH2),NHMe
PhCMe2NH2
PhCH2CMe2NH2
PhCHMeCH2NH2
Allylamine
Diallylamine
Triallylamine
Diallylmethylarnine

9.35 55,9.37
9.83 55
10.2055
10.3965
10.4955
9.58
9-6855
9.62 55
10.1455
10.2731
10.0331
9.80'l
9.4931
9.2g31
8.31 31
10.1 1 34

carbon chain decreases the basic strength of an amine. This is illustrated by the fact that the pKa values of allylamine, diallylamine, and
triallylamine decrease in that order, and are all lower than the values
for the corresponding n-propylamines.
D. Cydoalkykmines

The base strengths of the amino-substituted cycloparaffins are of
some interest as they vary with the size of the ring (Table 8). The
pK, value of cyclohexylamine in water is about equal to that for an
ordinary alkylamine. In 50% ethanol, however, the values for cyclopropylamine and cyclobutylamine are much smaller than those of
~yclopentylamine and cyclohexylamine. This apparently higher
electron-attracting effect is in accordance with the view59 that the
external bonds of small ring compounds have more s character, and
the ring carbon atoms greater electronegativity than in macrocyclic
compounds 57. The N, N-dimethyl derivatives of these cycloalkylamines also show a similar pattern.
With increasing ring size the pKa in 80% methyl cellosolve appears
to pass through a slight maximum for an eight-membered ring. It
has been suggested that with a ring of this size steric factors are, on
the average, most favourable for proton addition 58.
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TABLE
8.
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pK, Values of cycloalkylamines a t 25Oc.
p& in
water

Amine

p K , in
50y0ethanol

p& in
80y0 methyl
cellosolve

Cyclopropylamine
Cyclobutylamine
Cyclopentylamine
Cyclohexylamine
Cycloheptylamine
Cyclooctylamine
Cyclononylamine
Cyclodecylamine
Cycloundecylamine
Cyclodocecylamine
Cyclotridecylamine
Cyclotetradecylamine
Cyclopentadecylamine
Cycloheptadecylamine
Cyclooctadecylamine
Cyclopropyldimethylamine
Cyclobutyldimethylamine
Cyclopentyldimethylamine
Cyclohexyldimethylamine

IV. AROMATIC AMINES
A. Aniline

Aromatic amines are much weaker bases than are their aliphatic
analogues, aniline having a pKa value in water of 4-60 as compared
with about 10.63 for methylamine or 10.66 for cyclohexylamine.
Thus whilst the latter amines are stronger bases than ammonia,
aniline is very much weaker. This difference can be ascribed to a small
extent to the electronegativity of the phenyl group but is mainly due
to the very large + M mesomeric effect of the amino group when
linked to a conjugated system.
The maximum mesomeric effect ofthe amino group could be exerted
only if the hydrogen atoms of the amino group became coplanar with
the ring. For this to occur it would be necessary for the hybridisation
of the orbitals of the nitrogen atom to change from the approximately
sp3 tetrahedral character found in ammonia to the trigonal spZtype.
Analogy with the energy associated with the inversion process in the
ammonia molecule suggests that about 6 kcal/mole would be required
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for this change in hybridisation before the full gain in resonance
energy could be achieved60. There is a considerable weight of evidence from various physical measurements that the atoms in aniline
are not coplanar, and it appears that a substantial resonance energy
can be achieved without coplanarity and hence with less energy
,xpenditure. The result seems to be a compromise, whereby the
HNH bond angle is increased as compared with that in ammonia
but without the group achieving complete coplanarity with the ring.
This explains why aniline is so much weaker as a base than is
ammonia. When the anilinium PhNH,+ ion is formed, the electron
pair, which is partially used to conjugate with the T-electron system
of the ring and so lead to an increase in the resonance energy of the
system, can no longer fulfil this function. The result is that, compared
with ammonia or methylamine, the energy of the conjugate cation is
very much higher than that of the base.
B. Meta- and Para-substituted Anilines

The introduction of substituents in the positions meta and para to
the amino group of aniline leads to marked changes in the pKa value
which reveal clearly the two effects (inductive and mesomeric)
which are operative in the molecules concerned. The effects of ortho
substituents are more complicated and therefore they will be discussed
separately. The pKa values for a range of monosubstituted anilines
are shown in Table 9.
The introduction of a meta-halogen atom reduces the pKa of aniline
considerably, the effects of fluorine, chlorine, bromine, and iodine
being roughly equal. O n the other hand a para-halogen atom has
much less effect, a fluorine substituent even increasing it slightly. This
can be accounted for by the fact that the -I inductive effect of the
meta halogen atom has a greater influence on the electron density on
the nitrogen atom than has the inductive effect of a para halogen
atom. At the same time, however, the + M mesomeric effect of a
Para halogen atom interacts through the aromatic system in such a
manner as to oppose the + M mesomeric effect of the amino group.
NO similar mesomeric interaction can occur with a substituent in the
meta position, which therefore has a much greater effect than a para
halogen in decreasing the basic strength. It is interesting to note that
if, as is suggested by the figures for the m-halogenoanilines, the four
halogen atoms exert nearly equal -I effects from the para position,
their + M effects must follow the order F > C1 > Br > I.
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TABLE
9.

pK, Values of monosubstituted anilines in aqueous solution
at 25"c.
The following are average values, with preference given to consistent data,
based on the results given in the references shown in the last column.
Substituent

CH,
F
C1
Br
I
OH
OCH,
OC2H5
NH2
NH,
NMe,
NO2
CN
COMe
COaMe
SO, S02NH2
SOaCH3
CF3
SiMe,
CsH5

ortho

PK~

meta

bars

References

+

+

-

Analogous behaviour, leading to rather more exaggerated results,
is shown in the presence of hydroxyl, methoxyl, or ethoxyl substituents.
These groups have only relatively weak -I effects, but very strong
+ M effects. The result is that when they occupy positions meta to an
amino group they decrease the pKa value slightly, but when in a
position para to it they increase the pKa value considerably.
In the case of a nitro substituent there is a - M effect as well as a
-I effect, so in the para position it conjugates with the + M mesomeric effect of the amino group, causing a still greater decrease in
electron density at the nitrogen atom. Thus whilst m-nitroaniline is a
much weaker base than aniline, p-nitroaniline is a very much weaker
base still. Analogous effects are shown to a less marked degree by the
cyano, acetyl, methylsulphonyl, and trifluoromethyl groups. This
behaviour of the methylsulphonyl group has been interpretedv6.80
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,S suggesting that the sulphur atom uses its vacant 3d orbitals in acquiring a fairly strong - M mesomeric effect. That the trifluoromethyl
group acts in this same way is particularly interesting. Its fairly strong
- M effect, revealed by the fact that it exerts a greater effect when
in the para position, cannot be explained by the utilisation of d
orbitals, and can be interpreted on valence-bond theory only by
assuming that there are important contributions from structures of the
type77:

The anilinesulphonic acids exist as zwitterions -03SC6H4NH3+
and so can be regarded as substituted anilinium ions. Their pKa
values indicate that the base strength is reduced by the presence of
the SO3- groupEl-E3. This has been interpreted as indicating that
the SO3- group has still a strong -I effect, even though it carries
a negative chargeE4.Its effect, however, is much greater when in the
para position than in the meta position, suggesting that it also exerts a
- M effect, leading to conjugative interaction with the + M effect
of the amino group less strong in character than that of the nitro
group.
Methyl and other alkyl groups have electron-donating effects and
hence they tend to increase the pKa value. The fact that this electron
donation is primarily of a mesomeric character is indicated by the
fact that p-toluidine is a stronger base than is m-toluidine.
Similar effectsof the same kind are produced by the introduction of a
second amino group. The pKa values here are increased slightly
through the statistical factor, since there are two sites for the acceptance of a proton, but nevertheless p-phenylenediamine is a much
stronger base than aniline. This can be attributed to the opposition
of the mesomeric effects of the two amino groups which increases
the electron density at each nitrogen atom. The introduction of
an NH3+ group, on the other hand, diminishes the base strength
strongly. Here the statistical factor decreases the pK, slightly, but
the main contributing factor is the interaction between the groups.
The fact that the difference between the first and second dissociation
constants is so great both for the m-phenylenediaminium and the
P-phenylenediaminium ions suggests that the inductive effect is the
main factor.
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C. 0 rtho-substituted Anilines

The effects of ortho substituents upon the basic strength of aniline
are anomalous as compared with those of the corresponding meta
and para substituents. Thus although an alkyl group in the meta or
para positions raises the pKa, an alkyl group in the ortho position always
decreases it.
Wepstere2 has estimated the magnitude of the anomaly thus
created by calculating the base strength to be expected on the assumption that the electrical effect of each alkyl group in the meta position
raises the pKa value by 0.15 units and that of each alkyl group in a
para or ortho position raises it by 0-4 units. This equation of the effects
of ortho and para substituents was justified by observations on analogous
derivatives of pyridine. The difference between this calculated pKa
value and the observed value is denoted by 6pKa in Table 10. The
pattern which emerges is fairly clear. Mono ortho substitution by a
methyl, ethyl, or isopropyl group leads to a 6pKa value of about 0.6,
but substitution by a t-butyl group leads to a value of 1.3. Two ortho
methyl groups have about the same effect as one t-butyl group or
double that of one methyl group, whilst two ortho t-butyl groups have
rather more than twice the effect of one. The effects of the ortho
groups, therefore, appear to be roughly additive.
The effect of an ortho methyl group in causing o-toluidine to have
such a low pKa value was attributed by Bennett and Mossesa5 to the
strong inductive effect produced in adjacent groupings by the dipole
of the methyl group. Later views have generally attributed it to steric
effects but the exact nature of the steric effects concerned has been the
subject of considerable controversy.
It is certain that the effect does not arise simply through a modification of the resonance in the amine itself caused by the presence of an
alkyl group. Such steric inhibition of resonance would in fact tend to
increase the base strength, as it would increase the energy of the base
relative to that of the ion. The decrease in pKa would suggest, therefore, a steric promotion of resonance rather than its inhibition, but
there is no evidence of this. Other physical properties such as the
ultraviolet absorption spectra and molecular refiactions of the
compounds concerned indicate little or no change in the mesomeric effect of the amino group produced by the presence of ortho
substituents.
I t was suggested by Brown and Cahnn that the NHS+ group in
the anilinium ion is larger than the amine group and comparable in
size with a methyl group. On this view, if there is another group of

185

4. Basicity and Complex Formation

J. W. Smith

TABLE
10. pK, Values of alkyl-substituted anilines in water or 50 volume
percent ethanol at 2 5 ' ~ .
Water
Substituent
None
2-Methyl
3-Methyl
&Methyl
2-Ethyl
3-Ethyl
2-n-Propyl
2-i-Propyl
3-i-Propyl
2-n-Butyl
2-t-Butyl
3-t-Butyl
4-t-Butyl
2,3-Dimethyl
2,4-Dimethyl
2,5-Dimethyl
2,6-Dimethyl
3,4-Dimethyl
3,5-Dimethyl
2,4-Di-t-butyl
2,5-Di-t-butyl
2,6-Di-t-butyl
3-5-Di-t-butyl
2,4,6-Trimethyl
2,4,6-Tri-i-propyl
2,4,6-Tri-t-butyl
2,6-Dimethyl-4-t-butyl
2,4-Dimethyl-6-t-butyl
2-Methyl-4,6-di-t-butyl
2,3,5,6-Tetramethyl

pKn

50 vol.

~ P K ,

4 ~ 6 0 ~ (0)
~
0.6
4.4462
4-688 7
0.1
5.11
-0.1
4.37
0.6
0.0
4.70
4.3687
0.6
4.42
0.6
4.67 88
0.1
4.2607
0.7
3.7862
1.2
4.66
0.1
0.0
4.95 62
4-72''
0.4
4.84
0.6
4-5782
0.6
3-8982
1.5
5.2Z7'
-0.1
4-91 62
0.0

4.9774
4.37 62

4.30

-0.1
1.4

1.4

yo EtOH

PKS

6 pKn

4.2688
4.Oge2

(0)
0.6

4.7462
4.0462

-0.1
0.6

4.0662

0.6

3-3862

1.3

4-6262
4.42"
4.61 "
4.2362
3.4962

0.0

4.61
3.80 74
3.5874
1.80 74
4.7374
4.0062
4.04 62
<Z62
3-8874
3.40 74
3.35 74
4.0962

0.4
0.4
0.6
1 a6
-0.1
1.3
1.2
3.3
- 0.2
1.3
1a 4
1.6
2.1
2.1
1.3

similar or larger size ortho to it the groups will suffer steric interference.
The resulting strain in the ion would increase its potential energy,
thereby opposing its formation and increasing the base strength. This
type of strain caused by steric interference of atoms or groups which
are attached to different atoms has been denoted 'F Strain' by Brown
and his coworkers.
On this theory the effect of a substituent alkyl group should increase
with increasing bulk, and this was apparently confirmed by the fact
that the pKa value is reduced from 4.60 in aniline to 4.44 in o-toluidine
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and 3.78 in o-t-butylaniline. As has been mentioned in section II.D.3
the premises of this theory are by no means generally acceptable. In
addition Wepstere2 has pointed out that since the most favourable
conformation of the arnine has the protons as nearly as possible in the
plane of the ring, it is impossible to accept that the addition of a
proton would produce an appreciable increase of steric strain even if
its spatial requirements are greater than that of a lone pair of electrons. He allows that another configuration might be more favourable
for the ion, but this would imply a decrease of steric strain corresponding with an increase in base strength.
Wepster also rejects the suggestion made by Bealee3 that the
relatively low basicities of 2-methyl- and 2,6-dimethylaniline arise
from an electrostatic interaction between the partially unscreened
nuclei of the methyl hydrogen atoms and the lone pair. This, he
suggests, amounts to the assumption of a hydrogen bond, and since
a N--.H-N bond is already very weak a N...H-C bond must be
still weaker. Wepster also points out that the spatial configuration of
2-methylaniline is altogether unsuited for hydrogen-bond formation
and that the explanation cannot be extended to 2-t-butylaniline and
to 2,6-di- and 2,4,6-tri-t-butylaniline.
The suggestion made by Wepster is that the relative solvation energies of the anilinium ions may be the factor determining their relative
strengths, as the solvation energies of the uncharged amines may be
neglected. With increasing size of the alkyl groups in the ortho position
the solvation shell round the NH, group becomes smaller and smaller,
and hence renders the ion more and more unstable. This must result in
an increasing rise of the value of 6pK, and so can be described as
steric hindrance to solvation.
Brown and his coworkers had rejected steric hindrance to hydration
as a main cause of these ortho effects, because they considered that a
more gradual increase in the anomalies should be foundE9.Wepster
points out that substitution of a hydrogen atom by a methyl group
removes at least one water molecule from the solvation shell, so that
for instance in the ion of 2-t-butylaniline the solvation energy will be
decreased considerably as compared with the 2-isopropylammonium
ion.
Doubtless the factors which determine this ortho effect in the alkylanilines are also responsible, in part at least, for the similar effects in
other ortho-substituted anilines, although in some cases the dipolar
character of the substituent and strong inductive effects may tend to
confuse the position. Unfortunately there have been only two series
+
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of precision measurements from which thermodynamic data can be
deduced with certainty. For the three sulphonic acids the AC; values
are 18.6, 7.7, and 7.1 cal/deg/mole for the ortho, meta, and para compounds respectively, whilst the corresponding values of AS0 are 3.32,
0.57, and 0.37 cal/deg/moleE1. For aniline itself AS0 has the low
positive value of + 0.28 cal/deg/mole which is increased to 8-1 cal/deg/
mole for o-chloroaniline, whilst A H O is decreased from 7.105 to 6.007
kcal/mole2'. The entropy change is the reverse of that to be expected
if the hydrophobic hydration of the amine were a controlling factor,
but the values for the ortho compounds accord with Wepster's views
on solvent exclusion. I n each case, however, other factors may enter,
so further studies are required to ascertain whether similar effects
arise with the o-alkylanilines.
D. Secondary and Tertiary Alkyl- and Arylanilines

Replacement of the amino hydrogen atoms of aniline by methyl
groups to yield methylaniline and dimethylaniline leads to successive
increases in base strength (Table 11). This contrasts with the order of
strength of the methylamines, where there is actually a decrease in
basic strength on passing from dimethylamine to trimethylamine. The
increases in pK, observed as the hydrogen atoms of aniline are replaced by ethyl groups are even more pronounced. These changes are
far too great to be accounted for by the inductive effect, and there is
no doubt that steric effects of some kind are playing an important
role, but unfortunately there are again no data from which the entropy,
heat capacity, and enthalpy changes accompanying the dissociation
of the cation can be derived, so the precise steric mechanism operating
is uncertain.
Brown has suggested 95 that the conformation of N, N-diethylaniline
with the two ethyl groups so arranged as to minimise interaction with
the phenyl group would cause steric interference between the ethyl
groups themselves. Rotation of one ethyl group towards the ring to
remove this interference would cause some interference with the ortho
hydrogen atoms, an overcrowding effect which could be relieved
only by some twisting of the diethylamino group from its position for
maximum resonance, with resulting increase in energy of the amine
relative to its conjugate cation and hence an increase in its base
strength.
Further substitution of the hydrogen atoms of the methyl groups to
give N, N-diisopropylaniline leads to a further increase in base strength.
7*
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TABLE
11. pKB Values o f N-alkyl- and N,N-dialkylanilines at 2 5 ' ~ .

Derivative

Water

pK, Value in
50 v01 7'
EtOH

75 v01 7'
EtOH

N, N-DiethylN, N-Di-n-propylN, N-Di-n-butylN, N-Di-n-hexylN, N-Di-n-octylN, N-DiisopropylN, N-di-t-butylN-Ethyl-N-methylN-Methyl- N-n-propylN-i-Butyl-N-methylN-s-Butyl-N-methylN-t-Butyl-N-methylN-Ethyl-N-n-propylN-t-Butyl-N-ethylN-CyclopentylN-CyclohexylN-Cyclopentyl-N-methylN-Cyclohexyl- N-methyl-
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the methyl hydrogen atoms by methyl groups to give N-ethylaniline,
N-i-propylaniline, and N-t-butylaniline leads to successive increases in
base strength. O n the other hand, replacement of the P-hydrogen
atoms in N-ethylaniline to give N-n-propylaniline, N-i-butylaniline,
and N-neopentylaniline is accompanied by decreases in pKa, whilst a
further decrease still is observed in N-t-hexylamine (a-ethyl-a-methyltherefore, that closely packed groups
~ - ~ r o ~ ~ l a m93.i nI teappears,
)
near to the nitrogen atom increase the base strength, whilst when
further away from the nitrogen atom they decrease it. The latter effect
was attributed by Vexlearschi and Rumpf to electrostatic interaction
diminishing the stability of the ion relative to the amineg3, but it is
difficult to see why such an effect should be so strong as to cause the
large effects observed.
A further anomalous feature is that, apart from a slight deviation
for N-n-propylaniline, the pK, values of the N-alkylanilines increase
progressively with chain length when measured in aqueous solution.
In 75 v01 Oj, ethanol, however, N-n-butyl-, N-n-hexyl-, and N-n-octylaniline are reported as having equal pK, values which are appreciably
less than the value for N-ethylaniline in the same solvent.
It is quite possible that in these series steric inhibition of resonance
does play some part in determining the pK, values. This would account
for the large effects of compact groups near to the nitrogen atom, but
extensive series of precision measurements will be required before the
problems can be solved completely.
Replacement of one of the amino hydrogen atoms in aniline by a
phenyl group to give diphenylamine leads to a decrease of the pKa
value to 0.7gg8, whilst the pK, value of triphenylamine is too small
for measurement. These facts can be associated with the further
stabilisation of the amine with respect to the ion through the further
incorporation of the lone pair of electrons into T-electron systems of the
rings.
E. Derivatives of Methylaniline and Dimethylaniline

This feature makes the relatively low value foundg3 by Vexlearschi
and Rumpf for N,N-di-t-butylaniline in 500/, ethanol rather puzzling
and indicates once again the necessity for further work in this field,
especially as N-t-butyl-N-ethylaniline is reported as having a pK,
value of 8.02, the highest value observed for an aromatic amine.
I n relation to these values the relative base strengths of the monoalkylanilines present some interesting features. Again, replacement of

In so far as the meta and para derivitives of N-methylaniline and
N,N-dimethylaniline are concerned the pKa values follow very closely
the same pattern as for the derivatives of aniline (Table 12). I t is in
the ortho-substituted compounds that the most interesting features
arise. N,N-Dimethyl-o-toluidine has an appreciably higher basic
strength than N,N-dimethylaniline. This is to be expected since steric
obstruction by the ortho methyl group prevents the dimethylamino

J. W. Smith
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TABLE
12.

pK, Values for derivatives of N,N-dimethylaniline at 25Oc
in water (W) or in 50y0 ethanol (AE).

Substituent
None

ortho
W
AE

Methyl-

W
AE

5.12
4.39
6.11
5.15

FluoroChIoroBromoMethoxyCyanoTrifluoromethylTrimethylsilylNitrosoNitro-

pKa

meta

W

AE

AE

W

W
AE
AE

3.79
3.05

AE

3.04

W
AE
AE

W

W

AE

2.75
3.27
4.35

W

2.63

4.31
5-42
0-95

fiara

AE

W
W

5.24
4.60

W
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W
AE

W

AE

AE
W

5.50
4-88
3.96
4.34
3.29
4.23
3.47
5.09
1.78
2.67
3.94
3.48
0.61

References
28, 62, 68, 96
86
28, 62, 68
78, 86
97
68, 96
78, 97
31, 68
78
97
68
77
78
97
68

group from assuming near coplanarity with the ring and hence
decreases the mesomeric effect. On the other hand N-methyl-otoluidine, like o-toluidine, is a weaker base than its parent amine, but
2,6-dimethyl-N-methylanilineis a stronger base than N-methylaniline.
This can be accounted for because the NHMe group of N-methyl-otoluidine should be able to attain near coplanarity with the ring
whilst the methyl groups are remote from one another, but when
there are two ortho methyl groups this is impossible.
O n these lines a second methyl group in the ortho position might
be expected to lead to an increased obstruction to the coplanarity of
the dimethylamino group with the ring, but, in fact, 2,6-dimethylN,N-dimethylaniline is a weaker base than N,N-dimethyl-o-toluidine.
This observation led T h o m ~ o nto~ the
~ conclusion that resonance
must not be such an important factor in determining base strength
as had previously been supposed.
I n order to obtain a comparative picture of the relative effects of
various substituents on the pKa value W e p ~ t e has
r ~ ~used the same
method as for the derivatives of aniline, but with an additional term to
allow for the steric inhibition of resonance of the base. Thus he adds
to the pKa value of dimethylaniline contributions of +0.4 units for
each para or ortho alkyl group and 0.15 units for each rneta alkyl group.
The extra term is calculated from the extinction coefficient E of the

' C ' band in the ultraviolet spectrum at about 250 mp. This is taken
as being 15,500 when mesomerism is fully exerted and zero when it is
excluded. This would correspond with a change in pKa of about 3
units, so the effcct of the inhibition of resonance on the pK, value is
evaluated as 3(15,500 - E ) / 15,500. The differences between the pKa
values calculated in this way and the observed values give the 6pKa
values recorded in Table 13. Qualitatively the order of the results
follows closely those for the primary amines, but differ from them in
magnitude by a factor of 2 to 3.
The interpretation of the pK, values of this series of compound
has led to even more controversy than for the derivatives of aniline.
Brown and Cahn12 pointed out that in N,N-dimethyl-o-toluidine
resonance is already partly suppressed in the base, so addition of a
TABLE
13. pK, Values for alkyl-substituted N,N-dimethylanilines at 25'~.

Substituent

Water
5.1262
6.1 162
5-2428
5-5028

5.3 78

pK, in
50 v01 yo EtOH

4.39
5-15
4.60 78
4.88 78
5025'~
5.2888
5-19''
4.8 1
4-48
5.2062
4.63
5 ~ 0 5 ~ ~
4.37
4.7 1O0
4.56 0 0
4.13
4.28
4.59 O0
4-32 loo
5.1974
4.75'32
2-9374
2.7774
1.63 loo
1.9 1loo
2-9374

''
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proton involves a smaller loss of resonance energy than it does in
N,N-dimethylaniline. At the same time it was assumed that the total
energy change is increased by an additional steric strain accompanying
the formation of the ion, with the net result that the basic strength is
increased somewhat, but not by so much as it would have been in the
absence of this strain. They suggest that in 2,6-dimethyl-N,N-dimethylaniline the resonance is reduced still further in the base, but
that the steric strain in the formation of the ion is increased still more
and becomes the predominating factor, leading to a reduction in
pKa. On the basis of these considerations Brown and Cahn predicted
that as the bulk of the ortho substituent is increased the base strength
should first increase with the inhibition of resonance and then decrease through strain in the ion.
Once again, however, the assumption of increased strain in the ion
as compared with the amine itself does not seem to be justified.
steric
W e ~ s t e has
r ~ ~suggested that in 2-t-butyl-N,N-dimethylaniline
repulsions cause the lone pair to be strongly oriented towards the
t-butyl group, and that little effective reorientation is to be expected
in the ion. He has also pointed out that the same argument cannot
be used for 2-methyl-N,N-dimethylaniline.The steric strain in this
molecule should be about the same as in the ion of 2-methylaniline,
since the dimethylamino group is of similar size to the isopropyl
group, the steric requirements of which are not much greater than
those of the methyl group. Hence Wepster considers that Brown's
premises cannot hrnish a consistent explanation for the differences in
6pKa between primary and tertiary amines.
Wepster explains this difference between primary and tertiary
amines on the grounds of the strong orientation of the solvent shells,
especially in the presence of only one hydrogen atom in the ions. The
greater the angle of twist of the dimethylamino group around the
C,,,,-N
bond the more strongly is the N-H bond oriented towards
the group in the ortho position and the more the solvation energy will
decrease. In nonaqueous media amines do not appear to exhibit the
anomaly or do so to a less marked degree. For instance in hexane
2,6-dimethyl-N,N-dimethylanilinebehaves as a much stronger base
suggesting a pKa value in water
than 2-methyl-N,N-dimethylaniline,
several units higher than the observed value5.
As would be expected, the pKa values of alkyl-substituted derivatives
of N-methylaniline vary from that of the parent amine in a similar
manner to those of the corresponding aniline derivatives when there
is not more than one ortho substituent, but follow more closely the

TABLE14. pK, Values of alkyl derivatives of N-methylaniline
and N-ethylaniline in 50 v01 yo ethanol at 2 5 ' ~ .
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Compound

N-Methylaniline
2-t-Butyl2,4-Di-t-butyl2,4,6-Trimethyl2-Methyl-4,6-di-t-butyl2,4,6-Tri-t-butylN-Ethylaniline
2,4,6-Trimethyl2,4,6-Tri-t-butyl-

PK~

4.2962
3.3574
3.7574
5.7774
4.49 74
3.57 74
4.7 1 74
5-6774
3-2074

8 P&

(0)
1.3
1.3
1.3
2.5
3.8
(0)
1.8
4.5

values for the N,N-dimethylaniline derivatives when both ortho
positions are occupied. These effects are illustrated in Table 14.
F. Amino Derivatives of Polynuclear Hydrocarbons

The relative pKa values of amines derived from polynuclear hydrocarbons present a fairly consistent pattern, although all its features
cannot be fully explained. The pKa values of m- and p-aminobiphenyl
are somewhat lower than that of aniline, while that of o-aminobiphenyl is much lower still (Table 15). Some lowering in all three cases
is to be expected through the inductive effect of the second ring, but
the extra effect for the ortho compound must arise from some steric
effect, possibly steric exclusion of hydration of the cation. I t is noteworthy that ionisation of the o-aminobiphenyl cation is accompanied
by a much greater increase in entropy than for its meta and para
isomers. Closely analogous behaviour is shown by the aminofluorenes.
The amines of condensed ring systems are all less basic than aniline,
and in the absence of possible steric effects there is a tendency for their
pKa values to decrease with increasing number of condensed rings.
The measurements of Elliott and MasonlO1 indicate that in the
unhindered amines the decrease in pKa arises because, although both
the enthalpy and entropy changes accompanying dissociation of the
cations decrease, the enthalpy effect outweighs the entropy effect.
These results are in accord with the view that increase in the size of
the conjugate system is accompanied by increased delocalization of
the lone-pair electrons.
l-Naphthylamine, however, is appreciably less basic than 2naphthylamine, and in general, compounds in which the amino group
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TABLE15. pKa Values for polynuclear amines in water (W),in 50 v01
ethanol (AE),or 20 wt '7, dioxan (AD),and enthalpy and entropy
changes on dissociation.
Solvent
temperature

Amine
Aniline
2-Aminobiphenyl
3-Aminobiphenyl
4-Aminobiphenyl
l -Naphthylamine
2-Naphthylamine

l -Aminoanthracene
l -Aminophenanthrene
2-Aminophenanthrene
3-Aminophenanthrene
9-Aminophenanthrene
l -Aminofluorene
2-Aminofluorene
3-Aminofluorene
4-Aminofluorene
3-Aminopyrene
4-Aminoacenaphthene
5-Aminoacenaphthene
l -Aminobenzo (C)phenanthrene
2-Aminobenzo(C)phenanthrene
3-Aminobenzo (C)phenanthrene
4-Aminobenzo(C)
p henanthrene
5-Aminobenzo(C)phenanthrene
6-Aminobenzo(C)phenanthrene
l -Dimethylaminonaphthalene
2-Dimethylaminonaphthalene
4-Dimethylaminoacenaphthene
5-Dimethylaminoacenaphthene

-

P&

AH
(kcal/
mole)

AS

yo

(cal/deg/
mole)
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occupies a peri position, as in l-aminoanthracene and 1- and 2-aminophenanthrene, have lower pK, values than their isomers. Mason lo6 has
obtained infrared evidence for steric hindrance to conjugation in these
amines, so the increased values of AS0 for these compounds and also
for o-arninobiphenyl may be due to the rotation entropy of the amino
group not being lost in the free amine, as it is for an unhindered
amine. The dissociation enthalpies of the cations with peri hydrogen
atoms are only slightly higher than for the unhindered cations, so the
entropy effect outweighs that of the enthalpy, leading to a net decrease
in AG" and hence in pKa. I t seems, therefore, as though the steric effect
may hinder free rotation of the amino group without greatly reducing
its conjugation with the aromatic system, an effect which would be
expected to increase AHO.Alternatively the particular positioning of
the peri hydrogen atoms may cause a large effect through solvent
exclusion from the conjugate cation, but this would also be expected
to give a negative contribution to AS0. Similar behaviour is to be
expected, and is observed, whenever the amino group is close to a
hydrogen atom linked to another ring.
I t is of interest that, through steric inhibition of resonance of the
free amine, N,N-dimethyl-l-naphthylamineis a slightly stronger base
than N,N-dimethyl-2-naphthylamine,but the obstruction in acenaphthene is insufficient to make N, N-dimethyl-4-aminoacenaphthene
a stronger base than N,N-dimethyl-5-aminoacenaphthene.
The pK, values of the nuclear-substituted naphthylamines present
some features of interest (Table 16). Substituents in the same ring as
the amino group produce effects similar to those in the aniline series,
but the presence of the nitro group has a greater effect on 1- than on
2-naphthylamine, thus accentuating the difference in base strength.
The pronounced difference between the pKa values for 1- and 3nitro-2-naphthylamines is attributable to the double-bond character
of the 1-2 bond being greater than that of the 2-3 bondlo7. A substituent in the opposite ring to the amino group has a much smaller
effect, attributable mainly to induction. Here the relative effects are
greater with 1- than with 2-naphthylarnine.
V. COMPLEXES WITH LEWlS ACIDS AND WlTH
METAL IONS
A. Addition Products with Lewis Acids

Besides accepting protons from Lowry-Bronsted acids, amines can
also add on to Lewis acids, that is to say to compounds which can
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TABLE16. pKn Values of substituted naphthylamines in aqueous solution
at 250c75, 103,107.

The validity of comparisons made in this way was first demonstrated
by Brown and Bartholomay 13, who investigated the base strengths
of ammonia and the methylamines in the vapour phase by using trimethylboron as a reference acid. The total pressures set up by equimolecular mixtures in the vapour state at various temperatures were
measured, and the dissociation constants of the addition products
calculated from the results. These were found to place the bases in
the same relative order as had been found for aqueous solution
(Table 17).
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I-Naphthylamine
Substituent

2

CH3
C1
Br
OH
0 Me
COzMe
NO,
CN

3

3.96
2.66
2-67
3.30
3-26
3-12

4

PK~
5

6

7

3.34

3.48

3.48

3.96

3.97
3.90

4-20
4.07

8

3.21

TABLE17. Thermodynamic data for the dissociation of the complexes of
amines with trimethylboron.

so3
2-Naphthylamine
Substituent
C1
Br
I
OH
OMe
C0,Me
NO,
CN
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-

1

3

4

5

6

3.38
3.40
3.41

7

8

3.7 1

Amine
complexed with
trimethylboron

ASo
KIOO

Reference

4.62
- 1.13
2.46
0.0360
0.02 14
2.88
0.472
0.56
0.0705
1.97
1a22
-0.15
Too highly dissociated
0.0598
2.09
0.0470
2.27
0.0415
2.36
0.0390
2.40
0.368
0.74
0.373
0.73
- 1.67
9.46

AHO

accept an electron pair. One of the best known examples of such
addition products is that formed between ammonia and boron trifluoride.

Ammonia
Methylamine
Dimethylamine
Trimethylamine
Ethylamine
Diethylamine
Triethylamine
n-Propylamine
n-Butylamine
n-Pentylamine
n-Hexylamine
i-Propylamine
S-Butylamine
t-Butylamine

Exactly analogous compounds are formed, however, by amines,
products of the types R3N+BF3, R3N+BH3, and R3N-+BMe3being
characteristic. I t has been found that some of the factors which may
modify the basic character of arnines can be more readily studied
through observations of the equilibrium constants of these reactions
with Lewis acids than through measurements on aqueous solutions.
In this way a great deal of information can be obtained regarding the
inductive, mesomeric, and steric effects upon the basic character of
amines. Measurements of the degree of dissociation of the complexes
are made in the vapour phase at a series of temperatures, so as to
obtain values of both the equilibrium constant and its temperature
coefficient. As a result AGO, AHO,and AS0 can all be calculated.

They suggested that the relative degree of dissociation exhibited by
these addition compounds might result from two opposing effects of
the methyl group, the +Iinductive effect which tends to increase the
stability of the addition product, and the steric effect which tends to
decrease its stability. Thus they considered that the steric strain
resulting from the presence of three methyl groups is sufficient to
counteract the increased inductive effect and hence to decrease
markedly the strength of trimethylamine as a base. This was essentially the same explanation as Brown and his coworkers had suggested
to account for the order of base strengths observed in aqueous solution.
The dissociation constants at 100°c (K,,,) of the trimethylboron
complexes of aliphatic primary amines, deduced from such measurem e n t ~ ~ ~suggested
. ~ ~ ~that
, ~ there
~ ~ is, a large increase in base

so3

4.07
-0.85
2.35

1.48

4.05
3.38
2.43
2.66
3.70

4.64

4-25
4.19

3.01

2.62

3.10

2-73

3.96

3.74

3.95

3.89

13

atm

(cal/deg/
(kcal/rnole) (kcal/mole) mole)
AGyoo

13.75
39.9
17.64
40.6
19.26
43-6
17.62
45.7
18..00
43.0
16.31
44.1
for measurement
18.14
43.0
43.2
18.41
18.71
43.9
18.53
43.2
17.42
44.7
17.26
44.3
12.99
39.3
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strength between ammonia and methylamine, but further increase in
the length of the alkyl chain produces only small extra effects. This is
similar to the behaviour with protonic acids. The rather higher A S 0
values for ethylarnine and higher arnines were attributed to the
effect of the large BMe, group in preventing free rotation of the ethyl
group around the C-N bond and thus lowering the entropy in the
complex. Dissociation is therefore accompanied by a greater gain in
entropy than is the case with methylamine. Although it has been
adversely criticised when applied to the dissociation of amine cations,
this steric effect may well explain the relative dissociation constants of
these complexes.
Branching of the alkyl group causes a considerable decrease in the
stability of the addition compound lll. This arises from a decrease in
AHOand a small increase in AS0. The latter, suggests that there is
increased steric interference in the complex. I t is very striking that
although the change from ethylamine to i-propylamine or S-butylamine causes more than a five-fold increase in the dissociation constant
and a change in AGO of over 1.2 kcal, an even greater change is
produced when all three a-hydrogen atoms are replaced by methyl
groups to give t-butylamine. For this amine AHOis much lower and so,
strangely, is AS0, so it seems evident that some other effect is coming
into play here.
An interesting feature of these complexes is that the order of the
apparent strengths of the primary, secondary, and tertiary amines
depends on the sizes of the groups linked to the nitrogen and to the
boron atom. Thus with BMe, and BF, the methylamines follow the
order NH, < NMe, < NH,Me < NHMe,, as in aqueous solution,
but the ethylamines follow the order NR,
NH, < NHR, < NH,R,
and this latter order is also followed by the methylamines in reaction
with triethylboron. The order NR, < NHR, < NH, < NH,R is
followed by the i-propylarnines with BF,, BMe,, and BEt,, by the
ethylamines with BEt,, B(Pr-i),, and perhaps B(Bu-t),, and methylamines with B(Bu-t),. When both components contain bulky groups
the order is NR, < NHR, < NH2R < NH,. It is clear, therefore
that in the formation of these complexes steric strain is of very great
importance 12.
B. Complexes of Amines with Metal Ions
The ability to coordinate to metal ions is another well-known
characteristic of amine groups. This tendency can to a limited extent
be correlated with the dipole moment of the ligand molecule, but
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,teric factors also play an extremely important part in determining
the complexing ability. Presumably on this account primary amines
usually have less tendency towards complex formation than ammonia
itself, while complex formation occurs less readily still with secondary
and tertiary amines.
The stabilities of the complexes formed by arnines become more
marked when the molecule contains two amino groups and hence
chelate compounds can be formed. This is exemplified by the wellknown series of coordination compounds formed by metals with
ethylenediamine and its derivatives. The instability constants of these
compounds have been extensively studied and they are fully discussed
in books on Inorganic Chemistry.
As in the case of the ammonia complexes the number of amine
molecules which can be coordinated depends on the electronic
configuration of the metal concerned. With the Ag+ ion two groups
are coordinated to give a linear structure about the silver atom which
apparently uses S!-hybrid orbitals. O n the other hand Pd2+ and Ptz+
ions show a coordination number of four and their bonding orbitals
are of the dsfi2-hybrid type, so they yield square-planar complexes
with amines. The Ni2 ,Cr3 ,and Go3 ions, along with many others,
have a coordination number of six and so form octahedral complexes
with amines.
The resemblance between these compounds and those formed by
ammonia is exemplified by the fact that they form non-ionising compounds of the type [Pd(CN);(NR,)] 113 and [PtCl,(NH,R) ,I. The
instability constants of the second group of compounds are about the
same whether they contain ammonia, methylamine, or ethylamine,
and in each case the tram isomer is more stable than the cisll4. The
methylamine complex of this type will undergo a number of reactions
without loss of amine. Thus on boiling with potassium nitrite it gives
[Pt (NO,), (NH,Me) ,l, while on treatment with silver nitrate followed
by potassium bromide, potassium iodide, or potassium thiocyanate it
yields [PtBr,(NH,Me),], [PtI,(NH,Me) ,l, and [Pt(SCN),(NH,Me),],
respectively l15.
The silver complexes of amines of the general type [Ag(RNH,)] +
provide some feakres of interest in relation to the base strengths of the
amines in protonic solvents. Some comparative data are shown in
Table 18. Although there are slight discrepancies between the data
from the different sources lls- 118 there is an evident parallelism
Similar results are obtained with secondary and tertiary amines,
and Trotman-DickensonZ0has pointed out that when the logarithms
+

+

+
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T A B L E 18. Comparison o f the logarithms o f
stability constants (log p,) for formation o f silver
complexes with pK, values i n aqueous solution.
Amine

log Ba

n-Butylamine
Ethylamine
i-Butylamine
Benzylamine
Ammonia
Methylamine
Ethanolamine
2-Methoxyethylamine
p-Toluidine
o-Toluidine
Aniline
2-Naphthylamine
m-Nitroaniline
p-Nitroaniline

of the dissociation constants of these ions are plotted against the pK,
values for the amines the points for primary, secondary, and tertiary
amines lie on three separate straight lines. This is as would be expected,
since the complexes of the tertiary amines cannot be stabilised at all
by hydrogen bonding to water molecules. On the other hand, those of
secondary amines can form one hydrogen bond from each amine
group whilst those of primary amines can form two such bonds. The
slopes of the lines obtained are about 0.25, indicating a much smaller
range of base strength when measured against the silver ion as reference
acid than when measured against water.
Finally, it may be mentioned that silver provides an exception to
the rule regarding the higher stability of ethylenediamine complexes.
This arises because the ethylenediamine molecule cannot span the
silver ion so as to give the necessary linear arrangement of the bonds.
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I. INTRODUCTION

Quantitative studies on the polar effects of amine substituents in
chemical reactions have not been extensively undertaken due to
several factors which are inherent in the processes involved. In the
first place, the basic nature of these substituents can facilitate interaction with any electrophile present in the media, thus producing the
corresponding ammonium derivatives, which have an entirely different character from that of the parent base. Furthermore, the very
strong effect of the amine substituents on reactivity can sometimes
impede the application of standard kinetic techniques. Moreover,
arnines behave as exceptions and anomalies to many important
generalizations. The polar effects of the groups under consideration in
this chapter have not been evaluated as a series, as have, for example,
the alkyls or halogens, but as a comparison with other commonly
known groups. Positively charged nitrogen substituents are necessarily
discussed, since many reaction conditions inevitably produce these
entities and also in order to contrast their electronic displacements
with the corresponding free amines. A discussion of the effects of
variation of N-alkyl substituent size is included in order to bring out
the fact that electrical or steric factors can affect reactivity. Basicity,
an important property of these substituents, has been to a large extent
minimized here as a factor which can give weight to the explanation
of known phenomena.
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Although a number of interesting reactions in which the amine
substituents exert important effects were omitted, it is hoped that the
processes cited in this chapter will give ample insight into the general
behavior of these substituents.
II. THE POLAR EFFECT OF SUBSTITUENTS

The modern structural theory of organic chemistry has incorporated
the concept of relative electronegativity of atoms1 and used it to interpret the electrical dissymmetry of valence bonds in molecules as an
explanation of certain physical and chemical properties. Those
properties are usually affected by changes in the skeletal geometry of
the systems and the presence of substituents often influences their
reactivity relative to the parent compound. The amino groups
generally attract electrons along strong U bonds or weaker fluid
bonds by the inductive effect ( - I ) , while their lone pair of electrons
or p electrons can also interact through delocalization with the molecular orbital of a system containing rr bonds by the resonance (+ R)
or the conjugative ( + T) effect.
Many researchers, in particular the 'English school', separate the
electronic effect present in the ground state of molecules from those
occurring only in the transition state or activated complex. The former
is termed 'mesomeric effect' determined by permanent polarization,
while the latter 'electromeric effect' is determined by the polarizability2. However, these effects will be here included together and
defined broadly as 'resonance' or 'conjugative effects', with + R
indicating those groups which supply electron density to unsaturated or
conjugated systems, and -R those groups which attract electron
density from such systems. In like manner, the concept 'inductive
effect' will be designated so as to comprise both the 'inductive
effect' determined by permanent polarization and the 'inductometric effect' determined by the polarizability, with -I referring to
those groups which withdraw electron density mainly in saturated
systems and +I to those groups which release electron density to
similar systems.
Some important generalizations2 are given of the polar effects of
substituted and unsubstituted nitrogen as substituents in organic
molecules, if possible with at least one example of physical evidence
(see sections 1I.A and 1I.B). This could be useful to visualize, both
amply and comparatively, the magnitude of their modes of transmission, and to deduce, at the same time, that any alteration of these
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general inferences brings new phenomenological concepts which are
interesting and often even desirable.
A. The Inductive E r e c t

The capacity of the amino groups to attract electrons by the - 1
effect is due to the greater electronegativity of nitrogen relative to
carbon. The unequal sharing of electrons between these two atoms can
be transmitted by the successive polarization of U bonds as in homologous carbon chains (1) and the small dipoles produced from such
electronic displacement decrease progressively away from the polar
group
6-

R

6'

2

N

t

66'

C

t

C

666 +

t

C

(1)

The electrostatic interaction arising from the influence of an electronegative group is not limited to transmission along U bonds of saturated
molecules, but can also be transmitted by a direct inductive effect,
known as field effect, across space or through solvents between the
group to the reaction center. This type of transmission was first
considered separable from the inductive effect 3, but subsequent
attempts to divide the two effects experimentally have either proved
difficult or shown that one effect predominates. Discussions of these
topics are available4-11, and it has been argued1, that the inductive
effect is in reality a field effect and that propagation by successive
polarization of U bonds, i.e. U inductive effect may not be important at
positions separated from a substituent by more than one or two bonds.
However, it was suggested13 that an absolute separation of these two
effects appears to be unlikely and that the field effect is an important
feature of the polar effect.
The comparative magnitude of the inductive effect (-I) of the
amino groups in relation to other elements in the periodic table is
shown by the following sequence :
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corresponding acid. The strength of these acids has been studied as
supporting evidence for the above relationship15, but the electrostatic
interaction with the basic amine nitrogen could to some degree lead
to false conclusions (see section 1V.A). Experimental results16 relating
proton 'chemical shifts' and the ionic character of the chemical bond
to the proton in methyl and ethyl derivatives of a number of substituent
groups illustrate the above order of electron-withdrawal power.
Furthermore, these data were used to assign effective values of the
electronegativities of the substituent groups.
The presence of .rr electrons in multiple nitrogen to carbon bonds
facilitates electron attraction and results in a greater -I effect than
for the corresponding U-bonded saturated group. At the same time,
compared with an unsubstituted amino group, the electron-withdrawing effectiveness is partially offset by the opposite inductive effect
of alkyl groups when the latter replace hydrogens. Hence, the following order would be expected:
C r N > C=NR

> C-NH,

> C-NHR

> C-NR,

Unsubstituted amines have a higher dipole moment than the most
highly alkyl-substituted ones17, but lower than the corresponding
nitriles14. Actually, the p values in the vapor phase, i.e. MeC=N,
4.0 D, (MeCH=NH not reported due to instability), MeCH,NH,,
1-22D, MeCH,NHEt, 0.92 D and MeCH,NEt,, 0-66 D, provide a
reasonable support for the above generalization. These large differences of course, are valid only for simple molecules of small angular
structure when determined under similar experimental conditions.
The effect of a positively charged nitrogen is best understood when
compared with neutral nitrogen. The bonding electrons of onium
substituents are supposed to be very tightly held. Consequently their
electron-withdrawing effect should be greater than that of amino
groups. The actual difference should depend on the presence of
multiple bonds and on the opposing effect of alkyl groups which
replace hydrogen, thus :

-

+

=NR,

This order for the isoelectronic series is demonstrated satisfactorily
by dipole-moment measurements. The simplest organic molecules
containing these substituents, i.e. MeF, MeOH and MeNH,, have
moments of 1.81, 1.68 and 1.28 D respectively14. The strengths of
saturated acids may be increased by the -I effect, responsible for
lowering the free energy of ionization of the anion relative to the
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+
+
+
+
> NH, > NHzR > NHR, > NR, > NR,

The literature does not provide conclusive evidence for this sequence.
However, some ~ t u d i e s l ~
of- these
~ ~ groups give a different pattern
of substituent effects. This has been attributed to hydration through
hydrogen bonding, and will be discussed in subsequent sections.
Because alkyl groups oppose the effective transmission of the inductive effect of the amine substituent, any increment of the carbon
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chain must tend to diminish their -I effect. This phenomenon should
be appreciable with branched-chain carbon. A similar reasoning can
be applicable to dialkyl-substituted amines. Nevertheless, only
scattered information is found in the literature to substantiate any
generalization of the electronic interactions with the reaction sites.
Moreover, since the phenyl group attracts electrons, the N-phenyl
group exhibits an electron demand, and the order may be represented
as follows :

I
I

21 1

\vcakcr as a base than cyclohexylamine. This large differcilce cannot
solely be ascribed to the inductive effect of the phenyl group, but
rather to delocalization of the unshared electron pair of the amine
nitrogen over the aromatic ring. There is no experimental evidence to
show how much each of these effects contributes to the basic properties
of anilines.
Although the chemical properties of the conjugated amines (3) are

NHPh > NH, > N H R

The -I effect of amine substituents can be outweighed by the +R
electron release, provided that their unshared electrons are capable
of conjugation with aromatic systems. However, the + R effect may
be entirely repressed by electrostatic induction of charge displacements ( - I ) , when the positive ionic center is bonded directly to the
f

benzene nucleus. The NR3 group deactivates the conjugated ring
with respect to electrophilic attack and may, therefore, be represented
by 2, which resembles the progressive decrease of transmission with

increasing distance of the -I effect of the amine substituent in 1.
Structure 2 suggests that the para position possesses a relatively higher
electron density than the meta position (see section IX).

in many ways similar to aliphatic amines, the direction of the + R
effect markedly alters their relative reactivity for example in the ease
of substitution by electrophilic reagents. This mode of transmission
may be enhanced when the amine substituent is in direct conjugation
with electron-attracting groups such as -NO2, -COOMe, etc.
Such conjugation delocalizes the p electron of nitrogen and confers a
formal positive charge on the amino group. Base strengths, ultraviolet excitations and dipole moment^^^,^^ give some idea of this
effect when the groups are oriented ortho or para to each other. The
resonance interaction may be written as in 4. Since the meta conjuga-

B. Resonance or Conjugative Effects

The resonance or conjugative effect ( + R ) results from overlap of
the unshared electron pairs of an amino group with the p orbital of an
adjacent unsaturated carbon supplying its P electrons along .rr bonds
in such systems. Theoretical considerations of the dipole moments ofp
electrons in aniline21 reveal that the inductive effect of the amino
group is as important as the resonance interaction of this substituent
with the aromatic .rr-electron system, and this is in agreement with
experimental findings. An interesting argument has been raised with
regard to the most effective transmission of electron displacement
when the inductive effect of the benzene ring is compared with the
resonance effect in aromatic amines 22. For example, aniline is 106times

(4)

tive interaction would require an unstable long bond no significant
contribution to resonance hybrids is expected from polar forms 5.
There is no definite evidence concerning the geometry of the amine
substituent in aromatic a m i n e ~ ~ although
~ - ~ ~ , the resonance effect
will be more pronounced when the nitrogen and its two hydrogens or
alkyls are coplanar with the conjugated system. Any departure from
planarity caused by bulky adjacent groups gradually inhibits the + R
effect. The phenomenon of steric inhibition of resonance has been
8
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"0(5)

s u b ~ t a n t i a t e d ~by
~ -studies
~~
on b a s i ~ i t y ~ " ~dipole
~,
momenta4-30
and ultraviolet spectra 40-43. This can be illustrated by the extinction
coefficients and basicities of ortho-substituted anilines and N,Ndimethylanilines (see Table 1).
TABLE
1. Extinction coefficients and basicities
of anilines and N, N-dimethylanilinesZ9.

Aniline
2-Me2-Et2-i-Pr2-t-B~N, N-Dimethylaniline
2-Me2-Et2-i-Pr2-t-BuAt about 250 mp.
50y0by v01 ethanol.

This table shows that the ring-substituted anilines have almost the
same absorption, while a large decrease in extinction coefficient is
observed in the corresponding N,N-dimethylanilines due to steric
inhibition of resonance. The irregularities in the basic strengths of
both series of aromatic amines, instead of the expected increase in
pK, values, was attributed to steric hindrance to solvation and
cannot be used as a valuable source of information on the steric
inhibition of resonance. However, in comparing the base strength of
the ring-akylated dimethylanilines with the corresponding anilines,
the former are stronger bases than the latter, since the o-alkyl groups
cause a greater departure from coplanarity of the NMe, than for the
NH, group, and result in a smaller + R effect on the benzene ring.
The influence of hydration of hindered aromatic bases reported
permits the observation of this fact from the estimates of
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their inductive effect and steric inhibition of resonance. Another good
illustration of this effect of inhibition of resonance is the work of
Smith39 on dipole moments of various aromatic amines.
The relative magnitude of electron release ( + R ) of the amine
substituents as compared with other common polar groups is in the
following order :
NH,(NR,)

> OH(0R) > F

The resonance effect generally decreases with increasing electronegativity2, that is, the more electronegative (electron attracting) a
given group, the more reluctant it is to release electrons. Several pieces
of e ~ i d e n c e ~
provide
~ - ~ ~support for this sequence and others will be
discussed in subsequent sections of this chapter.
The +Ieffect of alkyl groups replacing hydrogen atoms of an amine
will increase the electron density on the nitrogen and consequently
should impart a greater tendency for covalency with the adjacent
atom. The T overlap with the amine nitrogen may be repressed when
a phenyl group replaces at least one of the hydrogens or may be
suppressed as in a positively charged ammonium group. Thus the
electron-release effects vary as follows:
+
+
NRa > NHR > NH2 > NHPh > NRa(NH3)
NHPr > NHEt > NHMe > NHPh
NPr, > NEt, > NMe, > NPh,

The bathochromic effect NEt, > NHEt > NH, in adjacent ethylenic systems48 and dipole-moment values17 (PhNEt2, 1-84 D >
PhNHEt, 1-70D > PhNH,, 1.41 D > Ph,NH, 1.02 D) are in accord
with the order in the first series, resulting from the interaction of the p
electrons of the substituents with the T bonds of the system. The
variation in dipole moments of N-substituted anilines17 (the second
series) are relatively small and this is mainly due to the steric inhibition
discussed previously. Nevertheless, an increase in the dipole-moment
values favoring the + R effect is indicated for the last sequence49,thus
PhNBu,, 1-9D > PhNEt,, 1.84 D > PhNMe,, 1.64 D > Ph3N, 0.71 D.
The resonance effect of the aforementioned substituents becomes
evident when directly conjugated to a reaction center, as is readily
seen when the groups are located para to each other in the benzene
ring. The -I effect, though relatively small in this case, is more
efficient when the substituent is meta with respect to the reaction center.
Steric and other factors complicate the interpretations of the significance of both effects in ortho positions.
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Ill. CORRELATION BETWEEN STRUCTURE A N D
REACTIVITY

The success of the Hammett empirical relation has been the subject
of continuing efforts to correlate the effects of structure on chemical
reactivity and has led to the development of similar linear free-energy
or structure-reactivity relationships in other systems. Due to the
many intervening factors involved, the applications and utility of
these correlations are, as yet, only approximate in the case of the
amino group. Despite this disadvantage, it is highly useful for describing reaction mechanisms and for calculating a large number of rate
and equilibrium constants still to be measured or experimentally
difficult to determine. The present chapter is not intended to present
a thorough literature coverage nor to account for a critical examination of the scope, Limitations or the essential principles of structurereactivity relationships, which are excellently reported in recent
revie~sl~.~O
Instead,
- ~ ~ . attention is directed to correlating and to
interpreting the polar effect of various amino and ammonium groups,
defined by sigma values, in each type of reaction rate or equilibrium.
A. The Hammett Substituent Constants
The semiquantitative linear relationship between the effects of
meta and para substituents (k), compared to the unsubstituted compound (k,), on the rates or equilibrium constants of aromatic sidechain reactions is represented by the Hammett equation 56 (1) :

log k - log k,

=

pa

E

E

E

E

E

E

E

E

E

E

(1)

where a, the substituent constant, is independent of reaction type or
conditions. A positive U value indicates a net electron withdrawal
relative to hydrogen and a negative a indicates a weaker electron
attractor than hydrogen. The reaction constant, p, is a function of the
changes in electron density at the reaction center depending on the
reaction conditions. Positive p values indicate that electron-attracting
substituents promote the reaction under consideration, and vice versa
for negative p values. A table of a values for amino and ammonium
groups have been compiled (see Table 2). The validity of the Hammett a constants has been restricted to substituents in the meta and
para positions, since frequent deviations in reactivities arise to varying
extents from superimposed steric and field factors on the polar effects
of ortho substituents. The ortho-substituent constant for NH, was
found, in a special case, to have a a value of -0.26 and to release
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more electrons towards the ortho than the meta position57. Another
limitation is the enhanced o value of electron-attracting substituents
in direct conjugation with strong electron-releasing groups56.Jaffd50
evaluated and denoted these enhanced o values as U*,while others55,
in accord with current conventions, denoted them by a nucleophilic
substituent constant U- (see section 1II.B).
A closer inspection of Table 2 and a large body of other experimental data leads to the conclusion that uniform G,,,, and ornet,values
for each amine substituent do not appear to exist. Some of the difficulties may result from the susceptibility of the electron pair of the
amine nitrogen to interaction with the reaction media. Frequent
deviations from the linear free-energy equation are observed with
these groups and appropriate interpretation with factors already
known is difficult. Some idea of the complexity of this situation can be
gained from the fact that the 17 o values reported for p-N(CH,),
range from - 0.206 to - 1-049 59.
Although o constants for amino substituents are only approximate,
they fit the previously indicated sequence of electronic displacement
when representative o values are compared 50. 59. 60.

of this restriction, other a,,,, values reported for the groups just
considered as well as for other NHR groups give an anomalous order
for their efficiency of the + R transmission in aromatic systems.
- up,,,) of these substituents do not
Likewise, the differences (urneta
reveal the relative sequence of electron-releasing resonance.
The ornet,values for NHMe ( - 0.302), NMe, ( - 0.21 1) and NH,
( - 0.161) apparently follow the + R sequence of these substituents,
in spite of the existing -I effect, when located at the meta position of
the aromatic ring. Again, the NMe, group shows a similar discrepancy
in the sequence of the two effects (-I, +R), probably due to the fact
that each of these values was evaluated from different reaction
conditions 50.
Examination of the ornet,values for NHR groups determined under
identical conditions of equilibria from the data of Jaffi550 and of
Wepster and collaborators~59,
leads to the series:

589

NH,,

(NMe,)

> OH,

(OMe) > F

The U,,,, values reflect the corresponding order of resonance
effect of these groups located in a para position, while the ornet,values
indicate merely a decrease in the + R transmission or an increase in
the -I effect when at a meta position. A similar order of the ability
of these groups to release electrons was obtained from measurements of
the acidity constants of meta- and para-substituted benzoic acids and
phenols61.
The differences in the o values available for various amino substituents are sometimes not large enough for the results to be interpreted. For example the o,,,, values of NMe, (-0.83), NHMe
(-0-84) and NH, (-0.66), based on the ionization constants of
substituted benzoic acids give no significant indication of their + R
effects. This could be rationalized by the greater inhibition to COplanarity of the NMe, groups as compared with the NHMe group.
I n any further evaluation of the substituent constants shown in Table
2, it must be ascertained, whether these data were recorded under
identical or sufficiently similar reaction conditions. As an illustration

NHBu > NHMe > NHEt > NH,
-0.344

-0.302

-0.240

-0.16 1

(ref. 50)

-0.223

-0.196

-4.142

-0.070

(ref. 59)

Ometa:

In both cases, the NHMe group impedes the substantiation of
the relative importance of resonance effect of these substituents as
established in section II.B, even though the inductive mechanism
becomes significant, An identical ornet,sequence of these groups was
obtained from the ionization constants of the corresponding meta
derivatives of arylphosphonic acids6,. The Hammett equation has
also been successfully used to calculate a o value for the resonance
inhibited p-NMe, groupl1. In most cases ornet,is consistently less
negative than U,,,,.
As pointed out before, positively charged nitrogen groups, have no
resonance interaction with the aromatic ring and their effective -I
transmission is greater in the meta than in the para position"63. This
.L

can be seen from Table 2, where the ornet,value for h ~is ,more positive than the corresponding U,,,, value. I n addition, these substituents
are also susceptible to reaction conditions. For example, the ornet,
+
values for NMe3 show large variations" as do the ornet,- U p a r a
differences. This suggests that solvation may be an important factor.
The rather scattered results reported under similar conditions5'
for ammonium groups support the currently accepted -I order, that
+
+
is
(0.800) > m-NMe, (0.780); and p-NHMe, (0.802) >

m-k~,

2 18
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p k ~ e (0.7
, 12). The fact that the - I value for p - & ~ e , (0.695) is

( + R ) of these groups with aromatic systems. The value of U + for
p-NHPh appears rather high. The U;,,, and U,,,,,,values of the NH,
group (see Table 2) are identical, in support of the lesser importance
of resonance effects for most substituents located at the meta position
of the aromatic nucleus 51.

L

greater than p - f i ~ ,(0.666) can be ascribed to hydrogen bonding
through hydration of the latter group in aqueous media.
The U,,,, values have been favorably correlated with ortho-substituted benzene derivatives in which substituents and reaction centers
are not adjacentfi4. The ionization constants of 2-amino- and 2dimethylarninobenzohydroxamic acid and their rates of reaction with
sarin (isopropyl diethylphosphonofluoridate) fi4. fi5 indicated the absence of steric effects due to the amino groups. Thus their electrical
effects as well as their order of magnitude were of the same type as in
the para position.
B. Electrophilic and Nucleophilic Substituent Constants
The extension of the Hammett equation to electron-deficient sidechain reactions was carried out by Brown and O k a m o t ~ from
~~-~~
the solvolysis of phenyldimethylcarbinyl chloride. These U + values
are found to be applicable only to substituents capable of important
resonance interaction or charge delocalization ( +R) with an electrondeficient reaction site, and excellent correlations for electrophilic
aromatic substitutions and other reaction processes have been reported 52' ". However, the U + treatment has scarcely been applied
to highly polar groups (such as the amino group), obviously due to
their solvation and interaction with the media. The solvolysis of unsubstituted and N-substituted p-amino derivatives of benzyl chloride
and phenyldimethylcarbinyl chloride has not been used as yet to
estimate U + parameters probably because of the instability or high
reactivity of these compounds. I n electrophilic aromatic substitutions,
similar factors frequently affect and impede the evaluation of the
reactivity of these groups. The many inconsistencies in the U + values
have resulted in serious criticisms70 of the original assumption which
considered the transition state in a substitution reaction to be
independent of the reagent.
The difference in activating power in electrophilic aromatic substitution between amino substituents and other representative groups
is well supported by the U&,, values, thus: NH, ( - 1-3) > O H
( - 0-92) > F ( - 0.07). Although the correlation of the U parameters
for several electrophilic reactivities is by no means perfect, the representative a,+,,, values given in Table 2 indicate the following order:
NMe, ( - 1.7) > NHMe ( - 1.59) NHPh ( - 1.4) > NH, ( - 1.3).
This is in partial agreement with the sequence of conjugative abilities
559

+

A

The surprisingly small value of U + for m-NMe, has caused erroneous
prediction of the effect of this group in various electrophilic aromatic
substitution^^^. An explanation71 of this abnormal value was suggested by the observed difference of the entropy of activation in
t

solvolytic reactions of m-Me3NCfiH4CMe2C1relative to the parent
compound CfiH5CMe2C1. This indicates that further studies are
needed on this group.
The enhanced Hammett o values denoted as a - are applicable to
reactions involving direct conjugation between an electron-attracting
substituent with strong electron-releasing groups. I n these reactions,
the U;,,, values, like the U,',,, values, are in most cases closely related
to the U,,,, constants. The electron-releasing nature of amino substituents usually limits the determination of nucleophilic substituent
parameters in aromatic systems, except for positive ionic centers.
Thus p - h ~ e exhibits
3
the following U - values : ionization of phen01s = 0.73, ionization of aniline = 0.70 and ring substitution = 1.1 1.
C. Additional Substituent Constants

Groups which are susceptible to variations in solvation or resonance
during the ionization of benzoic acids were found to give poor po
correlations, hence their corresponding effects are not considered
'normal'. O n the other hand, when conjugation of any substituent is
prevented or minimized with the reaction site, it is regarded as exerting
a normal effect. Taft7,*73 derived his U" values, as 'normal substituent
fl
constants', while Bekkum, Verkade and W e p ~ t e rcalculated
~~
values. However, the rates of saponification of several substituted
ethyl phenylacetates imply that the on values still show the polar
effects of the substituent on the resonance interaction of the reaction
site with the aromatic ring. Further revaluation led to new substituent
constants known as the U, values74. The values of U", o" and o~ as a
rule differ only slightly from the U,,,, values of Hammett, but this
does not apply to the amino groups, for which the + R effects vary
from one scale to another, and the resonance effect apparently occurs
even in the meta position, possibly on account of an inductive relay
8*
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involving the ring and the amine substituents. Some regularities in
the polar effects are indicated, since both p-NMe, > p-NH,, and
m-NMe, > m-NH, invariably follow the order of the + R effect of
these groups in conjugated systems. Moreover, resonance becomes
less important in the meta position, since it is less negative, than at the
para position.
An important linear free-energy correlation for aliphatic reactivities
was first gained from a study of 4-substituted bicyclo [2.2.2]octane-lcarboxylic acids and esters7, in which the substituent exerts its influence largely through the inductive direct field effect and can also
provide a measure of the contribution of induction to the Hammett
substituent constant. The resulting scale (the U' values) was the basis
of further research in aliphatic systems. Taft noticedll a constant
ratio between the U' value of a group and his polar substituent constant U* and additional U' values were thus calculated for a larger
number of substituents. This fact led to the introduction of a new and
important scale named the inductive substituent constant uial), as
determined from the aliphatic series. The inductive substituent
constants of the ammonium groups of Table 2, have an opposite
order to the generalization made in section II.A, thus:

present the experimental facts do not permit a common scale of
resonance effects independent of reaction types and condition^^^.
However, a general scale of uRmelais operative for various meta sub&tuents, while the NH, and NMe, groups can not be included unless
consideration is restricted to reaction series of slight electron demand.
In view of this fact, a precise scale for U,, proposed as U: is used to
define systems without resonance interaction between the substituent
and the reaction site, and represents the estimates for the substituents
capable of conjugation with the aromatic ringT7.The uRmetovalues
are approximately half the U: values for para substituents as seen in
Table 2 for the NH, group.
The fact that sigma parameters are inapplicable to reactions involving highly polarizable s u b s t i t ~ e n t s such
~ ~ , as amino groups, and
other related phenomena, inevitably necessitates improvements in
correlating substituent effects, and the proposed structure-reactivity
relations are still only partially successful. An excellent and critical
examination of the various linear free-energy equations is found in a
recent and valuable publication of Ritchie and Sager 55.

+
+
+
NMe, > NHMe, > NH,Me

= &H,

Once more, hydration through hydrogen bonding in aqueous media
may be the cause of the above deviation, though it should be noticed
that these uia" values were not determined in identical experimental
conditions 55'75. The values of U, have also been evaluated from aromatic compounds and were found to be similar to
However,
this treatment is limited since it suggests that the inductive effect of a
substituent is identical for both the meta and the para positions. The
resonance substituent constant U, gives negative values for the NH,
group in the meta position (Table 2), which implies that conjugation is
still significant. The sequences deduced from uRnaraparameters indicate that p-NMe, > p-NH, and NH, > O H > F (see reference 19)
for rr overlap. A contradictory order for the + R effect is indicated by
the U, values derived from chemical shifts of 2,6-dimethyl-l-substituted benzenes7=,since NH, ( - 0.76) > NHMe ( - 0.39) > NMe,
( - 0.211, suggesting that the two methyl groups ortho to the methylamino or dimethylamino group greatly inhibit its resonance interaction with the ring by preventing it from attaining coplanarity. At

IV. EQUlLlBRlA

The -I or + R electronic transmission of positive or negative aminonitrogen substituents can markedly affect the equilibria, particularly
for organic acids or bases. However, other commonly known factors
or effects can also modifji these processes and many related examples
will be discussed.
A. The Ionization Constants of Aliphatic Amino Carboxylic Acids

The carboxyl group can be described by contributing nonequivalent
hybrid structures (6). Energetically equivalent hybrid structures de0

0+/

[-ccoH

-C

'OH

- 1
-C

-

\+

0-H

-

O6

--c

\

OH
d+

scribe the carboxylate anion (7). Consequently, the resonance energy
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of 7 should be greater than that of 6. The - I effect of a substituent is
considered to stabilize more the resonance structure 7 and thus
assist the dissociation of the carboxylic acid. All common groups with
positive inductive effect ( + I ) are acid weakening.
"
Actually, an amine substituent and the carboxyl group within
simple molecules may simultaneously ionize to form an inner salt
known as 'zwitterion', where the pKa value of the basic group is
greater than, or close to, the pK, value of the acidic group. An example
is the glycine inner salt (g), which is a weak acid owing to the formal
negative charge on the carboxyl group, while its conjugate acid (8)
is a stronger acid because of the - I effect of positive nitrogen.

The effect of the neutral amine substituent on the ionization of
substituted carboxylic acids is complicated by the presence of the
zwitterion equilibrium. Hence the effect of these groups will be
chiefly considered as that of the positive charged nitrogen center.
Table 3 indicates that the operative inductive effects of these onium
substituents greatly increase the acid strength when compared to
XCH,COOH ( X = H, acetic acid pKa = 4.76). I t is also observed

+

that the effect of the NH, substituent on the ionization constants
decreases rapidly with increasing distance from the reaction center,
and, at the same time, approaches the pK, value of acetic acid. The
effective electron-withdrawing power of these onium groups shown in
the order of carboxylic acid acidity is (Table 3) :
TABLE3.

Values o f pK, for aliphatic acids containing positive
nitrogen substituents 18.

1
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This is contrary to the sequence established in section II.A, and is
attributable to hydrogen bonding7Q,thus:
H

l
-NI

/

H....O

H
'

This is deduced from Hall's assumption of the steric effect on the solvation of tertiary ammonium ionss0. The ionization constants of
N-(substituted-pheny1)glycines reported recentlys1 provide interesting facts on the nature of the substituent, which in conjunction with
spectral data, have been used to calculate the zwitterion equilibrium
constant and the constants pertaining to the individual ionization
process.
B. The Ionization Constants of Aromatic Amino Carboxylic Acids
The location of a substituent in the ring of benzoic acid has been
shown to affect the properties of the COOH group. The effects in
the ortho position are rather complex and generally these are the strongest acids, even when a substituent has both + I and + R effects. This
acid-strengthening effect can be the result of inductive transmission
owing to the short distance, and because the resonance interaction
( + R ) is reduced since the carboxyl group is forced out of coplanarity
with the ring. I n the meta position, the inductive mechanism promotes
the ionization of substituted benzoic acids relatively more than in the
para position, as the - I effect decreases with increasing distance from
the acidic group. Para substituents with + I and + R effects as a rule
decrease the acid strength, whereas those with - R effects enhance it.
The ionization of o-aminobenzoic acid represents a special case,
since the NH, group can participate in the reaction. The equilibrium
constant and the extended Hammett relationship of this systems2
reveal that the interaction between COOH (or COO-) and NH,

+
(or NH,) is sufficiently strong to make it difficult to separate the
zwitterion from the non-zwitterion species, or rather, to discriminate

+

between ionizations from the COOH and NH, groups. The proposed
ionic equilibria are shown in equation (2).

constant and the constants pertaining to the individual ionization
processes.
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Similarly m-aminobenzoic acid exists largely in the zwitterionic
form in aqueous s o l u t i ~ n and
~ ~ -in~ several
~
low-dielectric solventse8,
Accordingly, the ionization of this acid could be represented by
equation (3).

Normally, the para-amino substituents additionally weaken the
acidity of the carboxyl group86-8gdue to resonance (equation 4)

which produces a higher negative charge on the carboxyl oxygen
atoms, thus increasing their attraction for hydrogen ions, and, as a
consequence, interfering with the resonance stabilization of the
carboxyl anion.
This acidity order, ortho > meta > para, is shown to be irregular
(Table 4) for neutral amine substituents. The evaluation of the
inductive effects, including the zwitterion form and significant
resonance contributions of the groups for each position of the ring, is
difficult to rationalize. As an illustration, it is surprising to note that
ortho-substituted compounds are less acidic, even if one considers the
steric inhibition of resonance and their existence as dipolar ions.
TABLE
4. Values of pK, for amino-substituted
benzoic acids in water1%.
X

pK, of XC6H4COOH
ortho
meta
para

(H)
NH2
NHMe
NMe,

(4.20)
4.98
5.33
8.42

(4.20)
4.79
5.10
5.10

&H,
&H,M~

2.04
1.89

-

&HM~,
4.
NMe,

1.4
1 a37

-

(4.20)
4.92
5.04
5.03
-

-

3.45

3.43
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With regard to acid strengthening, the inductive sequence NH, >
NHMe > NMe, can, to some extent, be applied to the meta positions.
However, the sequence NMe, > NHMe > NH, of + R effects is
more evident for ortho than for para substituents. These groups in the
ortho position do not appear to be bulky enough for steric inhibition
of resonance, although reversal of the order expected from the -I
mechanism may result from the actual tendency of the ortho isomers
to exist as inner salts. The high pK, value of o-dimethylaminobenzoic
acid (8.42) is attributed to hydrogen bonding, an important feature
in the zwitterionls. Further, steric inhibition to resonance in the
NMe, group and the relief of steric strain should assist the formation
of a stable hydrogen-bonded structure as follows:

The inductive effect of positively charged nitrogen substituents in
benzoic acid must increase the acid strength more at the meta than
+ at
the para p o ~ i t i o n l h ~However,
~.
this is not the case for the NMe,
group (see Table 4), although the ortho isomer is the strongest acid,
as expected. The acidity meta > para for the trimethylammonium
group, is obtained for the ionization constants of these acids in 50%
ethano16, and in dioxane-water solutionsg0. As with the acetic acid
derivatives (section 1V.A) the same type of effect of onium groups (in
addition to the carboxyl group being prevented from adopting coplanarity with the ring), can be noted with the o-benzoic acids, that is
+
+
+
+
NMe, > NHMe, > NH,Me > NH,.
The variation of the electronic effects of amino substituents on the
ionization constants of benzoic acids has been shown to be the result
of steric inhibition of resonance, originating in the presence of adjacent
group^^^-^^. Another interesting phenomenon is the fact that the
effect of the NH, group in position 4 of biphenylcarboxylic acid is
transmitted in a predictable manner, but it is quantitatively less than
in benzoic acids 96.
The effect of two or more substituents upon the acidity of benzoic
acid has been shown in many cases to be additive whenever supple97.
mentary steric and resonance interactions are absent Is.
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Recent work 9g indicates serious departure from the additivity relationship and the application of this principle has not yet been properly
examined for amino groups in the presence of other substituents.

amino groups in derivatives of aminophenols, aminonaphthols and
related condensed aromatic compounds, but they cannot be discussed
due to limitations of space 340-342.

C. The lonization Constants of Aminophenols

D. The Ionization Constants of Nitrogen Bases

The acidity of phenols, compared with aliphatic alcohols, can be
accounted for by the combined - I effect of the benzene ring and the
delocalization of the electrons of oxygen in the phenoxide ion, as
shown by the resonance structures in equation (5) loo.In general, the

The effects of substituents on the conjugate acids of aliphatic amines
are much the same as with aliphatic carboxylic acids. I n Table 6, a

effect of substituents in the meta position of phenol is similar to that
found in benzoic acids, whereas the effect in the other positions depends on the resonance interaction between the substituent and the
reaction center. Thus groups with + I and + R effects decrease
acidity, while those with - I and -R effects show lower pKa values.

-

Me2N-Q-oH

M~I;=@+-

-

(6)

This is explained by the fact that the phenol anion has a greater
capacity for direct conjugation than the benzoate anionloo.
The information given in Table 5 permits few conclusions to be
t

drawn. The inductive mechanism for NMe, is in agreement with the
general principles discussed for benzoic acids. However, it is interesting
to note that aminophenols can undergo association as half-salt cations
in aqueous solution101. Many studies have considered the effect of
TABLE5.

The ionization constants of amino-substituted
phenols in water.
PK~

Group

ortho

meta

para

NHz
NMe,

9.7 1

9.87
9.85

10.30
10.22

18
61

NMe,

7.42

7.98

8.20

90

+

Reference

TABLE6. Values of pK, for conjugate acids of
ali~haticamines l'.

+
positively charged group (X = NH,) increases the acidity of conjugate acids studied, while neutral group (NH,) affects them less.
The - I mechanism for both cases increases the pKa values with increasing distance from the reaction site, and the inductive effect of
+
the NH, is greater than the corresponding NH, group.
The base-weakening resonance in aromatic amines (3) was discussed
in section 1I.B. Substituents capable of - I effect increase the proton
removal of conjugate acids of aniline more strongly from the nearer
position. Groups with + I and + R effects in the ortho and para positions
result in an increase in pKa values, whereas those groups with - R
effects decrease these values. The low pKa value of o-NH, relative to
m-NH, (see Table 7), presumably reflects steric factors impeding
TABLE7.

Values of pK, for anilinium derivatives1'.

Group

ortho

meta

para

NH2
NMe,

4.47
-

4-88

6.08
7.96a

&'H,
& ~ e ,

1.3

2.65

3.29

2.26

2.51

a

Reference e of Table 2.
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some resonance interaction between this group and the acidic onium
center. However, the value for p-NMe, is larger than for p-NH, due
to a +R effect. The accepted sequence ortho > meta > para for electronwithdrawing substituents holds well for ammonium groups, except

benzaladines by the 4-NMe, group can be attributed to the following
resonance contribution involving direct conjugation with the substituent (equation 8).

L

N M >~ k~ ~ in, -I transmission. The latter observation can be
simply accounted for in terms of hydrogen bonding with the solvent.
The polar effects of substituents in rigid hetero-aromatic bases such
as pyridine can be estimated with greater ease than for the corresponding benzene derivatives. This is largely due to the fact that the basic
center is not affected by the steric inhibition of resonance phenomenale. As in aniline, electron-releasing groups ( +I, +R) increase
the base strength of pyridine, whereas electron-withdrawing groups
(-I, -R) have the opposite effect. The data for the conjugate acids of
2- and 4-aminopyridine (Table 8), indicate that proton removal from
TABLE
8. Values of pK, for aminopyridine in watera.

Pyridine
a

-?-NHS

3-NHz

4-NH2

6.86

5.98

9.17

A. Albert, R. Goldacre and J. Phillips, J . Chm. Soc., 2240 (1948).

The influence of amino groups on the equilibrium constants of
triphenylmethanol (ROH) in strong acid rnedialo3*lo4have shown
ROH + H + +R + + HOH
large deviations from the correlation of pKR+ with the Hammett U
values. The reason is the great tendency of the unshared electron pair
to stabilize an electron-deficient reaction center through resonance
interaction, as represented by the following contributing resonance

these is more difficult due to direct conjugation of the two basic sites
(equation 7). The resonance interaction is responsible for base
strengthening and is, evidently, more effective in the 4-position.

TABLE
9. Values of pK,+ for substituted triphenylmethanolslo3.
Substituent

E. Miscellaneous Equilibria

The effect of common substituents on the electron density at the
nitrogen atom available for complex formation (through hydrogen
bonding) between p-nitrophenol and 4-substituted b e n ~ a l a n i l i n e s ~ ~ ~ ,
indicates an increasing basicity with electron-releasing power of the
substituents. The changes in equilibrium constant with 4-substituents
show good correlations with the of values, and the 4'-substituted
series with the Hammett o values. The enhancement of basicity of

4-NHz
4,4'- (NHz)z
4,4',4"-(NHz)a
4-NMez
4,4'-(NMez)z
4,4',4"- (NMez)3
+
4,4'- (NMe3)z
+
4,4',4"-(NMe3)3
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The data listed in Table 9 indicate that resonance stabilization is
greater as para-amino groups are successively introduced into each
ring, and that p-NMe, is greater than p-NH, in rr delocalization
( + R ) . Recent work106, on the equilibrium of monosubstituted triphenylrnethanols in various solvents (Table 10) shows that p-NEt, >
p-NMe,
p-NH,, in agreement with the + R effect of these groups
established in section 1I.B. These experiments also indicate that the
effect of solvent polarity represses the separation of the carbonium
ion slightly more in aqueous acetone than in ethanol.

The general course of aliphatic displacement at unsaturated carbon
involves multistage mechanisms, which consist of a nucleophilic
addition to a m system followed by an elimination step (reaction
11).

A. Neighboring-group Participation
I. Haloarnines
The presence of an amino group in n-alkyl halides is a cause of
rapid solvolysis accompanied by ring closure. This phenomenon is
shown by substituents capable of stabilizing the transition state by
becoming bonded or partially bonded to the reaction center. The rate
increases are explained by neighboring-group participation 11°, the
substituent providing anchimeric assistancelll to the reaction
center l12.
The rearrangement of primary to secondary halide in /3-haloamines
has been postulated to involve a cyclic 'ethylene immonium' ion
intermediate1l3*ll4.A similar mechanism is also suggested for the
ring expansion of some heterocyclic amines (equation 12) l15. The

TABLE10. Values of pKR* for monosubstituted
triphenylmethanolslo6.

Substituent

pK,+'

4-NH,
4-NMe,
4-NEt,
a
C

pKRcb

2.61
3.54
4.78

1.92
2.29
3.32

pK,+'
2034~
2-67
3.74

In water at 25".
In 50% acetone by volume at 25".
In 50% ethanol by volume at 25".
The only data at 20".

V. NUCLEOPHILIC ALlPHATlC DISPLACEMENT
REACTIONS

Only a few types of reactions have been found useful for studying the
polar effect of amino groups in nucleophilic substitutions. This fact
may be due to the basic nature of nitrogen, to the instability of highly
reactive substrates, and to the media frequently used in these reactions.
The main mechanisms lo7-lo9
to be considered are shown in reactions
(9 and 10). With saturated carbon, the unimolecular mechanism SN1,
is a two-stage process (reaction g), and the bimolecular mechanism
SN2(reaction 10),is a one-stage process with inversion of configuration.

transition state
'\

1

C

I

+

+ :Y-

(9)

\i

C-Y

/

(fast)

fast solvolysis of Samino primary chlorides is explained by the formation of a cyclic intermediate or by participation of the neighboring
amino group in the rate-determining step of the reactionlog. The
cyclization of l-amino-2-chloropropane proceeds more than one
hundred times faster than the estimated solvolysis of 2-chloropropane
in water at 250c109. The concept of 'ethylene immonium' ions is
supported by kinetic studies on /3-haloamines and by work on the
dimerization of bis-/3-haloalkylaminesll6-lZ2.
The isomerization of primary halides generally involves an SN2
mechanism, whereas that of secondary halides follows the SN1 mechanism. This type of intramolecular attack of the w-nitrogen atom on
the halogenated carbon to form 3-, 4- and 5-membered cyclic
ammonium ions, is shown in reaction (13).

5. Directing and Activating Effects

Gabriel Chuchani

233

solvolysis rates llQ, e.g. N, N-dimethyl-2-halogenoethylamines cyclize
more rapidly than the corresponding unsubstituted compounds :

However, when the nucleophilicity of the nitrogen, at a fixed position
in the haloamine, is reduced, the intramolecular SN2 process (13) is
supplemented by another closely related one. For example p-anilinoethyl bromide (11)loses a proton from the NH group, and the resulting
anion undergoes cyclization (reaction 14)lZ6.For amines of still lower
Data for the ring closure of w-bromoalkylamines lZ3are summarized
in Table 11. It is evident that the distance separating the two groups
TABLE
11. Rates of cyclization of w-bromoalkylamines in
water at 250c125.
Compound
HzN(CHz)zBr
HzN(CHz)&
HzN(CHz)&
HzN(CHz)&
HzN(CHz)&

k (per min) E (kcal)
0.036
0.0005
30
0.5
0-0015

24.9
23.2
16.8
18.3
24.9

Log PZ (per sec)
14.8
11.4
12
11
13.3

is an important factor. The observed decrease in activation energy
from three- to five-membered rings is indicative, as might be expected,
of diminishing strain and facile approach of the ends of the chain. The
higher activation-energy value for the six-membered ring is surprising,
while that for the seven-membered ring is justified from the 'surfacetension effect'lZ4,lz5.This postulates that any dissolved molecule
tends to adopt a spatial disposition with the lowest surface of contact
in relation to the media. Therefore, the free rotation of the sevenmembered amine in solution may be partially restricted so that ring
closure requires a higher energy of activation. The frequency factors
(PZ) account for the conformation and the relative facility by which
the ends of the chain may meet to yield the corresponding cyclic
ammonium ions lZ5.
No regular trend in reactivity is found as the nucleophilicity of the
NH, group decreases with decreasing distance from the bromine.
Nucleophilicity is roughly correlated to basicity, and increasingly
basic amino groups in w-haloamines have been shown to increase

nucleophilicity, for example when the phenyl group of 11 is replaced
by ROOClZ7 or PhS021Z8,the neighboring-group participation is
no longer operative, and the cyclization mechanism occurs entirely
according to (14). The S, 1 hydrolysis of N, N-di(2-chloroethy1)aniline
(12) gives neither dimerization nor a cyclic ammonium compound lZQ,

probably owing to the delocalization of the p electrons of nitrogen in
the aromatic ring.
The rates of formation of cyclic ammonium ions from compounds
of the type RR1NCH,CH,X130.131 have been found to depend on
the nature of R and R1, and increased in the order i-Pr > Et > Me.
This sequence is attributed to some extent to the electron density at
the nitrogen but is mainly of steric origin. Yet when alkyl groups are
branched at different positions of the closing chain, no steric effects
are 0 b s e r v e d 1 ~ 5 .as
~ ~in~ the case of 4-bromobutylamine derivatives 133 (see Table 12).
It is frequently found that at least four processes can occur in
y-haloamines, that is fragmentation, nucleophilic displacement,
1,2-elimination and neighboring-group participation 134. 135. Their
relative importance is determined mainly by structure, stereochemistry

I
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TABLE
12. Relative rates of cyclization of
chain-branched 4-bromob~tylamines~~~.

H2NCH2CH2CH2CH2Br
H2NCH2CMe2CH2CH2Br
H2NCH2CEt2CH2CH2Br
H2NCH2C(i-Pr),CH2CH2Br
H2NCH2CPh2CH2CH2Br
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the second-order rate constant for 13 is 240 times greater than that
of 14.
0

km.

Compound

5. Directing and Activating Effects

H

0

1

158
594
9190
5250

and media. However, further discussion is outside the scope of this
chapter.

Some evidence appears to support intramolecular general acidspecific base catalysis through electrostatic bonding as in 15139. 141-143,
recent work144,145,especially that on the relative order of hydrolysis,
selenoester > thiolester > ester, suggests intramolecular nucleophilic
catalysis through anchimeric assistance of the dimethylamino group
as in 16145.

2. Amino esters

An interesting intramolecular nucleophilic displacement is the firstorder neighboring participation of the NMe, group during the hydrolysis of 4-substituted phenyl esters of y-(N,N-dimethylamino)butyric
and valeric acids (reaction 15) 136. The rate constant for the formation
0

Y

0

0

----+
Me-N

Me-

I

(15)

__f

N

Me-N

I

l

of the five-membered ring is twice that for the formation of the sixmembered ring. A plausible explanation of this may be the suggested
coiled conformation 136 of the ester, resulting in greater steric hindrance,
of the phenyl group with the NMe, group, in the six- than in the fivemembered ring. Yet in the base-catalyzed lactamization of the methyl
esters of o-amino-a-(toluene-p-su1phonamido)butyricand valeric
acids at 25Oc 137 the formation of the six-membered cyclic compound
is as expected, faster (reaction 16).
TsHN

TsHN

The presence of a proton-containing ammonium group on the
alcoholic part of an organic ester facilitates its hydrolysis considerably
more than the corresponding trialkylammonium group138-141.Thus

The reaction of hindered secondary amines with 2-chloroethyl
carbonates and acetates to form tetrasubstituted ethylenediamines 146
is another process which appears to take place by bimolecular alkyl
cleavage with neighboring-group participation of the amino group
(reaction 17). Other examples of neighboring amino-group participa-

tion are the Prevost reaction147, the thermal decompositions of
a-arninothiol esters 148, nitrogen mustards 149 and some amides and
peptides 150. 151.
VI. NUCLEOPHlLlC AROMATIC DISPLACEMENT
REACT10 N S

Nucleophilic substitution in aromatic systems has been discussed in
many comprehensive reviews 152-157. These reactions are usually
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dependent on activation of the ring by electron-withdrawing substituents and consequently little information is found on the polar
effects of electron-releasing neutral amino substituents when directly
conjugated with the .rr system.
The most widely used illustration for the SN1 mechanism is the
uncatalyzed decomposition of diazonium salts. Such substrates carrying amino substituents have scarcely been investigated, except for the
magnetochemical study on the photodecomposition of p-(N,Ndimethylamino)benzenediazonium chloride 158. The result of this and
other
indicated a free-radical mechanism.
An interesting example of aromatic unimolecular solvolysis is the
interaction of para-substituted a-bromostyrenes with 80% ethanol to
yield the corresponding acetophenones and small amounts of the
phenylacetylenes 160. A two-step SNIPE1 mechanism (reaction 18)

The SN2 displacement (reaction 19) involves, most frequently, an
intermediate complex (19), with the hybridization of carbon at the

involving an intermediate digonal carbonium ion (17) is indicated
where the p-NH, group accelerates the reaction more than all the
other substituents studied, and is 108 times faster than with the unsubstituted compound. The effect of the amino group is rather surprising, since the resonance interaction through delocalization of the
type indicated by 18, should retard solvolysis.
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reaction center changing from sp2 to sp3. The tetrahedral configuration
in 19 again is stabilized by electron-attracting groups. Either step
might be rate determining, depending on the relative magnitude of
k, and k,.
Both 4-amino and 4-dimethylamino substitution in 2-nitrobromobenzenes greatly retards the reaction with piperidine161, as expected.
The 4-NMe, compound reacts 10 times faster than the 4-NH, compound even though the order of the + R effect is NMe, > NH, in
electron release to aromatic rings. Moreover, in this case the unsubstituted compound reacts 105 times faster than the para-amino compound. I n contrast, the unactivated compounds, i.e. chlorobenzene
and p-aminochlorobenzene, exhibit almost identical reaction rates in
piperidine16,, as also do bromobenzene and p-aminobromobenzene
towards sodium methoxide at 1 5 0 ' ~ However,
~ ~ ~ . a para-amino group
lowers the reaction rates of o-fluoronitrobenzenes with sodium ethoxide
about one hundredfold.
The rate of halogen displacement has been correlated with the polar
effects of substituents para to the reaction center 164-171, the activating
effect of the o-nitro group being considered constant, although in
some cases resonance interaction is possible with the substituent, as
shown in structures of the type 20. The relative rates of reactions for a

series of 4- and 5-substituted 2-nitrochlorobenzenes with piperidine in
benzene 17, have shown a greater enhancement of velocities when the
substituent and the NO, group are para to each other. The data in
Table 13 reflect a retarding effect of the 4-amino substituent in direct
conjugation with the reaction center, whereas from position 5 the
+ R effect is transmitted to the site of displacement by a secondary
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TABLE
13. Kinetic data for the reaction of
substituted 2-nitrochlorobenzenes with piperidine
in benzene 17=.

of the meta position. All three substrates gave very low yield of ortho
replacement. For the reactions of substituted pentafluorobenzenes
with EtONa in EtOH178 the NMe, group deactivates para replacement more than any other group studied.

Substituent

H

5-NHZ

4-NHz

VII. NUCLEOPHILIC A D D I T I O N A N D SUBSTITUTION
A T CARBOXYL GROUPS

inductive effect and is almost compensated for by the negative
inductive effect of the substituent. Similar considerations in the
reaction of 4-substituted 2,6-dinitrochlorobenzenes and 5-substituted
2,4-dinitrochlorobenzenes with sodium methoxide in methanol173
have been correlated with the activating influence of the substituents
in these systems. The effects of the nitro group in positions 2 and 4
are not equivalent, and they differ in magnitude and also with the
nature of the nucleophilic reagent.
The steric effect of the amino group adjacent to the site of substitution is rather small 174, and, therefore, the order of the reaction rates
of nucleophilic displacement is o-NH,, > p-NH,, since the resonance
interaction from the para position is more marked than from the ortho
position.
The magnitude of the activating effect of positively charged nitro175,
was found to be weaker
gen in nucleophilic replacement
than that of the NO, group. This fact is unexpected, because ammonium groups deactivate electrophilic aromatic substitutions more

Nucleophilic substitution at carbonyl carbon, takes place in bimolecular carboxylic ester hydrolysis with acyl-oxygen fission (21) by the
base-catalyzed (BAc2) and acid-catalyzed (AAc2) mechanisms; in
some instances, the fission of alkyl to oxygen bond (22) can also occur.

strongly than nitro groups. Apparently NR, > NO, in the polariza-

Only a few rates of hydrolysis of aliphatic esters containing amino
groups have been studied. Structural factors and reaction conditions
are important in determining whether hydrolysis occurs through
neighboring amino-group participation (see section V.A.2) or by
nucleophilic attack at the carbonyl carbon.

+

+

tion of the ring for deactivation processes, whereas NR, < NO, in
polarizability of the ring for activation processes 175.
A detailed study of nucleophilic attack by NH,, MeNH,, Me,NH
and EtONa on pentafluoroaniline, and its N-methyl and N,Ndimethyl d e r i v a t i v e ~ lreported
~~
that in these three substrates the
ratio of the replacement of fluorine in the meta and para positions is
approximately 7, 1 and 0.07, respectively. This fits the steric inhibition
of resonance in the order NMe, > NHMe > NH,, and is also
supported by ultraviolet spectra, that is C6F5NMe, ( E 10,000) >
C6F,NHMe ( E 16,800) > C,F,NH, ( E 18,000). The NMe, group is
forced greatly out of the plane of the ring, reducing the resonance
interaction and leading to a relatively rapid replacement of the para
halogen. The NH, group is less hindered, and owing to conjugation
with the ring the deactivation of the para position is more than that

Generally, electron-withdrawing groups located either in R1 or in R2
facilitate 'the BAc2 process, whereas the polar effect of substituents in
acid-catalyzed ester hydrolysis is known to be rather small. However,
most groups with + I effect will retard AAc2 reactions. Detailed
information on ester hydrolysis may be found in standard
references 182-186.
A. Aliphatic Esters

+

The kinetic results for hydrolysis of Et,NCH,COOEt, as compared
+
with that of ethyl acetate, indicate that the introduction of NEt,
increases the rate of alkaline hydrolysis 200-fold, and decreases that
of acid hydrolysis 2000-fold lE7.These data suggested a simple electrostatic picture in which the presence of a net charge in the ester will be
the major factor in determining the reaction velocity, but were not
sufficient for deciding the finer points of the mechanism. Similarly, the
acid and alkaline hydrolysis of other quaternary amino esters has
shown that the main effect of the positive charge can reasonably
be assumed to be electrostatic6.188, leg.
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The alkaline hydrolysis of some esters containing nitrogen substituents lgO(Table 14) indicates little difference whether the substituent

tardation by p-NH, in the aroyl side, and a much weaker effect by
m-NH, in the aroyl side or by a p-NH, group in the phenyl ester.
Evidently, resonance interaction between the amino and carbethoxy
groups in p-H,NC,H,COOEt is responsible for the low rates. The
0-NH, group also influences the alkaline hydrolysis of ethyl o-aminobenzoatelg6, but the decrease in the rates arises partially from steric
effects.
Good agreement is found in the rate ratios ofp-NH,-substituted and
unsubstituted ethyl benzoates expressed as kJk, lg5(Table 16). Three
very similar velocity ratios were determined in aqueous ethyl alcohol,

TABLE14. Alkaline hydrolysis of aliphatic esters lS0.
Y in YCH,COOEt

X in CHsCOOCHpX

k2"

-

0.1 1 1
0.185
0.83
66

H

-

H

NH2
h ~ e ,

-

-

NMe3

60

" Second-order rate coefficient M - ~sec1 at 25"c and zero ionic strength.
is in the alcohol or the acyl side of the ester. In the basic hydrolysis of
glycine ethyl ester hydrochloride lgOthe reaction seems to occur only
with the uncharged molecule, as k values did not vary with p H range
(9-70-11.5). Ammonium groups enhance saponification rates considerably more than the neutral NH, group. This can be accounted

TABLE16. Relative rates ( k s / k H )of hydrolysis of ethyl
p-aminobenzoates.
Kindler lgl

Ingold and
Nathan192

Jones and
Tommila l g 4 Robinson l g 5

+

for either by the electrostatic effect or by the order NMe, > NH, in
inductive transmission.
B. Aromatic Esters

The polar effects of most meta and para substituents on the secondorder rates of hydrolysis of aromatic esters lg1-lg5have demonstrated
the marked influence on the energy of activation with little affect to
the entropy term. In contrast, ortho substituents alter both the activation energy and the entropy factor. As a general rule, the alkaline
hydrolysis of aromatic carboxylic esters is accelerated by substituents
with -I, -R effects and is retarded by substituents with +I, + R
effects.
The relative rates of SN2 hydrolysis in Table 15 show strong re-

and a slightly higher value in aqueous acetone. I n this connection, it
should be noted that these reactions and the substituent effects were
shown to be sensitive to changes in the solvents lg6-lg9.
The introduction of alkyl substituents adjacent to the 4-amino
group in aromatic esters prevents coplanarity, and the decreases in
the rate of h y d r ~ l y s i caused
s ~ ~ by the latter. For example, compound
24 is hydrolyzed approximately 34 times more slowly than its parent

TABLE15. Relative rates of the second-order
alkaline hydrolysis of aromatic amino esters 163.

YC6H4COOEta
YC6H4COOEtb
AcOC6H4YC

" In 85%
C

0.574

aqueous EtOH at 25"c.
In 60% aqueous Me,CO at 25"c.
In 60% aqueous Me,CO at Ooc.

0.023
0.0293
0.510

1
1
1

compound 23, as a result of resonance interaction with the NMe,
group ( + R effect), while the alkaline hydrolysis of 26 is much faster
than that of 24 and of 25. Comparing the substrates 25 and 26,
obviously the small size of the NH, group still allows conjugation with
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the carbethoxy group, thus giving a greater stabilization and a retarding hydrolysis of the ester, while this does not occur with the strongly
hindered bulky NMez group. The electrical influence of the dimethylamino group on the rate of hydrolysis of the ester groups, located in
either meta or para position, has been found to be greatly affected by
steric inhibition of resonance by one ortho-methyl groupzo0.The effect
of the NMe, group is greater at the para position. The influence at the
meta position is attributed to a second-order field effect, arising from
the negative charges placed on the ortho- and para-carbon atoms by
resonance, or to an inductive effect. Steric inhibition of resonance,
in the hydrolysis of ethyl 1-naphthoates with 4-NMe, groups has been
decided ,O1.
Increasing the size of the N-alkyl group decreases the rate of hydrolysislg9, in the order NMe, > NEt, > NPr, (Table 17). This is in

structure 27 as the size of R1 is increased. The increasing negative
opWavalues with increasing size of R in the NR, group may be evidence for steric hindrance of solvation, rather than for a decrease of
direct conjugation because of the greater bulk of R.

The effect of para substitution in methyl benzoate is not completely
independent of the effect of simultaneous substitution in the alkyl
portion202, as is shown by the hydrolysis rate constants of
p-NHzCGH4COORlisted in Table 18lg9.
TABLE
18. Hydrolysis rate constants of
P-H~NC~H~COOR~~~.

TABLE
17. Hydrolysis rates and U values of alkyl N,N-dialkylaminobenzoates lg9.
YC6H,COOMe
Y

(807' MeOH)
kZ5 X 104

YC6H4COOEt
(80y0 EtOH)
kz5 X 104

YC6H4COOPr
(80% PrOH)
kZ5 X 104
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k ( ~ min-l)
l
(60y0 vol. aqueous dioxane at 3 5 " ~ )

ozs

agreement both with the effect of the greater bulk and the + Ieffect
of these groups (Pr > Et > Me). The m-NPr, group retards hydrolysis more than either m-NEt, or m-NMe, groups, whereas little difference is found in the correspondingpara series. This has been explained
by the increased importance of the bulk effect in the meta position.
However, this sequence may also be supported by the -I effect of
these groups meta to the reaction center. Furthermore, any dialkylamino group enhances basic hydrolysis more at the meta than at the
para position, as expected. Table 17 shows a decrease in the value of
the Hammett U constants for all para-NR, groups, when they were
determined by hydrolysis of the methyl, ethyl or propyl esters. Since
the U,, values remain unchanged, it was suggested that the dirninution in resonance stabilization is due to increased steric hindrance in

Recent workzo3on the alkaline hydrolysis of protolytic esters has
considered the possibility of hydrogen-bond formation between some
ammonium groups and the carbonyl carbon of the ester, e.g. 28 (see
section V.A.2). However, when such esters contain a rigid acetylenic
group in the alcohol side, hydrogen bonding is prevented and hydro-

//

PhC

\

\

C
, H2

0-CH2

lysis rates decrease considerably, as illustrated in Table 19. In every

+

case NR, > NH, for the B,,2 type of hydrolysis, as expected.
The basic hydrolysis constant of ring-substituted phenylacetic
esters has shown that even though the methylene group of the acid
interrupts the resonance interaction between the substituent and the
reaction center
205, the electron-withdrawing - I effect of the
94- C.A.G.
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TABLE19. Second-order hydrolysis rate constants of
esters PhCOOCH2R203.
k ( l /mole min)
(constant pH in 5y0EtOH-HaO at 25"c)

R
C=CCH2NEta

+

CrCCH2NHEt2
+
C=CCH2NEt2Me
CH2NEt2
CH,&HE~,

CH,&E~,

7.46

l
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compared with other common substituents. The rate coefficients listed
in Table 20211 can be interpreted in terms of direct conjugation
TABLE20.

Rate coefficients of basic hydrolysis of substituted
phthalides211.

167.00

k (l/mole min) at 25ac

32.10
2.48
2500-00
69.80

between the amino group ( + R effect) in positions 5 and 7 with the
carbonyl group of the lactone (29). The NH2 group in position 4 or

+

NMe, group enhances hydrolysis rates more from the meta than from
the para positions, and that the effect ofp-NMe, is greater than that of
p-NH,, as expected.
C. Esterification and Reactions of Carboxyl Derivatives
I . Aromatic esterification

The influence of amino substituents in the few reported esterification reactions of aromatic acids, indicates that the polar effect of
these groups is similar to that in hydrolysis. Thus the reaction of
substituted benzoic acids with diphenyldiazomethane206 is retarded
by the p-NH, group more than by any other studied group at the
para position, as anticipated from the resonance interaction between
+
the NH, and COOH groups. The reactivity of the m-NMe, is greater

6 appears to have mainly an inductive effect ( - I). The presence of an
additional 3-methyl group in 4-arninophthalide again represses the
rate and an increase in the size of the 3-alkyl group inhibits further
the opening of the ringzo9.These results suggest a mechanism analogous to that for the alkaline hydrolysis of benzoic esters, although the
ortho efect is smaller in the case of the phthalides211.

+

than p-NMe, for this type of e~terification~~,
as expected. Rate data
for the reaction of tram-cinnamic acidszo7and phenylacetic acids 20s
with diphenyldiazomethane for a wide range of substituents at the
para position of the rings suggest that the large + R effect of the amino
nitrogen is responsible for the slowest esterification velocity. The
limited success ofvarious theories in obtaining parameters of structurereactivity relationships for cinnamic and related systems, is indicative
that more data are needed for their development and refinement ,07.
2. Phthalides

Several studies of the polar effect of various groups on the velocity
of ring opening of phthalide and its d e r i v a t i ~ e s ~ O ~
showed
- ~ l ~ considerable lowering of the hydrolysis rates by NH, groups when

3. Aromatic amides

In the hydrolysis of substituted benzamides with aqueous barium
hydroxide la3, electron-attracting groups ( - I, -R) accelerate the
reaction, whereas electron-releasing groups ( + I, + R) retard it. Thus
the relative k values for the B,,2 hydrolysis in Table 21 imply that
TABLE2 1. Relative rates of hydrolysis of substituted
benzamides lE3.
NHz

H

Condition and
Mechanisms

ortho

meta

para

BAc2 (aq. BaOH)
AAc2 ( ~ 1 2HCl)

0.085

0.93
0.81

0.20
0.85

1
1
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a m-NH, group by a - I effect accelerates the reaction compared with

a p-NH, group, since in the retarding + R effect p-NH, is more
effective. The acid hydrolysis A,,2 of aromatic amides containing the
amino group (Table 2 1) is only weakly affected by this (or any other
substituent) at the meta or para positions183, while o-NH, markedly
retards the reaction, due most probably (apart from steric factors) to
hydrogen bonding.
I n phthalimides, the 4-NH2group accelerates the basic hydrolysis
more than the 3-NH, group. This result is ascribed to hydrogen
bonding between the 3-NH, with its adjacent carbonyl group, which
in turn affects the other carbonyl group too. Substituted N-alkyl
phthalimides show one sequence MeN > EtN > H N in reaction
velocity, suggesting the presence of both steric and electronic effects.
VIII. ELECTROPHILIC ALlPHATlC REACTIONS

ll
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A. Addition of Acids

has been
The reaction of halogen acids with allylamines (30)
shown to produce equal quantities of 31 and 32 (reaction 23), and

two independent addition mechanisms were proposed. The isomer 32
is believed to be formed by addition of the acid to the ionized salt of
30, and 31 by addition to the free base. The formation of 32 may be
justified by the very strong electron-withdrawing character of the
ammonium group which can be transmitted across the interfering
methylene group and render the terminal carbon more positive.
Since the NR, group also exerts electron attraction, two possible
intermediates, 33 and 34, may be considered to explain the apparent
anomaly of the formation of 31.

The x electrons of unsaturated carbons are susceptible to electrophilic
attack, generally, by a two-step ionic mechanism as in (20). Alkenes
react faster than alkynes since the p electrons in the latter are more

Recent work on addition of acids to unsaturated amines217 (equations 24 and 25) seems to oppose the previous hypothesis, since high
Me2NCH2CH=CHCH3

tightly bound. Saturated carbon is also attacked by electrophilic
reagents, either by the two-step mechanism SE1 (reaction 21) or by

+ HCI +Me2NCH2CH2CHCICH3(980J,)

(24)

(35)

Me2NCH2CH2C_CH

+ HCI A

Me2NCH2CH2CCI=CH2 (80.50J,)

(25)

yields of 'normal' products were obtained. The formation of product
35 is additionally favored since the intermediate carbonium ion is
stabilized by the + I effect of the terminal CH, group.
The electrophilic attack on unsaturated ammonium compounds
(equation 26) reveals that the strong inductive effect of the positively
the single stage mechanism SE2 (reaction 22). Details can be found

t

- -z+
l

y+ +

I
transition state

in references 182, 214, 215.

- L Y

+ z+

(22)

charged group assists the formation of highest electron density on
the nearest unsaturated
This phenomenon also occurs
with alkynes even when they contain only uncharged amino substituents (equation 27) ,l7.
Me2NCHzC=CCH3 + HCI ----t

Me,NCH,CH=CCICH,

(27)
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The hydration of acetylenic amines in dilute acids consistently
gives those amino ketones, e.g. 36, in which the oxygen is attached to
the carbon farthest from the amino substituent (equation 28) ,l9.

an oxazolone intermediate and involves subsequent additional reactions with the acylating agent (reaction 29) 225-227. In certain instances
the acylated oxazolone intermediate has been isolatedzz8.
The -I effect of an a-NHR group in decarboxylative acylation of
amino acidszz9also allows the reaction to proceed by an analogous
route 230. However, with a-NR, groups the corresponding tertiary
amino'ketones are not obtained, but undergo fu.rther reaction to give
N,N-disubstituted amides (reaction 30) 227*231. Tertiary amino acids,

This is consistent with the -I effect of the nitrogen atom which
decreases with increasing distance from the unsaturated center. The
size of the R group does not appear to affect the reaction.
It is interesting to mention that possible conjugation between the
acetylenic .rr electrons with the p electrons of the nitrogen substituents
results in delocalization. Such a change in the transmission of the
effect of the amino groups is illustrated in the bromination of the vinyl
acetylenic amine (37), which occurs predominantly at the triple

RCHCOOH

I

NMe,

3

RCHCOCH,

I

NMe,

---t

CH,CONMe,

(30)

as well as acids having an aryl, heterocyclic or aryloxy group in the
a-position, seem to react through a different mechanism (reaction 31)

bondzz0, even though the reactivity of the olefinic bond is greater.
The electronic polarization and some properties of 37 agree with the
observed magnitude of its dipole moment
B. Decarboxylation

In carboxylic acids, electron-withdrawing groups in the a-position
facilitate decarboxylation as anion 182*222, 223. Many amino acids
undergo this type of reaction in the presence of an acylating agent.
In the case of an a-NH, group 224-226, decarboxylation occurs through

I

RCH-C=O

l

I

HOH

/'OR'

---+ RCCOOH

RCHCOR'
-CO,
+
NHCOR1

I

(29)

The abstraction of the a-hydrogen atom of the acid seems to permit
formation of a quasi six-membered ring and subsequent disproportionation into the actual product 227. 232. Although the correct mechanistic picture for these reactions has been the subject of many
discussions232, 233, it is reasonable to assume that the acylating agent
must participate prior to, or simultaneously with, the decarboxylation
in a concerted actionzz7.
Under different experimental conditions, a-amino acid derivatives
can undergo decomposition according to equation (32) where X is

an electronegative group. The presence of the NR, group in the
a-position has a strong effect on decarbonylation reactions, while
NHR and NH, groups do not affect this process234.Generally, these
reactions are catalyzed by acids and inhibited by bases. The catalytic
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effect of an acid on decarbonylation can be achieved through an
attack at the electronegative group as in (33). This suggests that the

of the polar effect of the amino group in comparison with other
substituents. Details and excellent discussions on electrophilic
aromatic substitution in general, appeared in several recent
l5b. 52.70.237-240.

primary a-amino acid derivative, as in the case of the corresponding
acid chloride, must first undergo protonation at the nitrogen atom
(reaction 34), thus inhibiting the reaction, whereas acid derivatives
with a tertiary amino group allow decarbonylation to take place
(reaction 35).

Recently, it has been noted that the thermal decarboxylations of
a-amino acids in neutral media are accelerated by organic pero x i d e ~ when
~ ~ ~ the
, yields of the corresponding amines are also improved. Decarboxylation in the presence of aldehydes and ketones is
also relatively fast, giving, in most cases, a Schiff-base intermediate,
prior to formation of the expected amine.
The ease of thermal decarboxylation has been related to the
strength of the acid, that is, the greater the acidity, the faster it loses
CO, 236. Therefore, the + R effect of the NH2 group at an ortho or
para position in aromatic carboxylic acids is expected to inhibit this
type of decomposition. The actual results show the opposite to be
true and this contradiction is explained on the basis of intramolecular
catalytic action of the amino groups in the aminobenzoic acids.
IX. ELECTROPHILIC AROMATIC SUBSTlTUTlO N

In studies concerning the effects of substituents in electrophilic aromatic substitution, particularly in orientational control of the entering
group, in reaction rates, and most recently in details of the substitution
process itself, steric and polar effects of the substituent and the
reagent appear to be factors simultaneously affecting the reaction.
Owing to the highly polar and basic nature of aromatic amines they
frequently appear as exceptions to rules and generalizations. Superimposed effects of the amino group arising from experimental conditions, and other related phenomena, have restricted the evaluation

A. General Considerations
A great body of evidence supports the formulation of structure 38,
as a key intermediate in aromatic substitution, although it is by no

means the only one. The formation of this o complex, in which both
the electrophile and the hydrogen atom are attached to a new sp3hybridized tetrahedral carbon is the rate-determining step, followed
by rapid decomposition to the product. The formation of a .rr complex
(39), may take place usually prior to, although in some cases after,
the formation of the o complex, although some scepticism exists as
to whether the .rr complex is essential in the reaction path. 38 may be
formulated in terms of the hybrid contributing structures 40. Electron

(4)

release by the amino substituents will assist the stabilization of the
positive charge in the ortho and para positions, and will increase their
reactivity. In contrast, with positively charged nitrogen substituents,
such as the trimethylammonium group, owing to the strong -I
effect the meta position is more favored for substitution than the
ortho and para positions.
The orientational effect is often expressed in terms of yields of
isomers, and the rate data as overall rate of reaction relative to that of
benzene. Another convenient quantitative expression of rates is the
partial rate factor, f, which measures the reactivity of the position
concerned, relative to one of the six equivalent positions in benzene.
The relative reactivity of the meta andpara positions of monosubstituted
'9
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benzenes can also alter according to the nature of the attacking reagent, a fact described as selectivity of the electrophile.

TABLE22.

Nitration of diphenylamine in acetic acid at 2 5 " ~ ~ ~ ~ .

Isomer proportions

Overall
reactivity

(%)

B. Monosubstituted Aromatic Amines
I. Reaction with nitrogen electrophiles

a. Nitration. The great variety of phenomena occurring simultaneously under different conditions in the nitration of anilines 241 has been
discouraging for any quantitative work on mechanism and polar
effects. However, numerous qualitative observations permit some
interpretation of the directive effect of these groups in the benzene
ring.
Aniline itself requires special nitration conditions if side-reactions
are to be a ~ o i d e d ~The
~ ~fact
, ~ that
~ ~ a. non-acidic nitrating agent,
such as N205, yields N-nitration, suggested that ring nitration of the
aromatic amine by acidic nitrating agents is in general proceeded by
N-nitration and subsequent rearrangement. This assumption was
later disproved by study of the acid-catalyzed rearrangement of
phenylnitroamine and the nitration of aniline with HNO,, under
comparable conditions, with the following results 243:
Reaction
Rearrangement of phenylnitroamine
Nitration of aniline
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0-9

% m-, % P-, %

93

6

0
34

7
59

The proportions of isomers in each reaction, point to two different
types of orientation, although formation of nitroamines also takes
place in the reaction of HNO, with aniline derivatives in acid
media244. 245.
The introduction of N-alkyl groups into aniline so as to prevent
nitroamine formation results in rather complex mixtures of products
with HNO,, at different concentrations and media15b,241.As an
example, in the nitration of N,N-dimethylaniline, decrease in acid
concentration decreases meta, and increases para substitution. Some
2,4-dinitro derivative is formed by nitration of the ,pars-nitro compound, and the use of glacial acetic acid solvent directs about one
third of the initial substitution to the ortho position. Yet, the reaction
of PhNMe, with liquid N 2 0 4 yields mostly para substitution with
traces of the meta isomer246.
In diphenylamine the benzene ring is still very strongly activated.
Thus nitration in acetic anhydride (Table 22), gives a mixture of 2and 4-nitrodiphenylamine as the main nitration

ortho

para

71

29

(cd%

=

Partial rate factors
for positions

6)

4,430,000

ortho

para

831,000

575,000

Nitrations of aromatic compounds containing positively charged
nitrogen groups often yield approximately equal amounts of the metaand para-substituted products. This might be the result of two concurrent reactions in which the conjugate acid gives the meta compound,
while the free amine gives the para compound. An interesting and
valuable quantitative study of the reaction mechanism and substituent
effects of several ammonium groups in aromatic nitration has recently
been d e s ~ r i b e d ~This
~ ~ .report
~ ~ ~ .has shown (see Table 23) that
TABLE23.

Isomer proportions and rate of nitration of aniline in
concentrated sulfuric acid at 2 5 " ~ ~ ~ ~ .

p
-

H2S04
ortho
meta
para

( )
(yo)
( )

(%l

85
6
34
59

ko

-

km

-

k~

-

89.4
3
45
52
2.61
0.587
1.36

92.4
-

53
47
2.01
0.533
0.945

94.8
-

57
43
1.47
0.419
0.632

96.4
-

58
42
1-08
0.313
0.454

98.0

100

-

62
38
0.668
0.207
0.254

61
36
0.655
0.210
0.236

All rate coefficients in llmole sec.

while the product composition depends on acidity of the medium,
the production of meta and para derivatives does not fit the assumption
of substitution in the conjugate acid and free amine. At high acidities
the metalpara ratio is not very sensitive to the acidity, and the effect
+
of the NH, group in 98% sulfuric acid leads to almost equal deactivation at both the meta and para positions, so that a contribution
to the reaction through the free amine seems to be practically absent.
The orientational results, the consideration of encounter rates, the
effect of changing the reaction medium from sulfuric acid to
deuterosulfuric acid and a study of the p-chloroanilinium
are evidence which firmly support the above argument.
The rates of nitration of N-mono-, di- and trimethylanilinium ions
also suggest a similar reaction mechanism249.The results collected in
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TABLE
24. Product composition, rate coefficient and partial rate factors
for nitration of N-methylated anilinium ionsa40.

NH,
6H2Me

38

GHM~,

22

1.6

0.93

12.3

11

0.55

0.14

4.2

+
NMe,

30

21
7.4

26

162
57

6.4

195
49
7.1
1 SO

Table 24 for these amines reveal an approximate linearity in which

+ substituent
the gradual replacement of the hydrogen atoms of the NH,
by methyl groups decreases the rate of substitution at a given position
by nearly equal factors. The anilinium ion reacts fastest in meta
nitration, and, more remarkable, also in para nitration; the smaller
+

deactivating effect of the NH, group compared with methylated
ammonium groups is attributed to hydrogen bonding of the unmethylated ion. An additional observation is the small difference in polar
effect of these substituents, as derived from partial rate factors, when
contrasted with their common deactivation effect on the benzene
ring.
The meta-orienting effect of positively charged nitrogen decreases
when a carbon chain of increasing length is interposed between the
onium substituent and the aromatic ring250.251.This classical fact is
well illustrated in the sequence below:
Compound
PhhMe,

O/, meta
derivative
100

Apart from the effect of the distance of the positive n i t r ~ g e n ~ ~ ~ ~ ~ ~ l ,
hyperconjugation as in 41a5, may be an additional factor accounting
for the decreasing amount of the meta isomer.
More details on the nitration of anilines can be obtained from a
recently published book 253.

b. Nitrosation. The weak electrophilic properties of NO+ limit its
nuclear substitution to highly activated rings, such as those of phenols
and anilines. The process often leads to diazotization of weakly basic
primary aromatic amines and to N-nitrosation of N-alkylanilines (see
references 15b and 70). However, excess of nitrous acid or the presence
of strong sulfuric acid enables direct electrophilic attack on the
ring of some secondary aromatic a m i n e ~ , ~The
~ . effect of the dialkylamino group results initially in para substitution, but subsequent
reactions and formation of by-products can occur 255.256. Bulky
N-alkyl groups in anilines have been shown to impede ring nitrosation
due to steric inhibition of resonance 257, 258.
c. Diazonium Coupling. The very weakly electrophilic diazonium ion
reacts only with aromatic amines and phenols. No information is
available on the polar effect of amino groups. Details of the process
can be found in the literature 258-265.
2. Electrophilic sulphonation

The scarcity of quantitative results available on the relative rates
of sulfonation of aromatic compounds is due to the uncertainty
about the exact nature of the electrophile, the reversibility of the process and the isomerizations occurring during the reaction. In addition
to these factors, the sulphonated products are, as a rule, difficult to
isolate, thus impeding an adequate analysis of isomer proportions
and partial rate factors. A good review of the subject appeared
recently 70.
Sulfonation of aromatic compounds containing amino groups
yield different isomer ratios, depending upon the experimental conditions employed. At low temperature, aniline gives predominantly
ortho and para derivatives266,whereas dimethylaniline gives approximately equal amounts of meta and para isomers267.However, at high
temperatures ('baking process') most aromatic arnines give largely
The unexpected results with aniline are
the para
attributed to the formation of a phenylsulfamic acid intermediate 266,
which is responsible for the activation of the ortho and para positions.
The dimethylamino group apparently forms no complex with the
SO, of sulfuric acid, and the equal ~ i e l dof meta and para sulfonates
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arises from the equilibrium mixture of the free NMe, group with its
+
corresponding NHMe, salt (reaction 36)
267.

I

1~
l

S03H

The phenyltrimethylammonium ion on sulfonation under conditions believed to give kinetic control, produces 87, ortho, 78% meta
and 14% para substitution274.The rather surprising relatively high
yield of ortho and para isomers apparently refutes the above mechanistic view according to which para sulfonation in strong acid media
requires dissociation to free amines and reaction in the latter
form 266.267. This work seems to confirm the conclusion248~249,
that substitution occurs overwhelmingly through the ammonium
ion.
3. Electrophilic halogenations

I n aromatic halogenation processes with molecular halogen,
either alone or in the presence of a carrier or catalyst, or with positively charged halogenating species, there are great differences in
relative reactivity of these species. Discussion of this subject is covered
extensively by some of the standard works 15b. 52. 237.
a. Bromination. The powerful electron release of the NMe, group
to the ortho and para positions of the benzene ring has been assessed by
bromination of dimethylaniline in acetic
which was found
to be log times faster than that of anisole. Previous work indicated
a reverse order in activity, i.e. OMe > NMe,, for the relative
rates of aqueous bromination of various anilines and phenol^^^^.
I n this earlier investigation, the acidity of the reaction mixture
was not controlled, so that the amino substituents, were probably
709
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present to a greater extent as the onium salts. This assumption seems
to be confirmed by the kinetic data obtained on brornination of
N,N-dialkylanilines in strong acid media, which establish that the
reaction velocity decreases sharply with increasing
The isotope effect in the bromination of N,N-dimethylaniline in
implies dissimilar mechanisms for the ortho and the
aqueous
pam substitution. The rate-determining step could well involve,
among other factors, fission or lengthening of the C-H bond in
ortho bromination, but this is unlikely in para bromination. The dimethylamino group and bromine are believed to form an intermediate
complex in these reactions, which appears to decrease the velocity of
substitution with additional electrophile. Recent quantitative measurements, in electrophilic b r o m i n a t i ~ n ~have
~ ~ , reached the conclusion that the NMe, group activates the para position of the ring
ten times more than the ortho position.
The change of the orientational control by amino substituents in
acid media or on complex formation is obviously supported by the
bromination of N,N-dimethylaniline in sulfuric acid containing
silver sulfate, which produces 60y0 of 3-bromo- and 20y0 4-bromoN,N-dimethylanilineZ8O.This result, again seemed to suggest that the
appreciable para product in acidic halogenation of aromatic amines
may be due to an ion-pair mechanism or to partial dissociation to the
free baseza1. Yet the formation of para products in the presence of
excess of strong Lewis or Bronsted acid with aniline, could hardly
indicate the presence of free amine, and there is evidence that electrophilic bromine attack, at the meta as well as at the para positions, occurs
on deactivated anilinium ions 248. 249.
A very interesting observation is that incorporation of anilines into
coordination compounds does not affect the reactivity of the former
towards bromination nor their orientation in the substitution282.
Palladium(rr) complexes of the type [Pd(aniline),Br,] show that the
NH, group favors ortho and para bromination even in strongly acid
solution, where any complication due to partial dissociation should
be absent. I n order to account for these results, it seems that the
coordination process may involve the p electrons of the nitrogen atom
in some manner fundamentally different from that in aromatic
ammonium compounds, i.e. that coordination does not impart a
positive charge to the nitrogen of anilines.
The successive introduction of N-phenyl groups to aniline (diphenylamine and triphenylamine), was shown to inhibit ortho substitution,
and the bromine tends to occupy one or more of the available para
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positions 283. 284. Some electrophilic halogenations of monosubstituted
benzenes containing positively charged nitrogen substituents have
been studiedza0.The slow rate of bromination of trimethylanilinium

+

perchlorate
shows that the NMe, and the NO, groups have about
the same effect in deactivating the aromatic ring. This fact contradicts
the assumption quoted in section V1175, namely that +NR, > NO,
in deactivation.
b. Chlorination and iodination. I n chlorinating N,N-dimethylanilineza6,the ortholpara ratio and the yields depend strongly on the
chlorinating agent. Similar processes on other aromatic amines 287.
indicate that an aniline, being an ambident 289 nucleophile, is able to
form an N-chloro intermediate, with subsequent rearrangement to
ring-chlorinated products. Chlorination in the presence of strong
mineralza0 or Lewis acidsza1 provides similar information as in
bromination (see section IX.B.3.a), where the presence of the ammonium or complex amino groups deactivates the ring to give rise
mainly to meta and some para substitution.
The rate of iodination of anilinezg0,in the presence of potassium
iodide and acids, decreases with increasing iodide concentration and
rises with increasing pH. These results fit a mechanism in which
positive iodine (I+)is the attacking electrophile of free aniline. The
same kinetic data would also agree with a reaction between hypoiodous acid and anilinium ion, but thepara isomer is the main product,
with practically no formation of ortho or meta isomers. Therefore, the
alternative, involving attack on an ammonium ion, is improbable,
while it can be assumed that the + R effect of the NH, group permits
para substitution by I +.Iodination of para-substituted anilines by
iodine in aqueous methanolzg1, and by iodine monochloride in
aqueous hydrochloric acidzg2,similarly show the activating effect of
the NH, group, but the attack is at the ortho position, since the para
position is blocked.
No kinetic isotope effect was observed in the iodination of
some aromatic aminesZg3although the same study confirms the
activating sequence of substituents in the order NMe, > NHMe
> NH,.
Many studies indicate qualitatively that electrophilic iodination of
aromatic amines in the presence of persulfate 294, mercuric oxide 2g5,
acetic acid 296, iodine bromide ,07, complexing reagents 298, and without
solvent and catalyst 299, yield ortho and/or para products as expected
from the + R effect of the amino group.
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4. Additional electrophilic reactions

a. Carbon electrophiles. The relative reactivities of Friedel-Crafts
alkylations vary with the structure of the aromatic system undergoing the reaction. Substituents with + I and + R effects facilitate,
whereas those with -I and - R effects inhibit alkylation. The strong
effects of amino substituents are greatly diminished in Friedel-Crafts
alkylations because the nitrogen atom is complexed with the Lewis
acid catalyst. The deactivating effect of the amine complex group
attached to the benzene nucleus is responsible for the scarcity of
quantitative measurements regarding orientation and reactivity.
Similarly, Friedel-Crafts acylations of anilines fail to give ring substitution due to these inactive complexes. However, these reactions
sometimes result in acylation of the substituent, especially on primary
aromatic amines.
Alkylations of aromatic amines can be satisfactorily achieved with
stable carbonium ions, even in the presence of high concentrations of
mineral or Lewis acid catalysts. The diphenylmethyl and triplienylmethyl cations have been shown to attack predominantly at the para
position of a n i l i n e ~ ~ and
~ ~ -the
~ ~prominent
~,
features of these reactions are a prior formation of the resonance-stabilized carbonium
ion in a fast equilibrium, followed by a slow and selective ratedetermining bimolecular reaction between these cations and the
activated para position of the ring (reaction 37) ,07-,11. The results in

(Y =

activating group),

systems involving competition of aromatic amines for a triphenyl'methyl cation312 indicate the sequence NMe, > NHMe > NH, in
directive power, again substantiating the + R effect of these substituents.
The formation of N,N-dimethyl-4-tricyanovinylaniline from tetracyanoethylene and N,N-dimethylaniline in c h l o r o f ~ r mis~ ~ ~ ~ ~ ~ ~
regarded as a vinylic substitution on the ethylene, with the aromatic
amine acting as a nucleophile, or in other terminology as an aromatic
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electrophilic substitution. The initial formation of a rr complex is
followed by transition to a carbanionic intermediatelsO which decomposes slowly to the final product by base-catalyzed proton removal
and subsequent elimination of the cyano group (reaction 38). The

R

R

I
R-+H

R-N

I

I

(NC)~C=C(CN)~
4

R-N-R

R-N-R
r complex

I

(38)

interaction of tricyanovinyl chloride with a series of dialkylanilines 181
is, in contrast, not base catalyzed and prior elimination of chloride
ion is followed by proton removal. The very low values of activation
energies for the studied dialkylamino groups suggest a multistage
process. The order of reactivity of the amino substituents was found
to be NBu,
NEt,
NPr, > NMe, reflecting partially the + R
effect.
The limitations and scope of reactions involving other electrophilic
carbon reagents with anilines have been extensively described elsewhere 313.
b. Exchange reactions. Dimethylaniline was shown to exchange
hydrogen with deuterium in the presence of acid catalysts, the process
involving electrophilic substitution 314 and exclusive orientation to the
ortho and para positions315. Later work with deuterated alcohol suggested ortho- and para-quinonoid intermediates316p317.A series of
experiments with ring-substituted N, N-dialkylanilines and D,S04
revealed lower rates of exchange in the case of ortho-halo-N,Ndimethylanilines than with the corresponding meta and para isomers.
The inhibition increases with the atomic size of the halogens, as the
order o-Br > o-C1 > o-F prevents coplanarity. This argument has
been confirmed by the high reactivity in the exchange reaction of
N-methylindoline, where the nitrogen atom is in the plane of the
benzene ring 318.
The rates of tritiation of N, N-dialkylanilines have been determined
in solutions containing a mild excess of acid 319. Under such conditions,
the anilinium ion may preferentially be attacked at the meta position,
but quantitative data appear to conform to an equilibrium of the
free amine with its conjugate acid (reaction 39). Further, most

-

R-N-R

II

R

R-N-R

I

R-N-R

I+
I

-

ortho-substituted compounds failed to undergo exchange, as demonstrated before 318, due to the steric inhibition resonance.
The rates for the N, N-dialkyl series are probably controlled by the
entropy of activation, since steric factors, both in the electrophile and
in the intermediate (42), have strong influence on the reaction
(reaction 40). Accordingly, the +Ieffect of the dialkyl group going
from NMe, to NBu, groups is expected to stabilize 42, yet steric
strain of the more bulky substituent may inhibit reaching the COplanarity necessary for this stabilization. Solvation, another important
factor in these reactions, can be centered on the amine nitrogen of 42,
but steric crowding may increasingly interfere in this process with
increasing size of the substituents. An exception has been observed in
the case of N, N-diethylaniline.
The partial rate factors for nuclear deuterium exchange of N,Ndimethylaniline indicate that in basic solutions the reactivity decreases with increasing distance from the dimethylamino group
(fortho > fmeta > fpara), while in acid solutions the meta atoms are
replaced at a slower rate, or not at a11320,
These facts are explained
in terms of the inductive effect which determines the more enhanced
rate of exchange of the ortho atom. Moreover, it has also been shown
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that substituents of relatively strong +R effects may influence the
activity of aromatic rings in a dual manner, either as electron releasers
in acid hydrogen exchange or as electron attractors in base exchange.
The NMe, group, having the strongest electron-releasing effect
among all the groups studied, exhibits the weakest electron-withdrawing effect in deuterium exchange with a base.
c. Removal of a substituent by proton. The acid-catalyzed cleavage of
some groups attached to aromatic rings has been of recent interest.
The evidence suggests70 that these processes are electrophilic substitutions, likely to proceed through a a complex.
The effect of the NMe, group in prot~desilylation~~~,
(Table 25)
TABLE
25.
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The effect of amine substituents in protodehalogenations has been
examined q u a l i t a t i ~ e l yIodine
~ ~ ~ . is replaced by a proton more easily
in p-iodo-N,N-dimethylaniline than in p-iodoaniline. On the other
hand, NH, is more efficient than NMe, in halogen displacement of
the corresponding 2,4,6-triiodoanilines, as a result of the greater
steric inhibition of resonance of the bulky dimethylamino group by
the ortho iodines. More recently, the kinetics of deiodination of piodoaniline (reaction 41) in aqueous acid media328was shown to be
N H2

I

NH2

li

NH2

l

Partial rate factors for protodemetalylations.

Reaction of NMe, derivatives

Reference

/:M%

Desilylation
(MezNC6H4SiMe3,H )
Degermylation
(MezNC8H4GeEt3,H + )
Destannylation
(Me2NC8H4Sn(C6H11)3,H )
+

--

3.0

X

lo7

322

-

3

X

108

324

2

Xio4

326

+

+
Reaction of NMe3 derivatives

+

+

/pea

Reference

/FM%

Desilylation
( M ~ , & C ~ H , S ~H
M ~) ~ ,
Degermylation

3.84

+

( M ~ ~ & C ~ H , GH~ +E)~ , ,
Destannylation

12.6

X

10-4

X

10-4

323

10.6

X

10-4

325

68.0

X

10-,

326

+

(M~J=~H~S~(CGH
HI+I)) ~ ,

-

reveals the great activating power of this group, except in strongly
+
acidic media where the deactivating effect of the NMe, group dominates 323. Similar results have been observed in prot~degermylation~~~,
and the trimethylammonium group deactivates the para position
more than the meta, as expected, but surprisingly the difference is
only slight 325, supporting the previous conclusion 248, 249 that the
para position is not highly deactivated. The rate of cleavage of
p-Me,NC6H4Sn(C6H,,), is found to double by doubling the acid
concentration, thus suggesting that the amino nitrogen group is
present as a free base 326.

first order in the aromatic amine, but independent of the concentration of hydrogen and of iodine ions. Furthermore, the rate in HzO
is 6 times faster than in DzO. These results imply the formation of the
same transition state in iodination at low acidityzg0and in deiodination. The latter process also suggests that the proton transfer from
solvent to aniline is the rate-determining SE2 reaction, where the
concentration of free amine depends on the acidity function H,, and
not on the concentration of hydrogen ions.
C. Polysubstituted Aromatic Amines

In the presence of two or more substituents in the benzene ring,
existing data about the magnitude and polar nature of these substituents usually permit a satisfactory prediction of their relative
influence on orientation in additional substitution. However, only
meager quantitative work has been reported for amino groups, due
probably, to experimental difficulties involved when common inorganic electrophiles are used.
Some data relating to orientation of disubstituted benzenes are
shown in Table 26. Thus the halogenation 3z9, 330 and tritylation 330-334
of aniline derivatives results in substitution chiefly as expected from
the +R effect. References on nitration and sulphonation have not
been included in Table 26, since these processes often lead to oxidation products, making the orientational comparison in these
compounds doubtful.
Although qualitative observations of meta-disubstituted compounds
suggest that an ortho-, para-directing substituent usually takes control
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Directive effects of disubstituted benzenes.

265

section 1X.B. l .a). Some of the free bases have been compared qualitatively using (see section IX.B.4.a) the non-kinetic 'competition
method' with the triphenylmethyl cation312. I n the absence of steric
factors the expected sequence was obtained:
NMe, > NHMe > NH, > OH

z
Z = Halogen (attack on ortho- or para-disubstituted benzenes)
NR, = NH,, NMe,
Ref. 329, 330
Y = OR, OH, NHAc, R, Ph, halogens and m-orienting groups.
Z = Trityl (attack on ortho-disubstituted benzenes only)
NR, = NH,
Y = O H , NHAc, OR, R, Cl, NO,

Ref. 331-334

over a deactivating group 329, some doubt as to the relative dominance
may arise when both substituents are strongly activating.
Electrophilic attack on benzene containing three or more substituents can give variations from the expected results owing to steric
factors or to conjugation between an activator and a deactivator. The
additivity principle, which has been excellently applied for most
polysubstituted benzenes, is restricted by these factors 335.
D. Comparative Reactivities

Recently, studies of cross-migration of the triphenylmethyl group
from PhNHCPh, and PhOCPh, to several monosubstituted benzenes
gave the same activation sequence336:
NMe,>

NH, > OH > OMe

Similar results were obtained in intramolecular competition of
disubstituted benzenes with common inorganic electrophilic reThe amino group again
a g e n t ~and
~ ~ the
~ trityl
showed its predominance in the directive effect more than any other
common substituent :
NH, > OH > NHAc > OMe > Me

These results corroborate the generalization N > 0 > F in
orientational control, indicating a decrease in the effect due to an
increase in the number of unshared electrons as the group number
increaSeS237.338s 339.
X. A C K N O W L E D G M E N T S

Quantitative data comparing the effects of amino substituents with
other common groups in electrophilic substitution, are scattered
throughout the literature. An indirect comparison of the scale of
reactivities listed in Table 27 clearly illustrates the very powerful

The author wishes to thank Drs. M. Tamers and 0. H. Wheeler for
the English revision of this work.
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I. I N T R O D U C T I O N

Amines are powerful nucleophiles owing to the presence of a lone
pair of electrons on the nitrogen.
All substitutions at this nitrogen atom result from nucleophilic
attack by the amine on electrophilic centres in positively charged or
neutral species. The only exception is condensation of free radicals
derived from aromatic amines by hydrogen abstraction, reactions
which are not considered in detail in this review. Amines are such
powerful nucleophiles that they will react readily with even feebly
electrophilic centres such as that in carbon dioxide.
The general mechanism of substitution is a two-step process shown
in equation (1) comprising formation (step a) and decomposition
(step b) of a quaternary ammonium ion (1). This is a formal represenH

RNHz

+ E+

LR-N

p,-k+-E

I

H

/H

+ H+

(1)

E'
(1)

tation of an SN2reaction (such as the aminolysis of alkyl halides) and
in these cases the ammonium ion is a high-energy configuration on the
reaction coordinate, i.e. a transition state. However, in other cases
(such as the aminolysis of esters and of aryl halides), this ammonium
ion can acquire considerable stability and exists as a tetrahedral
intermediate. It is then possible to make either step (a) or step (b)
rate controlling and the factors effecting this change are discussed.
The displaced group in substitution at the amino nitrogen of primary and secondary amines is the N-proton. Apart from reactions
leading to quaternisation of the nitrogen, as in N-oxide formation,
tertiary amines do not normally react with many reagents that readily
attack primary amines, as substitution in this instance involves
fission of a carbon-nitrogen bond. The energy required for this is too
large for the reaction to occur readily. Also, quaternary ammonium
salts, including the conjugate acid of the arnine, do not, in general,
undergo substitution reactions.
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Among primary and secondary amines, it might be supposed that
nucleophilicity should parallel basicity, but this is rarely observed
exactly. Several factors contribute to this difference, one of the most
important being steric. Hall, for example, has found that Taft sigma*
parameters correlate with the basicity of alkylamines l, but not with
their reactivity as nucleophilic reagents 2. Instead, the data from several
substitution reactions can be fitted2 quite successfully to the SwainScott equation3. Both substitution and protonation involve quaternisation of the nitrogen atom at some stage and bring about steric interactions between existing substituents on nitrogen (B strain in Brown's
terminology4) and with the incoming reagent (F strain 4). Both
should be more important for substitution with bulky reagents than
with protonation, and there is good evidence that increased branching
in alkylamines lowers their reactivity (mainly by increased F strain)
much more than their basicity2.
Quaternisation of the nitrogen atom during substitution or protonation should increase the acidity of the amino hydrogens, and stabilisation by polar solvents should then lower the transition-state energy.
The unexpected inversion of basicity in going from secondary to
tertiary amines has been ascribed to this effect 5. There is little evidence
for rate accelerations by similar solvation in substitution reactions,
although exhaustive investigations have not been carried out. Probably
the factor is a small one as kinetic data for substitution reactions in
many different solvents can be correlated with a single Swain-Scott
equation 2.
The unshared electron pair also activates the nucleus in aromatic
amines and the alpha hydrogens in alkylamines. Thus attack by electrophilic reagents at these alternative sites can compete with substitution on nitrogen. These side-reactions are discussed in relation to
halogenation and oxidation in which they may become dominant
under certain conditions.
The multiplicity of substitution reactions in amine chemistry
renders a complete coverage virtually impossible. We have therefore
concentrated on just five important reactions from which it is possible
to establish and summarise the important factors influencing the
mechanism of substitution.
II. ACYLATION

Primary and secondary arnines react with many carbonyl compounds to form amides. In these reactions the normal order of carbonyl
reactivity is observed. Thus acid halides are the most reactive,
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anhydrides and esters react less readily, acids and amides react with
difficulty, while other carbonyl compounds such as aldehydes and
ketones give different products. Tertiary amines are generally unreactive, although salt-like addition products have been isolated from
reaction with acid chlorides. The reaction of primary and secondary
amines with esters has been studied most extensively and this reaction
is considered first because many mechanistic conclusions can be
applied to the other reagents.

I t seems probable that the mechanism of ester aminolysis is similar
to that of the reaction between amines and aryl halides, a reaction
which also exhibits general base catalysis (see section 1II.C). The
reaction would then involve the formation of a tetrahedral intermediate
(2) by addition of amine across the carbonyl double bond in an equilibrium step, which can then decompose via two independent pathways, one catalysed by base (k,) and the other not (k,). Whether
0

A. Esters
Although not particularly good acylating reagents, esters will react
with amines to give amides (equation 2). From the synthetic stand-

point the reaction with anhydrous liquid ammonia is frequently used
for preparing amides. The addition of ammonium salts catalyses the
reaction, and as the efficacy depends upon the anion, this is probably
a case of base catalysis Anhydrous amines react in a similar way and
this reaction is also catalysed by amine salts7. Methanol is a good
solvent and, with unreactive systems, alkoxide ions are effective base
catalysts.
The mechanism of the reaction has been subjected to extensive
investigation. The importance of amine basicity was soon recognised
from the fact that straight-chain primary amines react faster than
ammonia. The reaction is also subject to steric hindrance, for secondary amines, although stronger bases than ammonia, react more slowly.
Early work by Betts and Hammett8 and Watanabe and DeFonsog
indicated that the reaction is not a simple bimolecular one. General
base catalysis was first clearly demonstrated by Bunnett and Davis l0
in the reaction between n-butylamine and ethyl formate in alcoholic
solution, and by Jencks and Carriuolo l1 in the arninolysis of phenyl
acetate in aqueous solution, and rate equations for these reactions have
the following form (equation 3) where k, and kg, are the rate constants for nucleophilic and general base catalysed aminolysis respectively. This suggests that the reaction proceeds simultaneously by
Rate

=

k,[RNH2] [ester]

+ kgb[RNH212[ester]+

+

k,,- [RNH,] [OH -1 [ester] (3)
two pathways: direct nucleophilic attack and base-catalysed substitution by the amine on the ester. The basic catalyst can either be a second
molecule of amine or a lyate anion.

RNHz

II
+ RC-OR

-

k~

I
ORC-OR

Y
Products

SCHEME
1. Ester aminolysis.

formation (k,) or decomposition (k, + k,) of the tetrahedral intermediate is rate controlling depends on the structure of the ester and
the amine.
It is quite clear that the incidence of general base catalysis is greatly
affected by the nature of the leaving group. Results obtained for the
ammonolysis of substituted phenyl acetates by Bruice and Mayahi12
are shown in Table 1. I t is only with poor leaving groups, like pTABLE
1. Ammonolysis of substituted phenyl acetates.
Substituent

k,

(l/mole min)

k,b

(l/mole min)

chlorophenyl, that base catalysis can be detected. Probably a catalysed
reaction occurs to a certain extent in all cases, but with nitroamines
unassisted attack (k,) is so much larger that the catalysed reaction
cannot be detected over the range of amine concentrations employed
in this study. Activation energies for catalysed aminolyses are generally
smaller than those for unaided attack 13, so that general base catalysis
is more readily observed at lower temperatures14. For esters containing
a good leaving group, both catalysed (k,) and uncatalysed (k,) decomposition of the intermediate should be fast, and the formation of
the tetrahedral intermediate becomes rate determining. O n the other

283

Brian C. Challis and Anthony R. Butler

6. Substitution at an Amino Nitrogen

hand, with poor leaving groups the catalysed decomposition becomes
kinetically important.
There is no direct evidence for tetrahedral intermediates with acyl
esters. However, their formation seems very probable by analogy with
ester hydrolysis 15, and Bruice and coworkers ls have produced substantial kinetic evidence for such an intermediate in reactions between
amines and thiol esters. Also, a two-step mechanism obviates the
statistical improbability of a termolecular collision in the catalysed
reaction.
The exact nature of the base catalysis is not clear, but protonation
of the leaving group by the conjugate acid of the catalysing base
seems most reasonable (Scheme 2). This interpretation is consistent

extraction from ethyl acetate. This was thought to arise from the
presence of the hydroxyl group, but Bruice, Meinwald and coworkers 20
have shown that compounds without the O H group, 3-methyl-3phenylazetidine (4) and aziridine, also show enhanced reactivity
towards phenyl acetate. The most probable explanation is that, as
the two CH, groups are 'pinned back', there is less crowding in the
tetrahedral intermediate, a situation which will have greater effect
upon the attack at an ester carbonyl bond than upon the sterically
less demanding protonation.
Thiol esters are better acylating agents than oxygen esters and such
reactions are of some biological significance. Studies by Bruice and
his coworkers 16. 22 have indicated that the pattern of thiolester
aminolysis is similar to that of oxygen esters. The most significant
outcome of this work, as mentioned previously, has been the demonstration of a tetrahedral intermediate by a detailed analysis of the
kinetics of the reaction between hydroxylamine and n-butyl thiolacetate 22.
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I

/

R-C-O....H-B
R h

+R-C

//

+ ROH + B

HNR
\

SCHEME
2. General base catalysis in ester aminolysis.

with the low Hammett rho factor reported by Bruice and Mayahi12
(see Table 1). Since leaving tendency is a measure of anion stability,
this factor will become far less important if simultaneous protonation
occurs, and will, therefore, lead to the observed insensitivity to electronic effects. The low reactivity of esters towards alkali metal amides
in liquid ammonia also suggests protonation of the leaving group17.
Diamines and aminohydrazines may be acylated by esters but there
is no evidence for general acid or general base catalysis18. Of these
compounds, 3-dimethylaminopropylhydrazine shows considerable
deviation from a Brplnsted plot for aminolysis, which suggests that
intramolecular general base catalysis is occurring. This may be of
some significance in enzyme mechanisms 18.
Certain amines are very readily acylated by esters. Testa l g noted
that 3-hydroxymethyl-3-phenylazetidine (3) is N-acetylated on

B. Acid Halides

The reaction between primary and secondary arnines and acid
halides is one of the most convenient methods of preparing amides.
With primary arnines a second acyl group may be introduced. An
equilibrium is set up (equation 4) and with halides which are poor
RNH,

+ RCOCl

RNHCOR

+ HCI

(4)

acylating agents, or with weakly nucleophilic amines, it is usually
necessary to remove the hydrochloric acid produced to obtain a
reasonable yield of amide. Aqueous alkali is used in the SchottenBaumann p r o ~ e d u r e 2 ~ but
. ~ ~ in
, most cases the reaction will proceed, sometimes violently, in an inert solvent without the addition of
base.
Most of the available evidence points to a rate-controlling substitution by the amine on the acyl halide, like that for acylation by esters,
although other mechanisms involving ionisation to give an acyl ion
which then attacks the amine, are, in principle, possible. However,
since ionisation of acid halides occurs most readily in acid media,
conditions under which the amine would be protonated and therefore
unreactive, any mechanism involving this process as the precursor to
reaction seems unlikely. Also, slow ionisation of the acyl halide implies that the rate of reaction should be independent of the amine and
10.
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extensive work by H i n s h e l w ~ o d ~has
~ - shown
~~
that this is not the
case. For any particular halide, the rate increases proportionately
with amine basicity. I n the acylation of aniline, changes in rate produced by nuclear substitution are reflected almost completely in
changes in the activation energy, whereas the entropy of activation
appears to be constant. For instance, electron-repelling groups in the
acid chloride increase the activation energy, whereas the opposite
applies to the amine. Litvinenko30 has listed Hammett rho factors for
acylation by substituted benzoyl chlorides ranging from - 2.6 to
- 4-79 indicating a large charge separation in the(transition state29.
Furthermore, tracer studies using 180in the hydrolysis of benzoyl
chlorides under neutral conditions indicate that carbonyl addition
leading to a tetrahedral intermediate occurs31. It seems reasonable to
extend this to the aminolysis of acid halides.
All this evidence points to a mechanism like that for acylation by
esters, involving preequilibrium formation of a tetrahedral intermediate followed by decomposition to products (Scheme 3). Probably
0

I1

RC-X

+ R2NH

kl

Rkl

:+L,,
-X

k3

0

I1

RC-NR,

+ HX

SCHEME3. Aminolysis of acid chlorides.

the halides are such good leaving groups that base catalysis of the
decomposition step is never observed. Bender and J o n e ~have
~~
studied the effect of varying the halide upon the rate of reaction. Their
results are summarised in Table 2. The figures clearly show a strong
TABLE
2. Reaction between benzoyl halides
and morpholine.
Benzoyl compound
Fluoride
Chloride
Bromide
Iodide

k,,.(l/mole

sec)

1-06
2-64 X 103
6.66 X 104
2-39 X lo5

dependence of the rate upon the halide moiety and suggest that the
slow step is the breakdown of the tetrahedral intermediate, which
involves the breaking of a carbon-halide bond. The removal of the
proton attached to the nitrogen in the tetrahedral intermediate
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cannot be the rate-determining process, as there is no change in reaction rate between aniline and benzoyl chloride upon isotopic substitution on the amine nitrogen33.
C. Anhydrides

Anhydrides are less reactive than acid halides and are therefore
used in the preparation of amides where reaction with acyl halides is
too vigorous (equation 5). By boiling or heating under pressure a

second acyl group may be introduced with primary a m i n e ~ ~ ~ - ~ ?
(equation 5a). As expected, the ease of acylation of arylamines by
RNHCOR

+ (RC0)20 +RN(COR)2+ RCOzH

(54

anhydrides is decreased by electron-attracting substituents3*, and
special procedures are required to render these reactions synthetically
useful. Thus di-o-substituted arylamines, e.g. sym-tribromoaniline,
are particularly difficult to acylate but strong acids are effective
catalysts38. Normally, strong acids would be expected to reduce the
rate of amine acylation owing to the formation of unreactive amine
salts, but the inductive effect of two -I groups in ortho positions must
lessen this tendency. More important, it is probable that the acid
reacts with the anhydride to form an acyl salt (equation 6) which is a
(RC0),0

+ HX +RCOX + RCOzH

(6)

more effective acylating agent. In aqueous solution, where the
anhydride also undergoes hydrolysis, aminolysis is still the predominant reaction39, providing the amine is a sufficiently powerful
nucleophile to compete effectively with water. Acylation of amines
also occurs in the solid phase40 and this is said to have some advantages
over the reaction in solution.
Acylation of amines by anhydrides has not been subjected to extensive mechanistic investigation but it seems highly probable that the
mechanism is similar to that of anhydride hydrolysis, which brings
the reaction in line with the mechanism of amine acylation by other
reagents. Since acyl halides hydrolyse by an SN2 mechanism41, acyl
acetate (acetic anhydride) should be more inclined to react in this
way. Thus acetic anhydride would be expected to react with amines,
stronger nucleophiles than water, via an SN2 reaction also. More
direct evidence in support oran SN2 mechanism comes from the work
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of R e m m e r ~ who
~ ~ , found that the ease of acylation of substituted
aromatic arnines by an anhydride is dependent upon the amine, which
would not be the case if ionisation were the rate-determining step.
The reaction may be more complex, however, than a simple SN2
process. Following oxygen- 18 studies, Denney and Greenbaum 42 have
suggested the following scheme (Scheme 4) for the reaction between

of amines by benzoyl chloride45. With picryl chloride, added acids
have no catalytic effect46,indicating the need for a carboxyl group.
The evidence in favour of the formation of complexes of this type is
tenuous and without significant precedent. Reactions in benzene
often prove difficult to elucidate and further study of this solvent is
~ ~
required. Recent studies by Bruckenstein and S a i t ~indicate
extensive ion-pair formation between acids and amines in benzene,
which may be a factor influencing the rate of acylation.
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-

,,.0-H---0
I

0

//

PhC

\NHR

0

//

+ PhC

'l

\\ o

\OH
(6)

SCHEME4. Anhydride aminolysis.

amines and benzoic anhydride. The tetrahedral intermediate (5) is
expected, the second equilibrium is not, but is necessitated by the
experimental results. If a single carbonyl oxygen in the anhydride is
,
on reaction with aniline (R = Ph), the prolabelled with 180then,
portion of isotopic oxygen in the products is benzanilide (337,) and
benzoic acid (67y0). This can only occur if all three oxygens in the
anhydride are equivalent at some stage, e.g. if the ions in 6 are in
equilibrium with unreacted amine and anhydride. With ammonia
(R = H), the products, benzamide and benzoic acid, each contain
50y0 of the label, showing that in this case equilibration has not
occurred.
Acylation of amines by anhydrides may show autocatalytic behaviour. Thus the reaction of various arnines with anhydrides in
benzene is catalysed by the monomeric form* of the acid produced43.
L i t v i n e n k ~has
~ ~suggested that the catalytic effect is due to complex
formation (7 or 8) and the catalytic power of the carboxylic acid
increases with acid strength until protonation of the amine occurs.
Similar complexes have been proposed for the acid-catalysed acylation

* In benzene solution carboxylic acids exist in a dimer-monomer equilibrium and this situation leads to complex kinetics.

//

ArNH

/

'.0-H--I

0

//

In mixtures of acetic anhydride and acetic acid, acylation of various
nitroanilines reaches a maximum at 45y0 anhydride48, which is also
the mixture with maximum electrolytic c o n d u ~ t i v i t yThis
~ ~ . suggests
that ions participate in the reaction. Nitroanilines are unprotonated
in this solvent, so the ions must be acetylium ions (equation 7).

As the rate of reaction depends upon the structure of the amine,
ionisation cannot be the rate-determining step, which must be attack
of the amine by the acetylium ion.
The reaction of amines with mixed anhydrides has been investigated by
Rationalising the products formed is a fairly
complex matter and most of the considerations are irrelevant to the
present discussion. However, in the acylation of aniline and 2,4dichloroaniline by acetic chloroacetic anhydride, chloroacetylation
predominates, as expected on electronic grounds, and the ratio of
acetylation to chloroacetylation is independent of the amine despite
marked changes in rate. The effect of further substitution in the
anhydride moiety upon the rate of amine acylation is complicated by
steric factors but is, in general, in agreement with an SN2mechanism.
D. Carboxylic Acids and Amides
The most usual method of preparing acetamide is by heating ammonium acetate (equation 8). The system is in equilibrium but may
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be forced to the right by the removal of water. The reaction is less
facile on increased substitution in either the carboxylic acid or the
a ~ n i n e The
~ ~ .reaction probably involves dissociation into acetic acid
and ammonia followed by nucleophilic attack of the ammonia on the
acetic acid. Morawetz and Otaki54 have shown that the reactive
species in amide formation are the free amine and the carboxylic
acid anion (equation 9). The mechanism must involve an intramolecu-

(10)

which should be more reactive than the keto form. Such an explanation is not unreasonable, but more direct evidence is necessary before
it can be considered valid.
Methacryloyl chloride reacts more rapidly with basic amines than
with water and is, therefore, a useful reagent in aqueous solution.
Excess amine is required to remove the liberated hydrogen chloridea0.
Isopropenyl acetate is a mild acylating agent61 and will convert
amines into a m i d e ~ Acylations
~~.
are also readily performed using
a-ketonitriles, the most usual being benzoyl nitrile 63, while a-acetoxyacrylonitrile selectively acylates the amino group, but does not react
with an alcoholic or phenolic hydroxyl group64. N-Acetyl- and Nbenzoyllactams 65, as well as 2- and 3-acetoxypyridine 6a, acylate
amines, but these reactions are not of preparative use. O-Acylhydroxylamines are weak acylating agents, like esters67.For preparative purposes 0-acylketamines are the most useful, being stable to heat and
unaffected by alcohols and water (equation 13). The reaction is

Thiolacetic acid reacts more readily than acetic acid. This is not
surprising in view of the greater ease of removal of volatile hydrogen
sulphide.
The acylation of amines by amides is not of preparative significance,
although the reaction does occur. Amides are obtained by the reaction
between a primary amine and diacetamide or dibenzamide in toluene 56. The reaction proceeds under neutral conditions, which can be
advantageous in certain circumstances.

catalysed by acids. The strength of these catalysts is quite critical as
very weak acids are ineffective but strong acids reduce the reaction
rate by protonating the amine.
Recently tetraacyloxysilanes have been demonstrated to be excellent acylating agents68, giving 60-90% yields of amide (equation 14).
(RCO,),Si
+ 4 EtzNH +4 RCONEtz + Si(OH),
(14)

RC02-

+ RNHz

RCONHR

+ OH-

(9)

lar proton transfer as expulsion of the 02-ion from the anion is very
unlikely. However, Bruice and B e n k ~ v i chave
~ ~ suggested the mechanism may involve the kinetically indistinguishable attack of amine
anion on the unionised acid (equation 10). No definite conclusion can
be reached on present evidence.
0

II

RC-OH

0

+ RNH-

II

v R-C-NHR

+ OH-

E. Miscellaneous Acylating Agents
Numerous other reagents acylate amines but few of these reactions
have been subjected to mechanistic investigation. Only the more
important ones are mentioned here.
According to S a t ~ h e l lketens
~ ~ readily acylate amines in inert
media. Other
has indicated that addition of water or acetic
acid is necessary for the reaction to proceed. The obvious explanation
is that acetic anhydride is formed (equation 11) which then reacts
CH,=C=O

+ CH3COzH ----+

(CH3CO),0

(11)

with the amine. The only puzzling feature of this interpretation is
that keten appears to react more rapidly than acetic anhydride itself
under the same conditions. S ~ e t k i has
n~~
suggested that this is due to
the initial formation of the enol form of acetic anhydride (equation 12)
OH

The reaction has been extended to the acylation of di-t-butylamine
with silico anhydrides of acetic, butyric and caproic acids. Ethylamine
also reacts readily with these reagents.
F. Forrnylation

Formylation of amines, to give formamides, is a special case of
acylation and warrants separate comment. Most studies of this
reaction have been preparative rather than mechanistic, and although
many procedures have been described, the range of applicability 'seems
to be limited.
The most usual method is to transformylate an arnine with a more
reactive formamide (equation 15). Formamide itself will react with
HCONH,

+ PhNH2

HCONHPh

+ NH,

(15)

aniline derivatives and amines such as b e n ~ y l a m i n e ~
but
~ , not with
simple aliphatic amines. Glacial acetic acid is often used as a solvent 70
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and the reaction also proceeds with the amine h y d r ~ c h l o r i d e ~It~ .
seems probable that the reactive species is, in fact, the free amine rather
than the hydrochloride, and that the equilibrium (equation 15) is
displaced to the right by precipitation of ammonium chloride.
Aromatic amines are also readily formylated by heating with dirnethylformamide and sodium methoxide (equation 16): dimethylamine is
HCONMe,

+ PhNH, ---+ PhNHCHO + NHMe,

(16)

evolved and the product is obtained by aqueous decomposition of an
intermediate72. The exact role of the methoxide ion is not clear.
Esters are also good reagents73 and ethyl formate is particularly
useful for formylating t-butylamine and t-octylamine under conditions where there is no acylation by methyl acetate74.
Chloral reacts with many amines to furnish formamido compounds
and chloroform75 but complexes often result from this reaction76.
Formic acid alone will formylate certain anilines such as 3,4-dichloroaniline77. The addition of acetic anhydride improves reactivity7e,
presumably by the formation of acetic formic anhydride, but acetylation may then occur in preference to formylation. H ~ f f m a nhas
~~
improved this method by preparing formic acetic anhydride before
adding the amineeO.OIAhel has described the use of formyl fluoride
as a formylating agent.
Ill. ALKYLATION AND ARYLATION

Alkylation and arylation have been closely studied, and the results
are particularly interesting because they contribute significantly to
our understanding of substitution at an amino nitrogen in general.
Usually the reaction occurs readily between most kinds of amine and
the appropriate alkyl or aryl halide, although steric interference from
either reagent retards the rate. Alkyl derivatives of other strong acids,
such as alkyl sulphates and benzenesulphonates are also effective
reagents, although the halides are by far the most useful. A rather
different, but also common method, is reductive alkylation, a process
in which the amine is first condensed with a carbonyl compound and
subsequently reduced, either by catalytic hydrogenation or by formic
acid or one of its derivatives.
A. Alkyl Halides
Ammonia and simple aliphatic amines react readily with alkyl
halides. With reactive reagents, such as methyl iodide, a mixture of

I
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primary, secondary and tertiary amines is obtained, together with
quaternary ammonium salts (Scheme 5). With branched-chain
NH,
NH,Me
NHMe,
NMe,

+ Mel ----t NH,Me + HI
+ Mel -----t NHMe, + HI
+ Mel ----t NMe, + HI
+ Mel ---+ NMe,l

SCHEME
5. Reaction between ammonia and methyl iodide.

alkyl halides the reaction is less facile and it is almost essential to use
the more reactive iodide in these cases. Tertiary alkylating reagents,
such as t-butyl halides, are ineffective, and elimination of hydrogen
halide occurs in preference to nitrogen substitution, indicating steric
interference, which also accounts for the lower reactivity of branchedchain secondary amines compared to primary amines, despite their
higher basicity and, therefore, greater nucleophilicity.
Arylamines are less reactive, because of their lower basicity, and
therefore require higher temperatures. The reaction is not difficult
with small, reactive alkylating reagents and proceeds to the quaternary ammonium salt. Diarylamines are, as expected, even less reactive,
although diphenylamine can be methylated with methyl iodide at 40'
in dimethylformamidee2. Generally speaking, however, diarylamines
are more easily alkylated via their sodium or magnesium saltse3.
Triarylamines do not react with the usual alkylating reagents.
Nearly all these reactions appear to proceed via an uncomplicated
SN2 processe4, and usually follow a second-order rate law (equation
17). The rates depend upon the nucleophilicity of the aminee5and the
Rate = k[amine] [RX]

(17)

leaving characteristics of the displaced group (X) e6, and are faster in
polar solventse7 such as alcohol, consistent with the formation of
charge in the transition state. More direct evidence is the inversion
of configuration reported for the alkylation of trimethylamine with
D-sec-butyl chlorideee. The steric requirements noted previously are
also consistent with an SN2 process. For further discussion of these
reactions the reader is referred e l s e ~ h e r e ~ ~ . ~ ~ .
As with other nucleophilic substitutions, the alkylation of amines by
some reagents is accompanied by competing elimination of H X
(equation 18).
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B. Other Alkylating Reagents

Alkylation may also be brought about by an isocyanate or isothiocyanate. With strongly basic arnines addition occurs g1 (equation 19)
but with less basic amines there is substitutiong2 (equation 20). In

+ NHR2
Ph3CNCS+ PhNH2
Ph3CNCS

----

Ph3CNHCSNR2
Ph3CNHPh+ HNCS

.
k, (Base)

I

(19)

I

NO2

(9)
NOz

(20)

solvents favouring carbonium ion formation, e.g. benzonitrile, the
triphenylcarbinyl ion readily forms and reacts with even strongly
basic amines to give substitution products (equation 2 1).
Olefins containing strongly electron-withdrawing substituents, e.g.
a,,8-unsaturated nitriles, carbonyl compounds and nitroalkenes react
with arnines (equation 22)
With sodium amide as a catalyst,
amines will add to styreneg5 (equation 23).

SCHEME
6. Aminolysis of an aryl halide.

k, or k4 can be rate controlling. A similar mechanism has already
been discussed for ester aminolysis, but in the present case, evidence
for a two-step process is more complete.
From a very elementary consideration of transition-state energies,
one might reasonably conclude that the formation of a tetrahedral
intermediate with aromatic halides will be favourable. For simple
SN2 displacement without intermediate formation, as in the case of
alkylation, the transition state must involve the formation of partial
bonds to both halide and amine moieties from the original covalent
bond to the halide (equation 26). Partial-bond formation results in
X

Terminal acetylenes react with amines in a 2 :1 ratio in the presence
of cuprous chloride to give substituted propargylaminesg6.The process
occurs in two steps, the first being the production of an enamine
(equation 24). This is followed by 1,Zaddition of the acetylene
across the enamine double bond (equation 25).

X. . RNH2
*

gross distortion of the bonds with loss of aromaticity. If aromaticity is
lost, then the carbon atom at the seat of the reaction assumes sp3
hybridisation and an intermediate with resonance stabilisation results
(equation 27). Under certain conditions, these and similar inter-

C. Aryl Halides

Amines replace halide attached to aromatic rings but only in fairly
drastic conditions. Nucleophilic displacement is greatly enhanced,
however, by the presence of nitro groups on the aromatic ring and
such reactions have been extensively studied. It is generally assumed
that less activated aromatic halides react in the same way, although
there is little direct evidence for this. Most workers now agree on the
general character of the reaction (Scheme 6). The formation of the
tetrahedral intermediate (9) is reversible, and its decomposition to
products occurs either spontaneously (step k,) or in a base-catalysed
step (k,,). Depending on the conditions and the reactants, either k,,

mediates have been isolated. The highly coloured adducts between
alkoxide ions and polynitro compounds were first described by
Meisenheimerg7 who suggested formulae of the type 10. Similar
coloured compounds result from mixing amines with polynitro
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compoundsgB.The existence of such adducts does not, by itself, prove
that they are intermediates in nucleophilic substitution, but it renders
their formation more reasonable.
The most convincing evidence for a two-step mechanism, however,
comes from the observation of general base catalysis either by the
amine itself or by some other added base. Several groups of workers
have reported the phenomenon. Brady and Cropper 99 found that
triethylamine, while not reacting with 2,4-dinitrochlorobenzene, will
catalyse the reaction with methylamine. The reaction between
n-butylamine and 2,4-dinitrochlorobenzene (DNCB) in water-dioxan
mixtureslOO follows the complex rate equation (28). Both the second
Rate

=

kn[BuNH2][DNCB]

+ ~,,[BuNH,]~[DNCB] +

ko,- [BuNH,] [DNCB] [OH -1 (28)
and third terms of equation (28) indicate general base catalysis; in
the second term by another molecule of amine and in the third term
by hydroxide ion. Bunnett and RandalllO1 report similar kinetics
for the reaction at 2,4-dinitrofluorobenzene with N-methylaniline.
Piperidine, methanol, triethylenediamine and pyridine all catalyse the
reaction of piperidine with 2,4-dinitrofluorobenzene and 2,4-dinitrochlorobenzenelo2. The observation of third-order kinetics, is most
significant because, in view of the low probability of termolecular
collisions under the experimental conditions, it suggests that the amine
and aryl halide combine initially to form an intermediate that has
sufficient half-life to be attacked by a second molecule of base to give
products. The observation of general base catalysis suggests that the
second step involves transfer of a proton.
The incidence of base catalysis in aminolysis of aryl halides is by no
means universal and, until recently, this remained a puzzling feature
of the reaction. For instance, base catalysis is observed in the reaction
between N-methylaniline and 2,4-dinitrofluorobenzene, but not with
2,4-dinitrochlorobenzene or 2,4-dinitrobromoben~ene~~~.
Again only
the fluoro compound shows general base catalysis in the reaction with
substituted pyridineslo3. These differences are readily understood if
either formation (k,) or decomposition (k3 and k,) of the tetrahedral
intermediate can be rate controlling. That this is indeed the case
has been elegantly shown by the recent studies of Bunnett and
Bernasconi104 of the reaction between piperidine and 2,4-dinitrophenol ethers. This reaction, to give 2,4-dinitrophenylpiperidine, may
be catalysed by bases including hydroxide ion, giving a rate expression
shown in equation (29). With good leaving groups attached to the

FIGURE
1. Reaction of 2,4-dinitrophenyl 4-nitrophenyl ether with
piperidine, catalysed by NaOH.

Rate = k,[ether] [piperidine]

+ ko,-

[ether] [piperidine][OH-]

(29)

benzene ring, such as 2,4-dinitrophenoxy, for which the rate-determining step is expected to be the formation of the tetrahedral intermediate, the reaction is not base catalysed (see Figure 1). With poor
leaving groups, such as phenoxy, hydroxide ion catalysis is detected at
low pH, consistent with a rate-determining breakdown of the intermediate catalysed by hydroxide. At higher pH, however, the rate of
the hydroxide ion catalysed step increases until it is no longer rate

FIGURE
2. Reaction of 2,4-dinitrophenyl phenyl ether with piperidine,
catalysed by NaOH.
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low pH the rate of reaction is governed by the catalysed step k, and
most of the intermediate formed breaks down to give reactants again.
The rate-determining step, then, involves the breaking of a carbonoxygen bond to liberate phenoxide ion, and the overall reaction displays an oxygen isotope effect, i.e. compounds containing oxygen-16
react slightly more rapidly than those containing oxygen-18. At high
pH, where formation of the intermediate is the slow step and carbonoxygen bond fission is not involved, the isotope effect is closer to unity.
At intermediate pH's the isotope effect is intermediate in value. The
experimental results are shown in Table 3.

'to

TABLE3. Reaction between piperidine
and 2,4-dinitrophenyl phenyl ether.
FIGURE
3. Reaction of 2,4-dinitroanisole with piperidine, catalysed by
NaOH.

determining and the rate of reaction becomes independent of hydroxide ion concentration (see Figure 2). The slow step is then formation of
the tetrahedral intermediate. With an extremely poor leaving group,
such as methoxy, the shift in rate-determining step occurs at much
higher hydroxide ion concentrations (see Figure 3).
Further confirmation for a two-step process comes from studies of
oxygen isotope effects in the arylation of piperidine with 2,4-dinitrophenyl phenyl ether catalysed by hydroxide ion105 (Scheme 7). At

Hg~oz

OPh

OPh

NOz-

oZN'
SCHEME
7. Reaction between piperidine and phenyl ethers.

In accord with the two-step process, it can be predicted that the
rate of arylation will be largely independent of the displaced group
in those cases where formation of the intermediate is rate determining.
This situation has been realised for the reaction between piperidine
and l-substituted 2,4-dinitrobenzenes in methanollo6. The data in
Table 4 show that for the last six compounds, the rates are only slightly
dependent on the leaving group, i.e. the l-substituent. As expected,
none of these reactions is subject to general base catalysis.
l

TABLE4. Reaction between piperidine and
l-substituted 2,4-dinitrobenzenes.
l-Substituent

kOb,(l/molemin)

-F
-NOz
-OSOzCBH4Me
-SOPh
-Br
-C1
-S02Ph
-OCeH4N02
--I

90
24.2
2.72
0.129
0.188
0.117
0.086
0.081
0.027

The steric bulk of the amine also influences the slow step. Thus no,
base catalysis is found in the reaction between 2,4-dinitrofluorobenzene
(DNFB) and anilinelo7.However, with N-methylaniline general base
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catalysis can be detected by the presence of a third-order term in the
rate expression (equation 30). This difference too may be explained
Rate

=

k,[PhNHMe][DNFB]

+ k,,[PhNHMeI2[DNFB]

(30)

most satisfactorily in terms of a two-step process. Under pseudo-firstorder conditions, i.e. excess amine, the observed rate constant for the
catalysed process (k,,,) is given by equation (31). If k, [base] >> k2
klk4[base]
kcat = k2 k,[base]

+

(i.e. most of the intermediate breaks down to give products and little
returns to reactants) then k,,, equals k1 and no catalysis is observed.
This applies in the case of unsubstituted aniline. However, for steric
reasons, methyl substitution increases the size of k,, making k2 > k,
[base] so that, in this instance, kcat equals klk4[base]/k2 and general
base catalysis is observed. The small difference in the size of the
arnines reveals the delicate balance between rate-controlling formation
and breakdown of the tetrahedral intermediate.
The exact nature of base catalysis is still not clearlo8. The most
probable explanation is that it results from protonation of the leaving
group by the conjugate acid of the base, formed in a rapid equilibrium
step subsequent to formation of the tetrahedral intermediate (Scheme
8). Protonation will improve the leaving tendency of the displaced

SCHEME
8. Base catalysis in the arylation of amines.

group (X) and hence catalyse the reaction. A similar mechanism has
been advanced for the reaction between esters and amines.
D. Reductive Alkylation

Ketones and aldehydes readily react with primary amines to give
imines (equation 32). The first step must involve substitution on

nitrogen by the activated carbonyl compound to form a carbinolamine (ll),but dehydration occurs so readily that only with reactive
aldehydeslogis it possible to stop the reaction at this stage.
Imine formation is an equilibrium processl10 and removal of the
water produced is necessary for the complete reaction. Addition of
acid reduces the amount of product formed, by protonating the more
basic amine and displacing the equilibrium to the left. O n the other
hand, acids catalyse the rate of imine formation by accelerating
dehydration of the intermediate carbinolamine. This step is slow in
neutral solution but, on raising the acidity, rapidly increases until
formation of the intermediate carbinolamine becomes rate determining. This change in the rate-determining step results in a rate
maximum at a pH of about four. Secondary amines also react, often
spontaneously, with carbonyl compounds to form ternary immonium
salts (equation 33). Net amine alkylation can be brought about by
subsequent reduction of the imine (equation 34).

Primary amines cannot be usefully prepared, by reductive alkylation, from lower members of the aliphatic aldehydes and ammonia
owing to side-reactions (for instance, formaldehyde and ammonia
give hexamethylenetetramine). For aldehydes with more than five
carbon atoms, however, conversion to the corresponding amine gives
60% yieldslll. Even better yields are reported for aromatic aldehydes,
presumably because of the greater ease of imine formation112. With
an excess of aromatic aldehyde the reaction with ammonia invariably
leads to formation of the secondary amine113, but with aliphatic
compounds a mixture of primary and secondary amines is generally
obtained. Alternatively, secondary amines can be prepared directly
from primary amines (equation 35).
RNH2 + RCHO

+RN=CHR + HO
,

Fa

RNHCHpR

(35)
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There have been few detailed mechanistic studies of reductive
alkylation, as the intermediacy of an imine is such an obvious route.
However, Klebanskii and Vlesova 114 have compared the rate of
amine production, by reduction with hydrogen over nickel, from an
isolated irnine with that from a mixture of amine and aldehyde.
Rather surprisingly the latter was faster but irnine formation during
the reaction was detected by i.r. spectroscopy and by polarography.
This unexpected result has been explained by a rate-determining
absorption of the aldehyde and amine onto the heterogeneous catalyst,
preceding the chemical transformations. In accord with this conclusion, when zinc and hydrochloric acid are used as the reducing agent,
the imine reacts faster than a mixture of amine and aldehyde and
formation of the imine is therefore rate controlling.
Alkylated amines may also be prepared by the reaction of an amine
with alcohol in the presence of Raney nicke1115. The initial step here
seems to be dehydrogenation of the alcohol to an aldehyde, followed
by reductive alkylation (equation 36) l16. l17. The reaction of aniline

aldehydes either do not react or produce tars12'. Nuclear substitution
in aromatic aldehydes tends to reduce their reactivity. In reactions
involving aryl alkyl ketones the yields of alkylated amines are found
to decrease as the size of the alkyl group increases126.
A full discussion of the Leuckart and related reactions is outside the
scope of this review and only those involving alkylation of an amine by
a ketone in the presence of formic acid will be considered. The ease of
imine formation suggests that condensation and elimination of water
are the first steps (equation 38). The imine produced is then reduced

RCH,OH

---t

RCHO

% RCH=NR Ha RCHzNHR

+ PhCH,OH

>-PhCH,OK

PhCH,NHPh

+ PhCHO

> RzCHNHR + COz

+ RNH, +R,C=NR

0

(37)

catalyse the reaction between amines and alcohols in the gaseous
phase but there are many side-reactionsllg. Tertiary amines are
readily prepared from secondary amines by reaction with esters in
the presence of lithium aluminium hydride120. An amide is formed
by reaction between the ester and amine, which on reduction by
lithium aluminium hydride, gives a tertiary amine.
E. Leuckart Reaction
The original synthesis discovered by Leuckart lZ1was the reductive
alkylation of benzaldehyde to form benzylamine using formamide or
ammonium formate as the reducing agent. This was later extended
by W a l l a ~ h land
~ ~ by the Eschweiler-Clarke procedure 123. The
scope of the Leuckart reaction has been reviewed by Moore 124.
Apart from the special case of formaldehyde, the reaction is most
facile with aromatic aldehydes and water-insoluble ketones. Aliphatic

(38)

to an alkylated amine by the formic acid present (equation 38).
Unfortunately there is no firm kinetic evidence to support this suggestion. However, increased yields are obtained by using the isolated
imine 127. The reducing action of formic acid probably occurs via the
formation of an ester (equation 39) and Lukasiewicz la8has produced
R2C=NR + HC0,H +R,CNHR
1
0

(39)

\c/

(36)

with benzyl alcohol in the presence of a nickel catalyst is facilitated
by the presence of potassium benzylate l18. The sequence of reactions
is the same, except that reduction is brought about by benzyl alcohol
and potassium benzylate (equation 37). Thorium oxide will also
PhCH=NPh

R,C=O

H

/

evidence to suggest that the decarboxylation of this ester to give the
alkylated amine is a free-radical process.
The Mannich reaction between an aldehyde (usually formaldehyde)
and a primary or secondary amine in the presence of a third substance
having an active hydrogen, e.g. ketones, nitroalkanes, malonic esters,
bears close similarity to the Leuckart reaction (equation 40). The net
RzNH + HCHO + CHaNOz ----+

R2NCH,CH2N02 + HzO

(40)

result is substitution of the active hydrogen by R2NCH2-. The
reaction of dimethylamine and formaldehyde with ethylmalonic acid
has been investigated mechanistically by Alexander and Underhill lag
(equation 41). This reaction is acid catalysed and is first order in

+ HCHO + MBNH

EtCH(C02H)2

--f

E~~--cH,NM~
+ H,O
I
CO,H

(41)

each of the reactants. The pH-rate profile shows a maximum at pH
3.8. The fall off in rate at lower pH probably arises from a decrease in
the concentration of reactive unprotonated amine; at higher pH
the rate decreases owing to a reduction of acid catalysis in the
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rate-determining step. The first step in the reaction is substitution
by formaldehyde on the amino nitrogen to give a carbinolamine
(Scheme 9). This is followed by an acid-catalysed reaction between

could be either hypochlorous acid or the hypochlorite ion, both of
which are inefficient in C-chlorination. Mauger and S ~ p e r have
l~~
suggested that there is hydrogen bonding between the amine and the
hypochlorite ion. Esters of hypochlorous acid, such as t-butyl hypochlorite, can react in a variety of ways, leading to both C- and Nsubstitution, but the conditions favouring N-chlorination have not been
clearly defined. It seems unlikely that chlorination is brought about by
free chlorine present in the hypochlorite solution as this should result
in nuclear substitution. The active species in bromination must be the
corresponding hypobromite ion.
A rather different method of preparation employs succinimides.
N-Chloroamines result from the action of N-chlorosuccinimide in ether
on an amine, and N-bromoamines are obtained in a corresponding
manner from N-bromosuccinimide or N-bromophthalimide 140. The
action of N-bromo- and N-chlorosuccinimide is difficult to understand.
A recent view140a of the action of N-bromosuccinirnide suggests that
it provides molecular bromine, and hence bromine atoms, at low
concentration. It is not clear why this should bring about preferential
N-bromination, but it is possible that an entirely different mechanism
is operative in N-substitution. The action of N-chlorosuccinimides is so
little understood that speculation about the course of N-chlorination
is without significant value. Chloramine-T is an effective chlorinating
reagent for amines141. Sulphuryl chloride reacts with p-aminophenol
to give 4-hydroxy-2,3,5,6-tetrachlorophenyldichloroamine
142.
Rather special procedures are used in the preparation of fluoroamines. Anodic fluorination of methylamine in liquid hydrogen
fluoride leads to N, N-difluorotrifluoromethylamine (equation 42)143.
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Me2NH + HCHO

MeaNCHaOH

+HCE~

----t

\

Me2NCH20H
Me,NCH2CEt(CO2H), + H,O

C02H
SCHEME9. Mechanism of the Mannich reaction.

the carbinolamine and malonic acid, which is the rate-determining
step. This scheme nicely explains the third-order kinetics. The exact
nature of the acid-catalysed process is not clear, but probably arises
from protonation of the intermediate carbinolamine.
The full scope of the Mannich reaction has been recently reviewed 130.
IV. HALOGENATION

Halogenation of an amine may occur either on carbon or on
nitrogen, the former reaction being outside the scope of this review.
In many solvents N-halogenation by molecular halogen seems to be
unimportant compared with C-halogenation; not because in principle
it cannot occur, but because under the conditions of the reaction the
N-halogen compound is converted back to halogen and amine, whereas
C-halogenation is non-reversible.
However, hypochlorous acid and the hypochlorite ion are far
better N- than C-chlorinating agents and react readily with primary,
secondary and tertiary amines. The reason for this is not entirely
clear. Chlorination of amines using sodium hypochlorite was discovered by Hofmann in 1881
and the method was extended by
C ~ l e m a n ~N,~N-dichloroamine
~ . ~ ~ ~ .
is obtained if excess hypochlorite
is used. A solution of hypochlorous acid in ether reacts with aniline at
- 20" to give N, N-di~hloroaniline~~~.
Under different conditions, in
the presence of hydrochloric acid at room temperature, only nuclear
substitution
Ethyl h y p ~ c h l o r i t e l ~as~ , well as t-butyl
h y p ~ c h l o r i t ehave
~ ~ ~ also
,
been used for the N-chlorination of amines.
N-Bromoamines are made in a corresponding way, using sodium
hypobromite.
There have been no detailed investigations of the mechanism of
amine halogenation by hypohalite. In chlorination the reactive species
1319132

Jet fluorination144of methylamine leads to a variety of products, the
main one being the completely fluorinated compound, and a freeradical mechanism has been suggested. Reaction of alkyl iodides or
azo compounds with perfluorohydrazine gives N, N-difluoroarnines in
43). The mechawhich the alkyl group is ~ n f l u o r i n a t e d l(equation
~~

nism is almost certainly free radical. A small yield of difluoromethylamine is produced by the action of fluorine on an aqueous solution of
N-methyl carbamate 146.
Aliphatic mono- and dichloroamines are unstable oils, insoluble
in water; generally they are explosive, but a few may be distilled.
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Aromatic N-chloroamines are unknown and the dichloro compounds
are unstable and rapidly convert to ring-substituted products. N, NDichloroaniline explodes if removed from the freezing mixture.
Electron-repelling substituents in the benzene ring increase the stability of dichloroamines: thus pentachloro-N, N-dichloroaniline is
stable at room temperature in the absence of water, while 4-hydroxy2,3,5,6-tetrachloro-N, N-dichloroaniline may be steam distilled. All
the known N-bromo compounds are explosive, or at least, unstable.
N,N-Difluorotrifluoromethylamine
is an unstable liquid boiling at
- 78" to - 75". The iodoamines are mostly solids, with colours ranging
from sulphur-yellow for (CH3),NI and garnet-red for CH3NI, to
blue-black for C2H5N12.
N-Halogenation of tertiary amines occurs readily, but in aqueous
solution one or two of the alkyl groups are eliminated as aldehydes 147.
The usual chlorinating agents are hypochlorous acid or calcium
hypochlorite while N-bromination can be brought about by molecular
bromine. The first product is an N-halo quaternary halide (equation
149
44). The chloro compounds have also been prepared by Bohme

V. NITROSATIO N ( D I A Z O T I S A T I O N )
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1

Me3N + Br,

---t

4

~

9

+
Me3NBr + Br-

by the action of chlorine on an amine in carbon tetrachloride. Spectroscopic evidence for their production by the action of hypochlorous
acid on an amine in aqueous solution was obtained by Ellis and
Soper 150. The subsequent course of the reaction is not certain but loss
of a proton from the cation, followed by hydrolysis, is a reasonable
way of explaining the production of aldehydes (Scheme 10). Addition

CH,+/

Me,N

\

+ H20 ---t Me,NH + HCHO + HCI
Cl

SCHEME 10. Chlorination of trimethylamine.

of chloride is thought to lower the rate of reaction by reducing the

+

concentration of the reactive species Me3NCI. The secondary amine
formed is then chlorinated to give N-chloroamine.
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The various products obtained with nitrous acid can be regarded as
intermediates along a common reaction path represented by equation
(45). At low temperatures, for instance, both aromatic primary nitrosSlow

RNH,
(a)

RNHNO

V

RN,+

y R+

Dearnination products

(45)

amines151 and primary aliphatic diazonium ions152can be isolated
from an ethereal solution of the amine and nitrosyl chloride. Except
for diazotisation in very concentrated acids, as discussed later, the
initial nitrosation reaction (step (a) in equation 45) appears to be
rate controlling whatever subsequent reactions occur. Thus Kalatzis
and Ridd153have shown recently that identical kinetic equations and
remarkably similar rates apply to nitrosamine formation from Nmethylaniline, as to the diazotisation of aniline, and many of the
kinetic equations for diazotisation have exact counterparts in aliphatic
deamination. This means that the initial task in understanding the
mechanism for both primary and secondary amines is the common
one of N-nitrosation.
Mechanistic studies of N-nitrosation in aqueous solutions are
complicated, however, by the existence of several nitrous species
in equilibrium with molecular nitrous acid, many of which are
effective nitrosating reagents (a situation similar to that for aromatic
nitration) 154. Some of the reagents formed in aqueous solution are
listed below in order of increasing activity. In the presence of basic
ON-NO2
ON-Ha1
ON-OH2+
ON+

nitrous anhydride
nitrosyl halide
nitrous acidium ion
nitrosonium ion

anions (X-) additional reagents with the general formula NO-X are
also formed. Nitrous acid itself is notably absent for it appears that
the molecular form of this acid does not react directly with amines.
To simplify the discussion, evidence for each reagent is treated
separately, although under normal conditions reaction usually occurs
simultaneouslyvia more than one reagent. The effect of solvent acidity
is also dealt with separately, and nitrosation by other reagents and the
reactions of tertiary amines are also discussed briefly.
Early work on the nitrosation of amines forms an interesting part of
the historical development of mechanistic organic chemistry, but the
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reader is referred elsewhere for these details 155. Several recent reviews
have dealt with the mechanism of N-nitrosation in aqueous solution156,
the effect of solvent acidity on diazotisation 157 and the nitrosation of
secondary amines 158.

between nitrous acid and water, which occurs mainly* via the hydrolysis and the formation of nitrous anhydride (equation 49), show
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A. Nitrous Anhydride

Hammett159 was the first to suggest this species as a reagent to
explain the 'anomalous' second-order dependence on nitrous acid
concentration reported earlier for diazotisation160 and for the deamination of both methylamine161 and d i e t h ~ l a m i n e l(equation
~~
46). Hammett suggested that nitrous anhydride was formed in a
Rate

=

k[HN02]2[RNH2]

(46)

that it also follows equation (48) with a rate comparable to that for
aniline diazotisation under similar experimental c ~ n d i t i o n s l ~ ~ * l ~ ~ .
Thus diazotisation and oxygen exchange must be controlled by the
same rate-determining step-the formation of nitrous anhydride from
two molecules of nitrous acid.
These results effectively exclude Kenner's170 suggestion that thirdorder nitrosation corresponds to slow proton loss from a tetrahedral
intermediate (12), with nitrite ion acting as a base (Scheme 12).

rapid preequilibrium step (equation 47) and then slowly attacked the
Fast

2 HNOz

Nz03
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RNHz

+ HZONO+

Fast

+

RNH2N0

+ H20

(12)

+ HzO

unprotonated amine to form an ammonium ion intermediate as shown
in Scheme (1 1). The elegant kinetic investigations of Hughes, Ingold

RNHNO

5 Products

+

R N H ~+ N ~ Slowc
O ~ R ~ H ~ N ONOZR ~ H , N OFasf- RN,+

5 Deamination products

l 1.
SCHEME

and Ridd163*164confirmed Hammetts suggestion and simultaneously
resolved earlier, apparently conflicting, observations. They found,
like Schmid160, that the rate of diazotisation of basic aromatic amines,
such as aniline, in dilute acidic solutions (about 0.01 M) followed the
overall third-order equation (46). O n decreasing the acidity, however,
the reaction rate progressively became independent of the amine
concentration and eventually followed the second-order rate law
given by equation (48) 163. le4. Earlier workers 165 had assumed
Rate = k[HNO2I2

(48)

incorrectly a first-order dependence each on amine and nitrous acid
concentrations. Equation (48) refers to conditions where the formation
of nitrous anhydride (equation 47) is rate controlling, because the
increased concentration of highly nucleophilic amine base at lower
acidities is sufficient to react with the nitrous anhydride as soon as it
forms163.166. Other evidence has accumulated to confirm the
validity of this conclusion. Studies of the exchange of oxygen-18

This mechanism is similar to that proposed for the acylation of amines
and should be subject to general base catalysis, which is not the case 171.
Further studies have shown that nitrous anhydride is a very common reagent in d i a z ~ t i s a t i o n l173,
~ ~ ,d e a m i n a t i ~ n and
l ~ ~ nitrosamine
formation153. Ridd156 has summarised the rate data for the reaction
of several amines with nitrous anhydride and these are given with one
or two additions in Table 5. As expected for a reaction in which the
rate-determining step is nucleophilic attack by the amine base on
nitrous anhydride, electron-withdrawing substituents decrease the
diazotisation rate, and nitrous anhydride does not react with highly
deactivated amines such as p-nitroaniline 176 and 2,4-dinitroaniline 176.
Table 5 shows that there is a fair correlation between reactivity and
basicity within each class of a m i ~ ~ ealthough
l ~ ~ , aliphatic amines
appear to be less reactive than their high basicity would suggest. The
reason for this difference is not clearly understood. Also N-methyl
substitution has a greater effect on the rate of nitrosation than on the
basicity of aniline, suggesting that steric factors are important.

* One other mechanism'69 is known to become important when the nitrite
concentration is very low.
+

11 C.A.G.
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TABLE
5.

Amine

PKA

Alibhatic
~iketh~lamine
Propylamine
Methylamine
(Ammonia)

10.73
10.69
10.68
9.24

4.0
2.8
4.8
0.04

p-CH30
H
p-C1
p-Me3Nf
N-Methylaniline
a

Amine nitrosation by nitrous anhydride.
10-6k
(equation 46)'

Substituted Anilines
kCH3
m-CH,
H
0-CH3
p-C1
m-C1
0- C1

6. Substitution at an Amino Nitrogen

5.08
4.72
4.6 1
4.42
4.10
3.50
2.65
5.34
4.6 1
4.10

-

4.85

58.5
24.3
23.0
12.6
8.4
2.9
0.42
5.56
3.1 1
0.92
0.14
12

nitrosy1 halide (NOHal), which then reacted with unprotonated
amine in a slow step (Scheme 13). Hughes and Ridd1I8 placed

Temperature
("C)

References

25
25
25
25

162,
162,
161,
161,

25
25
25
25
25
25
25
0
0
0
0

173
173
173, 175
173
173
173
173

0

175
175
175
175

172
l63
172
172
153

Hammett's suggestion goes beyond the realms of speculation by
demonstrating that the formation of nitrosyl halide (equation 51)
could be made rate controlling for bromide and iodide ion-catalysed
diazotisation in perchloric acid. The rate under these conditions was
found to be independent of the amine concentration and followed
equation (52). They suggested178that the nitrosyl halide was formed
Rate = k[H +I2[HNO2][Hal -1

Rate coefficientsfrom equation (46) in 121rnole2 sec.

B. Nitrosyl Halides

Many covalent nitrosyl compounds are effective nitrosating reagents
in organic solvents. It is therefore not surprising to find that even low
concentrations of nucleophilic anions promote nitrosation in aqueous
solutions by forming nitrosyl compounds other than nitrous anhydride
(nitrosyl nitrate). Most of the mechanistic evidence for these reagents
comes from diazotisation studies either in halogen acids or catalysed
by halide ions. We shall therefore confine our discussion to the reactions of nitrosyl halides.
S ~ h r n i dwas
l ~ ~the first to show that the expression for the rate of
diazotisation of aniline in halo acids required another kinetic term,
given by equation (50), as well as the term for reaction by nitrous
Rate = k[ArNH,] [H +][HNO,] [Hal -1

309

(50)

anhydride. Once again it was Hammett159, who noting that the
concentration of nitrosyl halide was proportional to the product
[H +][HNO,] [Hal -1, pointed out that equation (50) was consistent
with a mechanism involving a rapid, preequilibrium formation of

(52)

by the reaction of halide ion with the nitrous acidium ion
(H,ONO+) lB6.A comparable slow formation of nitrosyl chloride has
not been realised in either deamination or diazotisation, but has been
observed in the analogous nitrosation of the highly reactive azide ion
in the presence of added chloride179.
With low concentrations of nitrous acid, below 0.01 M, nitrosyl
chloride becomes the dominant reagent for the diazotisation of aniline
in aqueous hydrochloric acid stronger than 0-1 M
~ Since
~ the
~ con~
centration of nitrosyl chloride is proportional to the square of the
hydrochloric acid concentration (see equation 52), the rate increases
rapidly with acidity and should reach a maximum in 5 M hydrochloric
acid when all the nitrous acid is converted to nitrosyl chloridelsO.
This effect has been observed for the deamination of ammonia181a
and of glycine181b,but not for diazotisation itself.
Deamination and diazotisation on a preparative scale are frequently
carried out in organic solvents with nitrosyl halidesls2. The mechanism of these reactions is probably similar to those in aqueous solutions, and recent studies in methanolic hydrochloric acid solvents show
that diazotisation follows equation (50) ls3*
ls4. The rates generally,
however, are considerably slower than in aqueous solution ls3and this
difference has been attributed to methanolysis lowering the concentration of nitrosyl chloride (equation 53) ls4.The simplest deamination
NOCl + MeOH

+MeONO + HCI

(53)

.
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products from aliphatic amines are obtained with nitrosyl halides. At
low temperatures, unstable primary nitrosamines are formed 152. 153,
but the amino group is replaced by halide on raising the temperaturele5. A similar replacement occurs with aromatic amines in the
Gatterman le6" and Sandmeyer 186b syntheses.
Nitrosyl halides, at least in aqueous solutions, appear to be more
potent reagents than nitrous anhydride. Schmid and his coworkers
have calculated actual rate coefficients for the reaction of unprotonated
amine with both molecular nitrosyl chloride 175. le7?lee and nitrosyl
b r ~ r n i d e l (i.e.
~ ~ from
.~~~
the equation, Rate = k[RNH,][NOHal]).
These are listed in Table 6. The characteristic features of these rate
TABLE6 . Amine nitrosation by nitrosyl halides at 2 5 ' ~ .
Amine

P

~

A

10-Oka

Reference

C. Nitrous Acidium Ion

Acid-catalysed nitrosation in the absence of halide ions may involve the nitrous acidium ion (H,ONOf). The diazotisation rate of
aniline in aqueous perchloric or sulphuric acid at first decreases and
then increases with rising acidity157.This implies a change in mechanism, because the reaction rate for nitrous anhydride itself should
steadily decrease owing to increasing protonation of the amine.
In perchloric acid concentrations up to 0.5 M, unreactive aromatic
amines diazotise in accordance with equation (54)lg1, Hughes,
Rate

Aniline
Ammonia

k[ArNH2][HN02][Hf]

(54)

Ingold and Ridd166 were the first to interpret this result as evidence
for rapid formation of the nitrous acidium ion, which then reacts with
the unprotonated amine in a rate-determining step (Scheme 14).

Nitrosyl chloride

Substituted anilines
#-CH3
m-CH3
H
0-CH3
#-C1
m-C1
0-C1

=

HNOa

+ H+

Fast

,
'HaONO+

Slow
+ H20NO+ 4
ArNH,NO+ + H&
ArNH2NO+ Fast- ArN2+ + HaO

AIighatu
~mrnonia
Glycine

31 1

ArNHa

9.24
9.78

0.05
0.0 17

175
175

SCHEME
14.

5.08
4.72
4.61
4.42
4.10
3.50
2.65

3.0
2.70
2.60
2.44
1.89
1.63
1.16

Nitrosyl bromide
4.6 1
3.2
9.24
0.032

187

Other interpretations were considered, but rejectedls6, including the
one involving slow nitrosation by the nitrosonium ion (NO+),although
this species is formed readily in strongly acidic solutions.
The nitrous acidium ion must be a very reactive species, for it
readily reacts with n i t r ~ a n i l i n e s lwhereas
~~
nitrous anhydride does
not. L a r k ~ o r t h yhas
l ~ ~determined the rate coefficients from equation
(54) for a few substituted anilines and these are listed in Table 7.

187
187
187
187
187
187
189
175

a Rate coefficients from the equation, Rate = k[RNHa]mOHal],
I/mole sec.

TABLE7 . Aniline nitrosation by nitrous acidium ion at OOc.
in

coefficients are firstly a remarkable independence from the amine
basicityle7, and secondly, a magnitude in close proximity to the rate
of molecular encounters in solution (about 1010 l/mole sec at 25") lao.
Activation energies for these reactions are all of the order of 4 to 5
kcal/mole lee.leg, which is also about that expected for a diffusioncontrolled reactionlaO.I t therefore appears that nitrosyl halides are
sufficiently powerful electrophiles to react on encounter with all but
the most unreactive amino bases.

Substituted
aniline

pKA

k (equation 54)'

Reference

" Rate coefficients from equation (54) in la/mole2 sec.

Actual rate coefficients for the reaction of the nitrous acidium ion with
the unprotonated amine cannot be computed, because the required
equilibrium constants are unknown. However, nitrosyl chloride must
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react with many aromatic amines on encounter (Section V.B) and the
nitrous acidium ion should be even more reactive. This may account
for the similar diazotisation rates of the most basic arnines recorded in
Table 7. Aliphatic deamination by the nitrous acidium ion has not
been reported, presumably because most aliphatic amines are completely protonated and therefore unreactive under the acidic conditions necessary for the formation of this reagent.

covalent under the experimental conditions lg2.Also, the perchlorate
ion catalysis is of an exponential characterle4. The salt effect of
perchloric acid can be nullified if the ionic strength is kept constant by
the addition of sodium perchlorate, and the diazotisation of p-nitroaniline then follows equation (55), where h, refers to the Hammett
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D. Acid-catalysed Nitrosation

Increasing solvent acidity favours the formation of the nitrosonium
ion ( N O + )lg2,which should be a particularly powerful reagent by
analogy with nitration by the nitronium ion (NO2+).The other important effect of higher solvent acidity is to reduce the concentration of
reactive, unprotonated amine. We noted above that with aliphatic
amines protonation is so complete that deamination is not observed at
acidities above 0.1 M. With aromatic amines, the situation is different,
partly because of their lower basicity, but adso from the intervention
of a new mechanism for N-nitrosation, apparently involving the
protonated amine. The importance of this new mechanism depends
on the basicity of the aromatic amine.
The diazotisation rates of weakly basic amines, such as p-nitroaniline, increase with perchloric acid concentration as is evident from
the data in Table 81g3. This catalysis has been associated with a salt
TABLE
8.

Effect of perchloric acid on the rate of diazotisation a t Ooc.

-

k (l/rnole sec)"

Perchloric Acid

(M)

0.5

A mine
p-Kitroaniline lg3
16.1
Aniline 1";. 198
0.025
p - T o l ~ i d i n e ~ ~ ~ 0.063
.'~~

1.0

24
0.081
0.285

2.0

3.0

51.5
0.49
2.45

92.5
2.60
15.0

4.0

5.0

-

-

12.3b 57.5b
123b 575b

6.0

263b
-

" Rate

coefficient calculated from the stoichiometric reactant concentrations present, i.e.
Rate = f [Amine] [Kitrous Acid].
At a temperature of P c .

effect rather than an increase in the hydronium ion activity, because
neutral perchlorate salts produce an almost equivalent increaselg4.
An alternative suggestion that reaction occurs via nitrosyl perchlorate 173,195 seems most unlikely, as this compound is ionic and not

Rate = k[ArNH,] [HNO,] h,

(55)

acidity functionlg3. The net rate of reaction is essentially independent
of the acidity, because any increase in h, is offset by a corresponding
decrease in the free-amine concentration. Despite current difficulties
in understanding the exact significance of acidity-function correlations in generallg6,equation (55) has been regarded as a logical extension of equation (54) to concentrated acidslg3. This implies an
unchanged mechanism from that operating at lower acidities, which
illvolves a rate-determining attack by the nitrous acidium on the unprotonated amine. However, the precise character of the perchlorate
ion catalysis has still to be resolved. I t may be a secondary effect
increasing the concentration of nitrous acidium ion, and the observation that neutral perchlorates similarly catalyse the rate of formation
of nitrous anhydride is consistent with this interpretationlg4; but a
formation of the potentially more reactive nitrosonium ion cannot be
excluded with certainty.
With very basic amines, the catalytic effect of perchloric acid is
much stronger 173, lg5,l g 7than that for p-nitroaniline. For example,
the rate coefficients for aniline and p-toluidine listed in Table 8
increase by a factor of 1O4 in going from 0.5 M to 6 M perchloric acid lg8.
Part of this increase can be associated with the ionic strength effect
noted above for feebly basic amines, but the bulk arises from the incursion of a new kinetic path, which follows equation (56) lg7,1g8,
in addition to the reaction following equation (55).
Rate

=

k[ArNH3 +][HNO,] h,

(56)

The details of this new mechanism have been examined only
recently. I t is certain that the initial N-nitrosation is again rate determining, because equation (56) is also observed in nitrosamine formation from N-methylaniline under similar experimental conditions 153.
Equations (55) and (56) differ only in their dependence on the arnine
moiety; the nitrosating reagent is probably the same positively
charged species in both cases, but for equation (55) the rate-determining process is attack on the free amine, for equation (56) on the
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protonated amine lg7*
lg8. The relative contributions from the two
paths to the overall rate depends on the solvent acidity and the amine
basicity. Reaction occurs much more readily through the free
amine lg8,but if the amine is almost entirely protonated, the interaction
of the nitrosating agent with the protonated amine becomes significant.
Strong evidence for this unexpected reaction between two positively
charged ions comes from recent studies of substituent effects lg8.
These are summarised in Table 9 in which values of k (equation 56)

ment simultaneous to proton removal from nitrogen, as shown in
Scheme (15) lg7.lg8.
jc'

TABLE9. Substituent effects for aniline nitrosation in 3 M perchloric acid at Ooc (from ref. 198).
Substituted
aniline

a

PKA

1 02k
(equation 561a

Rate coefficients from equation (56) in l/mole sec.

are tabulated for several primary and secondary arylarnines. The most
striking feature is a well-defined dependence on the structure but not
on the basicity of the amine. The data for nitrosyl halides (Table 6)
and the nitrous acidium ion (Table 7) show that these reactive reagents do not discriminate much between different amines and a
similar result would therefore be expected for the more powerful
reagents potentially available in concentrated acids. Generally speaking, however, when due allowance is made for differences in the freeamine concentrations, the effect of any substituent is in the opposite
direction to that expected for a reaction of the unprotonated base lg8.
Although all the mechanistic details are not entirely clear, the substituent effects in Table 9 can be accounted for by a reaction involving
the rapid formation of a rr complex (13) between the nitrosating reagent ( X + ) and the protonated amine, followed by a slow rearrange-

(13)

SCHEME
15.

Complexes are apparently formed between nitrous species and
several aromatic compounds in concentrated acids lg9,and the formation of a similar precursor in N-nitrosation may well explain why no
comparable reaction has been observed with protonated aliphatic
amines. Stedman and his c o w ~ r k e r s however,
~ ~ ~ , have obtained very
convincing evidence for an analogous degradative nitrosation of protonated hydroxylamine (NH,+OH), and in this case the oxygen atom
is an obvious basic site at which interaction can occur. Apart from this
exception, N-nitrosation via the conjugate acid appears to be confined
to the most basic aromatic amines.
The exact nature of the nitrosating agent in these strongly acidic
solutions is also not clear; either the nitrous acidium ion or the nitrosonium ion (or even both) may be involved. In this connection, it is
interesting to note that the nitrous acid deamination of benzamide in
concentrated sulphuric acid has been interpreted as a reaction of the
nitrosonium ion 201, although precisely the opposite conclusion has been
reached for the nitrosation of phenol in concentrated perchloric
acid 202.
E. Diazotisation at High Acidities

The diazotisation rate of aniline and similarly basic amines increases rapidly with perchloric acid concentration up to about 6
M'',
203. Further increases in acidity cause the rate to pass through a
maximum and then to decrease rapidly 157*204. This effect is shown in
Figure 4 for aniline, p-toluidine and p-chloroaniline. Throughout the
region of decreasing rate, the reaction follows equation (57) 204, and
Rate = k[ArNH,+][HN02]ho(57)
11*
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a closely similar kinetic relationship is found in concentrated sulphuric
acid (above 60%) 204. Although the rate maxima occur at an acidity
where most of the nitrous acid is converted into the nitrosonium ionlg2,
this effect by itself cannot account entirely for either the subsequent
rapid decrease in reaction rate or the obvious dependence of the
position of the maximum on the nature of the amine (see Figure 4).

Perchloric acid concn

(M)

FIGURE4. Diazotisation of aniline (o),
p-chloroaniline ( @ ) and
p-toluidine (0)
in concentrated perchloric acid.

Consequently the change in the acidity profile has been linked to a
fundamental change in the rate-determining step. Thus unlike the
situation at lower acidities, where the initial N-nitrosation is always
rate controlling, the slow step at very high acidities may be proton loss
from the intermediate nitrosamine ion (14) as shown in Scheme (16)204.
NO+

+ ArNHt

ArNH,NO+

Fast

zp=?

ArNH,NO+

+ H+

5 ArNHNO + H+

(14)

ArNHNO

3 ArN: + OHSCHEME16.

Most of the available experimental observations are consistent with
this deduction; the reactions are almost insensitive to substituent effects.
(see Figure 4), and the diazotisation of aniline in concentrated sulphuric acid shows a large isotope effect for deuterium (k,/k, = 10),

6. Substitution at an Amino Nitrogen

317

indicating a proton transfer in the rate-determining step 204. Two
factors probably contribute to the change in the rate-determining
step as the acidity increases. One is a decrease in the rate of proton
transfer to the solvent from nitrogen, the other is an increased rate of
nitrosoni~mion loss from the protonated nitrosamine (14), to give
the reactants (equation 58). Direct studies show the rate of proton
transfer from ammonium 205 and anilinium ions 206 to the solvent
become very slow in concentrated acids, and nitrosamine formation is
easily reversible under the same conditions153.
Thus diazotisation in concentrated acids, like arylation under very
different conditions, appears to involve slow decomposition of a
tetrahedral intermediate (equation 59). The proton becomes a poor
leaving group, mainly because the solvent is reluctant to accept it. A
similar situation arises in the N-nitration of anilines in concentrated
acids 207.
F. Miscellaneous Reagents
The diazotisation of aniline in aqueous nitric acid has also been
studied. At low acidities (below 0.2 M), nitrous anhydride is the most
important reagent208.At higher acidities the kinetics of the reaction
are similar to those for equivalent concentrations of perchloric acid
and the rate increases rapidly with acidity20g.This catalysis has been
attributed to nitrosation by dinitrogen tetroxide (nitrosyl nitrate) 209,
but other studies of catalysis by neutral nitrate salts indicate the contribution to the overall rate of nitrosation by dinitrogen tetroxide is
slightlg4.It seems, therefore, that the reagents at high acidity are the
nitrous acidium and nitrosonium ions, as for perchloric acid.
Covalent acyl nitrites formed from nitrous acid and various carboxylic acids react readily with aromatic amines, and they are used
often for nitrosating water-insoluble amines 210. The mechanism must
be similar to that for nitrous anhydride. In aqueous buffer solutions of
carboxylic acids, however, the bulk of the reaction is brought about
by nitrous anhydride itself. Acyl nitrites are formed, but these react
more readily with the very basic nitrite ion, always present at pH > 3.5,
than with the amine d i r e ~ t l y l ~ ~ . ~ l l .
Alkyl nitrites are useful mild reagents for diazotisation and deamination in organic solvents. In benzene, aniline is readily deaminated at elevated temperatures by these reagents and the product reacts
with the solvent to form biphenyl in high yield212. Nitrosonium
tetrafluoroborate (NO +BF4-) also reacts readily with both aliphatic
and aromatic amines in dry organic solvents 213.
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Interest recently has focussed on the direct interaction between
nitric oxide (NO) and various amines. Secondary and tertiary alkylamines undergo N-substitution at elevated temperatures to form
secondary nitrosamines (equation 60). These reactions may be
RaNNO

+

R3N

+ NO-
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nitric oxide to produce secondary nitrosamines in high yield 218. Also,
Rigauldy and Vernitres2lDhave reported that diazonium salts precipitate immediately when nitric oxide is bubbled into an ethereal
solution of either 2,4,6-triphenyl- or 2,4,6-tri-t-butylaniline. Thus the
direct interaction of nitric oxide with amines may be a fairly general
nitrosative method.

catalysed by copper salts and have been the subject of innumerable
patents 214. Formally they can be described by a disproportionation of
nitric oxide (NO) into NO- and NO (the NO then nitrosates the
amine in the usual way), but the mechanism is more complex and
with secondary amines involves two concurrent paths 215. Apparently
the combination of cupric ion and nitric oxide is a powerful nitrosating
reagent in alkaline media, and in one path (Scheme 17), this complex
formed in a preequilibrium step (equation 61) reacts directly with the

Tertiary amines are generally regarded as being inert to nitrosation,
and diagnostic tests are based upon this assumption. However,
reaction does occur at elevated temperatures in weakly acidic media
(pH > 3) with cleavage of an alkyl group to give a secondary nitrosamine (equation 63) 220. Methyl and benzyl groups appear to be

secondary amine to give cuprous ion and the nitrosamine (15)215.
I n the other concurrent path (Scheme 18), copper acts as both a

displaced more readily than other bulkier ones. With mixed tertiary
alkyl aryl amines, nuclear substitution also occurs221, probably via
direct attack on the aromatic ring (see below). The mechanism of the
dealkylation is not entirely understood. As the reaction does not occur
at high acidities, it must involve electrophilic attack by the nitrosating
reagent on the unprotonated amine, probably to form a nitrosoammonium ion (16). Smith and Pars220 have cited evidence to
support a 1,2-elimination by the nitrosoammonium ion to form a
dialkylimmonium ion intermediate (17), which then hydrolyses and
reacts with another molecule of the nitrosating reagent to form the
products (Scheme 20). An alternative mechanism involving homolytic

+

+ 2 NO

+

+ H+
RaNNaO; + CU+ +R~NNO-+ NO- + Cu2+
R~N~+
O Cua+
----t R2NN0 + Cu+
R2NH

RaNN20,

(62)

G. Tertiary Amines
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reducing and an oxidising agent215. The related nitrosation and dealkylation of tertiary amines (equation 60) has not been investigated
in detail, but presumably involves similar reagents. The anion
(R2NN202-)formed in the preequilibrium step (equation 62) has
been isolated at low temperature by Drago and his c o w o r k e r ~ ~ ~ ~ .
They have also shown that this anion is formed in a multistage process involving an initial slow attack of nitric oxide on the amine base
(Scheme 19)217. Secondary N-chloroamines react similarly with
RaNH
R2NHN0

+ NO

,
Slow

+ NO 5 RzNHNaOa
SCHEME
19.

RaNHNO

+ H+

RzNN202-

cleavage of the intermediate nitrosoammonium ion (16) has also
been proposed 222.
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At much lower temperatures (about 10°c) and in weakly acidic
conditions, tertiary alkyl aryl amines appear to undergo nuclear
rather than N-substitution. Thus N, N-dialkylanilines first form the
p-nitroso derivative, which then reacts further to produce a p-diazonium ion (equation 64) 223. Further discussion of these reactions is
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condensation and dealkylation. The details of these reactions will not
be pursued further.
With aromatic amines, substitution on nitrogen leads to products
analogous to those obtained from aliphatic amines. An additional
important reaction is hydrogen or hydride ion abstraction from nitrogen to form either a radical or a radical-cation (equations 72 and 73).

outside the scope of this chapter.
VI. O X I D A T I O N

The oxidation of amines is complicated by the operation of several
reaction paths. Not all of these involve substitution on nitrogen, for
both hydrogen abstraction from either carbon or nitrogen and addition of oxygen to carbon may occur. The predominant path seems to
depend as much on the reagent as on the structure of the amine.
Oxidative substitution of alkylamines results in the formation of
either hydroxylamines or amine oxides (equations 65 to 67). The
hydroxylamines can oxidise further to nitroso and nitro derivatives.
Primay alkylamines
RNH2 ----+ RNHOH --+ RN0

----t

RN02

(65)

Secondary alkylamines
R2NH --+ R2NOH

Tertiay alkylamines

However, the lone-pair electrons activate the cc-hydrogens of aliphatic
amines, and hydrogen is therefore removed by some reagents as easily
from this site as from nitrogen. This leads to the formation of unsaturated compounds such as aldimines, nitriles, ketimines and enamines.
The actual products depend on the amine structure (equations 68
to 71) and others may arise from subsequent hydrolysis, oxidation,

Both radicals may undergo further reactions involving nuclear substitution, condensation or quinone formation. These, too, will not be
considered further.
As far as reagents are concerned, substitution on nitrogen generally
occurs with peroxides, and we shall mainly consider these reactions.
Non-peroxidic reagents, such as permanganate or chlorine dioxide,
tend to abstract hydrogen. There are many exceptions, but these are
most conveniently discussed as they arise in the text. Despite the
wealth of products formed by peroxidic reagents, most of their reactions can be understood in terms of an initial attack by the electrophilic
peroxidic oxygen on the nitrogen lone pair. Since this leads to a quaternisation of the nitrogen atom, it is not surprising to find that steric
congestion as well as electron withdrawal in the amine moiety inhibits
the reaction rate.
A. Hydroperoxides-Peroxyacids and Hydrogen Peroxide
I. Primary aliphatic amines

Early work revealed the ease with which primary aliphatic amines
react in aqueous solution with many simple peroxides including Caro's
acid (H2S05)and hydrogen peroxide 224. The products depend almost
entirely on the structure of the alkyl group attached to nitrogen and
are complicated by many subsequent reactions. The initial steps resulting from electrophilic attack by the peroxidic oxygen are shown
in Scheme (21). For amines with either primary or secondary alkyl
Primay alkyl groups
RCH2NH2

(RCH,NHOH)

--+ RCH=NOH --+
0
II

R-?-NHOH

+ Other products
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Seconday alkyl groups
RaCHNHa

(RzCHNHOH)

+RaC=NOH +Various products

Tertiay alkyl groups
R3CNHa

R,CNHOH

-

e

groups, the hydroxylamines formed initially are also powerful reducing
agents and their isolation is rarely possible. Although oximes, the next
product in this chain of reactions, can be isolated in fair yields224,
further oxidation at both carbon and nitrogen leading to the formation
of nitroso, nitro and hydroxamic acid products, usually occurs readily
at even low temperatures. Some hydroxamic acid (RC(=O)NHOH)
is always formed from amines with primary alkyl groups225:this can
be detected with ferric chloride (to give a wine-red colouration), and
the reaction is often used as a test for the presence of RCH2NH2225.
Recent work has concentrated on the adjustment of conditions to
give a single product, primarily by using aqueous hydrogen peroxide
at low temperatures (5" to 15Oc) in the presence of catalytic concentrations of soluble tungsten, molybdenum and uranium oxides226.
Oxidations with tungsten catalysts have been reviewed227. In this
way, ketoximes can be obtained in high yields from secondary-alkyl
primary amines (equation 74) 226b, but the rate is slow with bulky

groups attached to nitrogen 226c. The yield of aldoxime from primaryalkyl primary arnines is much lower, however, due again to competing
formation of hydroxamic
At temperatures below OOc,it is
apparently possible to isolate the initially formed hydroxylamine
from these reactions228. Controlled ogdation of aliphatic arnines to
their corresponding oximes is also possible with molecular oxygen in
the presence of catalysts or with ultraviolet lightzz9.
Peracetic acid is a good reagent for oxidising t-carbinamines and
dialkylamines directly to their nitro derivativesz30. The mechanism
has not been studied, but this reaction, too, must proceed via the
h y d r ~ x y l a m i n e ~and
~ l the nitroso intermediate (equation 75). The
CH,COO,H

t

(RaCHNHOH)

-

(RaCHNO)

+RaCHN02

not oxidise primary aliphatic amines, and acylation takes place under
neutral conditions (equation 76) 232. Electron withdrawal by the CF,
RCHzNHa+ CF3 OOH

R3CN0 +P.,CN02

SCHEME
2 1.

RaCHNHa
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(75)

advantage of using acidic peroxides is that the possibility of condensation reactions is diminished, because protonation reduces the freearnine concentration. Rather surprisingly, trifluoroperacetic acid does

1

---t

+ HzOz

RCHzNCOCFs

(76)

group must make the carbonyl carbon more electrophilic than the
peroxidic oxygen.
2. Primary aromatic amines

Caro's acid z33, perbenzoic acid z34, perphthalic acid 235, performic
acid 236, peracetic acid 230, 237, trifluoroperacetic acid 232, 238 and
permaleic acid239 are all used to oxidise aromatic amines to their
nitroso and nitro derivatives. Reactivity decreases along the series:
trifluoroperacetic > permaleic > peracetic acid 239. Trifluoroperacetic
acid is a very powerful reagent capable of oxidising weakly basic
a m i n e ~ ~including
~ ~ a , p i ~ r a m i d e to
~ ~their
~ ~ ,nitro derivatives. Peracetic acid will not react with deactivated amines: it is most useful
with very basic amines (such as anisidine) 237b as trifluoroperacetic
acid attacks the aromatic ring and not the amino nitrogen238a.
As with aliphatic amines, oxidation by peroxidic reagents proceeds
through the hydroxylamine intermediate (see below), but this rapidly
reacts further to a nitroso compound and cannot be isolated*. Under
slightly more vigorous conditions, the nitroso group is oxidised to
nitro (equation 77) 237. 240.
ArNH,

RCOOaH>

(ArNHOH)

---t

ArNO

---t

ArN02

(77)

Bimolecular condensation reactions between the products and unreacted amine frequently interfere and lead to the formation of azo
and azoxy compounds 242. These side-reactions should be least extensive for amines containing electron-releasing substituents, which
f-cilitiate oxidation but not condensation with n i t r o s o b e n ~ e n e ~ ~ ~ .
Experimental techniques have also been developed to minimise the
formation of condensation products. I n particular, the reaction is
carried out quickly with excess oxidiser under acidic conditions, where
the concentration of unprotonated amine (which undergoes condensation) is small. Trifluoroperacetic acid is particularly useful in this
respect, because of its strongly acidic properties. However, protonation

* Phenylhydroxylamine can be prepared, however, by oxidising the magnesium salt of aniline (PhNHMgBr) with hydrogen peroxide at -250a4'.
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of the amine also retards the rate of oxidation, and it is therefore necessary to use an excess of the reagent.
Ibne-Rasa and Edwards 244 have recently studied the peracetic acid
oxidation of substituted anilines and some of their conclusions bear on
the mechanism of peroxidic oxidations of amines in general. The
reaction rates have a first-order dependence on the concentrations of
unprotonated amine and peracetic acid (equation 78) and the HamRate = k[ArNH,] [CH,COO,H]
(78)
mett rho value of - 1.86 implies that electron-attracting substituents
retard the rate. Other workers245have shown that similar substituents
in the peroxidic reagent have the opposite effect. Polar solvents also
increase the reaction rate indicating that charge is developed in the
transition state. Radical traps, such as methyl methacrylate have no
effect, and earlier oxygen-18 experiments246also exclude the possibility of hydroxyl-radical formation in amine oxidations with Caro's
acid. All these observations are most consistent with a mechanism in
which the electrophilic peroxidic oxygen attacks the arnine lone pair
to form a tetrahedral intermediate. Since oxidation of both phenylhydroxylamine 244 and nitrosobenzene 240b under similar conditions is
faster than that of aniline itself, the first steps in Scheme (22) must be

+

ArNHzOH

+ CH,COO--

ArNHOH

CH,COO,H
Fast

*

ArNHOH

+ CH,COOH 1

Products

SCHEME22.

rate controlling. In order to account for the highly negative activation
entropies in both water and ethanol (AS# = -26 cal/mole deg),
Ibne-Rasa and E d ~ a r d s argue
, ~ ~ that the transition state in hydroxylic
solvents probably incorporates a solvent molecule as in 18. The
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25-fold decrease in the rate of oxidation of p-nitroaniline in going
from water to ethanol is then ascribed to differences in solvation arising
from the latter's lower acidity rather than lower polarity.
A heterolytic process for oxidation by peroxides also implies that
the rate depends on the leaving tendency of the displaced anion. In
accordance with this conclusion, it is found that both hydrogen
peroxide244and alkyl peroxides are less effective in amine oxidations
than acyl peroxides. For the latter, an intramolecular proton transfer
to the basic carbonyl oxygen may also facilitate the reaction.
3. Secondary amines

Secondary alkylamines are readily oxidised to hydroxylamines
(equation 79). The reagent commonly used is a slight excess of hydro(79)
RzNH + HzOz +R2NOH + H20
gen peroxide in aqueous solution 247. By analogy with primary amines,
the mechanism must involve attack by the electrophilic peroxidic
oxygen on the unprotonated amine.
The reaction is facile with all secondary alkylarnines except the
simplest, dimethylamine, but yields of hydroxylamine are low owing
to further oxidation. Thus N, N-dialkylhydroxylamines are prepared
by indirect methods247b,or as with primary amines, tungsten catalysts are used with hydrogen peroxide at low temperature248. AS well
as further oxidation 249, other side-reactions, including the formation
of dialkylformamides, may occur250.These can be accounted for by
the initial formation of a hydroperoxide (19), which concertedly
undergoes Baeyer-Villiger rearrangement and attack by another
molecule of secondary amine to give an intermediate 20, followed by
elimination of RIOH and hydrolysis to give N, N-dialkylformamide
(Scheme 23) 250.
R

\

/

NH

R1CH2

+ HzOz ----t

RNHCHR1

l

OOH
(19)

+ H,
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RN-CHOR1
I

I

RN=CHNR2

a R,NCHO
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+ RNH,

Secondary arylamines also form hydroxylamines initially, but these
invariably oxidise further to the radicals Ar,k and A ~ , N ( O ) ~ ~ ~ .
The diphenylimino radical (Ar,R) also results from oxidation by
non-peroxidic reagents 252, and it exists in equilibrium with its dimer,
tetraphenylhydrazine (equation 80) 252. Diaryl nitroxide radicals
(Ar2$(0)) are formed in 70% yield from oxidations of diarylamines
with perbenzoic acid in ether at 0 ' ~ Since
~ ~ the
~ .same radical is
253.
254,
the
intermediate
formformed from diphenylhydroxylamine
ation of the latter seems very likely. Diaryl nitroxide radicals are
reasonably stable, but on standing at room temperature undergo
spontaneous disproportionation and rearrangement to a variety of
products
255.
With mixed aliphatic-aromatic secondary amines, reaction with
either hydrogen peroxide or Caro's acid first results in cleavage of the
akyl
The residue is then oxidised to nitroso- and nitrobenzene as is normal for primary a m i n e ~ , ~ ~ .

with respect to each reactant 257. 258 and the protonated amine is
~nreactive'~~
Ogata
.
and T a b ~ s h i , have
~ ~ found that electronwithdrawing substituents retard the rate of oxidation of N, N-dimethylaniline by Caro's acid, and this result suggests that the initial attack by
the oxidising agent is rate controlling. At low temperatures and with
high concentrations of hydrogen peroxide, hydrogen-bonded peroxide adducts (R3N.H202),reminiscent of hydrated amine oxides,
can be isolated259. I t is very unlikely, however, that amine oxide
formation normally proceeds via these adducts.
B. Diacyl Peroxides
The most extensive studies of oxidation by diacyl peroxides have
been carried out on secondary amines, and because many of the conclusions are applicable to other types of amines, these reactions will be
considered first.

2539

4. Tertiary amines

Most simple acyl- and hydroperoxides readily add oxygen to any
tertiary amine giving amine oxide (R,N 0 - ). These facile reactions
are usually carried out at room temperature in water, alcohol or
benzene solvent with dilute solutions (even as low as 3y0) of an
organic peracid. Hydrogen peroxide and Caro's acid are less effective,
presumably because of the poorer leaving characteristics of the bisulphate and hydroxide anions. The synthetic utility of the various
reagents has been reviewed 256.
The mechanism of tertiary amine oxide formation has not been
studied in detail, but by analogy with primary amines (see above),
the reaction must involve attack by the electrophilic peroxidic oxygen
on the amine lone pair, followed by anion elimination and proton loss
(Scheme 24). In accord with this conclusion, the reactions are first
+

I. Secondary amines
The reaction of secondary amines with benzoyl peroxide has engendered considerable interest. Except in the case of arylamines (see
below), this reagent leads to the formation of O-benzoylhydroxylamines from which the hydroxylamine can be obtained by the addition
of baseZ6O (Scheme 25). For a long time it was thought that these
H

reactions were free-radical processes, but the arguments against this
interpretation have been cogently marshalled by WallingZ6l. His
conclusions have now been substantiated by showing that if the oxidation of dibenzylamine is carried out with benzoyl peroxide labelled
with oxygen-18 in only the carbonyl group, the intermediate O(21) contains 50% of the isotopic oxygen,
ben~oylh~droxylamine
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whereas the product dibenzylhydroxylarnine (22), obtained after the
addition of base, contains none (Scheme 26) 262. Hence homolysis of

which the neighbouring acyl (or aroyl) oxygen acts as a base and
facilitates proton abstraction from the amine in a concerted proCess266.Since a similar interaction would also account for the higher
reactivity of acyl peroxides compared to alkyl peroxides, cyclictransition
states may be a feature of arnine oxidations by all types of acyl and
aroyl peroxides, at least in hydroxylic solvents.
Reaction of secondary aryl and mixed alkyl aryl amines with
benzoyl peroxide results in the formation of some o-hydroxybenzanilides as well as the expected 0-benzoyl derivative. In some cases the
yield of o-hydroxyl derivative may be as high as 40%267. Several
mechanisms have been proposed268,but most of the recent evidence
points to a reaction (Scheme 28) involving the initial heterolytic forma-

(ArCHa),NH

l80

H

+ (Ar-C-O),

I

II

l80

!-Ar

----, (ArCH,),-N.-.O--0L

8

0

I
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the benzoyl peroxide, depicted by equation (81), which would lead

to equilibration of the oxygen-18, cannot occur. Also Huisgen and
B a ~ e r l e i n ,have
~ ~ found that the reaction between benzoyl peroxide
and diethylamine does not initiate polymerisation of styrene and they
conclude that oxidations of secondary alkylamines with diacylperoxides in general proceed exclusively by a heterolytic path. Other
evidence 264, 265, however, mainly the evolution of carbon dioxide from
disproportionation of the acetoxy radical (CH3COO' -t CO, + CH j)
suggests that up to 10% of the oxidation of amines with diacetyl
peroxide may occur via a homolytic path (Scheme 27) 264. The actual

+ 6-CO-CH, + HO-CO-CH,

----,
(24)

SCHEME
27.

-

R,N-0-CO-CH,
CH3C0,H

+

amount probably depends on the structure of the amine, and is
greatest for a r y l a m i n e ~The
~ ~ ~predominance
.
of a heterolytic process
may well arise from the formation of a cyclic transition state (25), in

tion of the N-alkyl-substituted 0-benzoyl phenylhydroxylamine (26),
which then rearranges to give the ring-substituted product (27). For
example, the initial formation of 26 has been clearly demonstrated by
reacting diphenylhydroxylamine with benzoyl chloride, from which
N-phenyl-o-hydroxybenzanilideis obtained in high yield 263. The exact
nature of the rearrangement process is not entirely understood, but the
predominance of a heterolytic process seems most likely. The related
rearrangement of arylhydroxylamines to aminophenols by an ionic
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mechanism is well known269. Also, Huisgen and B a ~ e r l e i nhave
~~~
reported that the reaction of N-ethylaniline with benzoyl peroxide,
which leads to ring-substituted products, does not initiate the polymerisation of styrene. However, studies of the oxidation of diphenylamine with oxygen-18 labelled benzoyl peroxide 262, 270, and of carbon
dioxide evolution in oxidation with diacetyl peroxide264(see p. 328),
suggest that a small fraction of the hydroxylamine formed initially,
may, in fact, rearrange to ring-substituted products via a homolytic
path.
2. Tertiary amines

The products from diacyl and benzoyl peroxide oxidation depend
very much on the structure of the tertiary amine271*272.
The initial
step in all the reactions appears to be the usual electrophilic attack by
peroxidic oxygen on the free amine to form a quaternary hydroxylamine derivative (28). Thus the rate is reduced by electron-withdraw-

ing substituents in the amine273.274,but increased when these are
attached to the peroxide275. More direct evidence for the polar
character of the initial reaction is the isolation of N-acetoxytrimethylBr -1 at low temperatures
ammonium bromide [(Me3NO-COCH,)
from the reaction of diacetyl peroxide on t r i m e t h y l a ~ n i n e ~and
~~,
spectral evidence for the formation of an ammonium ion
+

+

[N (CH2CH2)3N-O-COPh]
in a solution of triethylenediamine and benzoyl peroxideZ7l. As
mentioned before, Denney and D e n n e ~have
~ ~ shown
~
that the
corresponding reaction of benzoyl peroxide with secondary amines is a
non-radical process. The intermediate quaternary hydroxylamine
derivative (28) can undergo subsequent reaction in a number of ways,
depending on the structure of the tertiary amine.
Thus tertiary alkylamines containing an alkyl group beta to nitrogen (i.e. containing the structure R2N-CH2-CH2-)
first eliminate
benzoic acid to form a quaternary imine (29), which subsequently
loses a proton to give an enamine (Scheme 29) 271. The enamine may

6. Substitution at an Amino Nitrogen

33 1

undergo hydrolysis to form a secondary amine and an aldehyde: this
reaction is useful for demethylating tertiary alkylamines 275. If, however, one of the alkyl groups is benzyl, the quaternary imine (30) is
hydrolysed to a secondary amine and benzaldehyde directly (Scheme
30) 271. Reagents other than benzoyl peroxide, such as perphthalic

R&
,

*
t

Il
CH
l

R,NH

+ ArCHO + H +

Ar

(3")

SCHEME
30.

a ~ i d ~produce
~ ~ similar
, ~ ~transformations
~ ~ ,
in tertiary alkylamines,
but it is not clear whether these are always heterolytic processes.
Tertiary aryl alkyl amines, e.g. N, N-dimethylaniline, generally
undergo dealkylation with benzoyl and other diacyl peroxide^^^^:
primary alkyl groups other than methyl are cleaved more readily than
secondary, and secondary more readily than
These
reactions have been subjected to extensive investigation, but many
important details remain unclear. Very recent work has again emphasised the complexities277and a full discussion of these is outside
the scope of this review. Walling and Indictor 278 have suggested that
the rate-controlling step is the formation of the quaternary hydroxylamine derivative (31). This intermediate probably decomposes rapidly,
as in Scheme (31), via two competing paths, although there is some
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CH3

I
I

ArN

CH3

3. Primary amines

+ (ArCO),OZ %Ah-0-COAr
l

CH3

333

6. Substitution at an Amino Nitrogen

+ ArC02-

CH3
(31)

Primary amines react less readily with diacyl peroxides than either
secondary or tertiary amines. The reaction results in a complex
mixture of products287. From aniline and benzoyl peroxide, for
instance, benzoic acid, benzanilide, azoxybenzene and a little ohydroxybenzanilide can be isolated287b.Their formation can be
rationalised from an initial attack by benzoyl peroxide to give both
0-benzoylphenylhydroxylamine (34) plus benzoic acid and benzanilide (35) plus perbenzoic acid (Scheme 32). Subsequent hydrolysis,

+ArNH-0-COAr

ArNHz

+ (ArC0)202

i

+ ArCOzH

(34)

+ArNH-COAr

+ ArCO02H

(35)

SCHEME
32.
CH3

CH3

I
A r N f + H 2 0 +ArA
II
I
CH2

+ HCHO

H

(33)

evidence against 31 being the branching point279. One competing
path (a), is heterolytic and leads to the formation of a quaternary
imine (33), which on hydrolysis leads to the formation of the major
products-dealkylated amine and formaldehyde280.The isolation of
other minor products also requires the formation of 33276,281.
The
other competing path (b) involves disproportionation to give a radicalcation (32). There is also spectral evidence for the formation of radical
intermediate^^^^, and the formation of N, N, N', N1-tetramethylbenzidine in fairly high yield in some solvents276. seems to imply the
intervention of a homolytic path. Controversy still exists over the
relative importance of the radical and ionic paths. The system's low
efficiency as a polymerisation initiator 277*284, and Homer's 285 related
studies of oxidation with diacetyl peroxide, suggest that homolytic
decomposition is relatively small. On the other hand, recent kinetic
studies have been interpreted in terms of a radical rather than an
ionic mechanism 283, 286. In all probability, the contribution from each
path depends on the experimental conditions and the reactants
involved.

oxidation, condensation and rearrangement, like those discussed
previously for secondary and tertiary amines, would account for the
other products, but the details at present are speculative.
From related studies with diacetyl peroxide, Horner and Anders 264
conclude that oxidation of primary aromatic amines is an entirely
heterolytic process. They find, for instance, that no carbon dioxide is
evolved as would be expected if acetoxy radicals were formed in the
oxidation process (CH,COO. -+ CO, + CH,.). Since the products
are analogous to those obtained with benzoyl peroxide, the same
conclusion may also apply to the latter reagent. More recent studies282,
however, claim to detect the presence of free radicals in the oxidation
of aniline with benzoyl peroxide in solvent benzene.
C. tert-Butyl Hydroperoxide

At somewhat higher temperatures (40" to 100°c) than is usual for
peroxidic oxidations, t-butyl hydroperoxide reacts with amines in an
entirely different way from other hydroperoxides. The overall result
is not substitution on nitrogen (although this may be the initial step),
but the formation of various products arising from either hydrogen
abstraction or dealkylation. In this sense, oxidation by t-butyl hydroperoxide at high temperatures is reminiscent of non-peroxidic reagents.
Primary alkylamines possessing a-hydrogen atoms form imines in
The overall reaction is illustrated by equation
good yield (60%)
(83). The imine may then either hydrolyse or oxidise further to a
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nitrile. Primary alkylarnines without a-hydrogens (such as t-octylamine) react less readily to give the corresponding nitroalkane as the
principal isolable product 288. This reaction is therefore typical of other
hydroperoxides (see section A).
Secondary alkylamines also form imines with t-butyl hydroperoxide
(Scheme 33), which then undergo reversible hydrolysis to a primary

+ t-BuOOH +RCH=N-CH2R + t-BuOH + HzO
RCH=N--CH,R
+ HzO +RCHO + RCH,NH,

(RCHz)zNH

amine. For example, diisopropylamine yields isopropylanline almost
q~antitatively~~~.
Tertiary amines with t-butyl hydroperoxide at high temperature
(about 70°c) dealkylate in an extremely rapid reaction (equation
84) 288, 289. The resultant secondary amines may then react further209.
(RCHz)3N

+ t-BuOOH +(RCH2),NH + RCHO + t-BuOH

(84)

At lower temperatures in the presence of catalytic amounts of V20,,
dealkylation does not occur and an amine oxide, the usual product
obtained with hydroperoxides, is formed 290.
The mechanism of these oxidations is by no means clear-cut, but
inhibition by free-radical traps indicates a homolytic process probably
involving t-butoxy radicals (t-BuO.). De la Mare288originally suggested that his observations could be explained by the initial formation
of a radical-cation (equation 85), which then underwent a complex

The latter reacts further as shown in Scheme (34) to form a ketimine
from the secondary amine.
The t-butoxy radical itself can abstract a-hydrogens directly. This is
evident from studies with di-t-butyl peroxide, which decomposes
homolytically at temperatures above 1 2 5 " ~((t-Bu),02-+ 2 t-BuO.).
Primary and secondary alkylamines react to form i r n i n e ~ ~The
~~.
mechanism has been viewed as a radical chain sequence following
abstraction of the a - h y d r ~ g e n(Scheme
~ ~ ~ 35). Tertiary alkylamines
(t-Bu),Oa +2 t-BuO.
RCH,NH~ + t-BUO. +R,~-NH,
+ t-BUOH
R,~-NH~

+ (t-Bu),O,

4

R,C==NH

+ t-BuOH + t-BuO.

SCHEME
35.

apparently do not react2g2,but Henbest and P a t t ~ have
n ~ ~shown
~
that tertiary aryl alkyl amines dimerize to form ethylenediamine
derivatives. For example, dimethylaniline is converted to N, NIdimethyl-N, N'-diphenylethylenediamine in 28y0 yield (Scheme 36).
(t-Bu),Oa

2 t-BuO.
C6H5

+ t-BuO. + \ N - ~ H+~ t-BuOH

CBHSN(CH3),

/

CH3

series of chain-transfer reactions to give the products. More recent
electron spin resonance studies, however, reveal the formation of a
relatively stable N-oxide radical
in these

L

11

reaction^^^^.^^^. This can be explained by a mechanism in which the
initial reaction is the usual N-substitution by peroxidic oxygen to form
the hydroxylamine, which then reacts with another molecule of t-butyl
hydroperoxide to give the N-oxide radical (equation 86) 288. 291.

D. Ozone (01)
Primary and secondary aliphatic amines are decomposed by
ozone294. Tertiary aliphatic amines are converted readily to the

+
corresponding amine oxides ( R , N - + O ) . This reaction is of
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synthetic value and has been reviewed from this s t a n d p ~ i n t ~ ~ ~ ~ , ~ ~ ~ .
03 B U ~ A-+ 0
Tertiary aromatic amines do not normally give well-defined products
r s and
~ ~ ~ ~ ~ ~ Bu,N~ .
and carbon-nitrogen bond fission often o ~ ~ ~Kolsaker
5Bu2NCH(OH)Pr --f Various BuaN- products
Meth-CohnZg6, however, have recently identified N-formyl-Nmethyl-p-nitroaniline (36), N-methyl-p-nitroaniline (37) and the
SCHEME
37.
amino peroxide (38) as products from the ozonolysis of N, N-dimethylThe function of the solvent is not clear. I t has been suggested
p-nitroaniline (equation 87).
that either hydrogen bonding297,or the formation of charge-transfer
complexes 298, between the tertiary amine and polar solvents facilitates
substitution on nitrogen.
The mechanism of amine oxide formation has not been studied
closely. The reaction has a first-order dependence on both amine and
ozone concentrationszg8and almost certainly involves a slow electrophilic attack by the terminal oxygen on the amine lone-pair electrons
(equation 88) as the conjugate acid of the amine is unrea~tive294~.

E. Potassium Permanganate

The ozonolysis of tertiary aliphatic amines is by far the most important reaction: it is exceedingly facile and may reach explosive
proportions unless carried out at low temperature. Several groups of
workers
297. 298 have recently described the preparation of amine
oxides, via this reaction, in high yield. The solvent appears to be very
important, and the highest yields of N-oxide are obtained in chloroform, carbon tetrachloride and methanol 297. I n petroleum solvents,
amine oxide formation is inhibited and appreciable carbon-nitrogen
bond fission occursZg4~
297. Henbest and Stratfordzg7have made the
most detailed study of the products obtained under various conditions.
In chloroform or methanol, they find that tributylamine, for example,
is converted to about 60% of the N-oxide: other products include small
amounts of dibutylamine, dibutylformamide and dibutylbutyramide.
In hydrocarbon solvents, the yield of N-oxide is negligible, dibutyl
amine being the major product at -45O, dibutylformarnide at 15'~.
These findings are explained by suggesting that the amine can form
either the N-oxide directly or a carbinolamine (Scheme 37). Decomposition of the carbinolamine via various paths leads to the dibutyl

Neutral or alkaline solutions of permanganate usually abstract
U-hydrogens rather than substitute on nitrogen299. The resultant
imine (equation 89) reacts further to give a multiplicity of products.

294c9

For example, benzylamine forms benzaldehyde z99a, or condensation
p r o d ~ c t s ~and
~ ~ diethylamine
~,~,
is oxidised to a mixture of acetic
acid, ammonia, ethanol and acetohydroxamic acid300.
When the alkyl group is tertiary, as in t-butylamine, there is no
+hydrogen to abstract and the reaction takes a different course.
Substitution then occurs readily on nitrogen to give a nitroalkane in
yields of up to 80% (equation 90). Kornblum301 has recently reviewed
(CH&CNH,

KMnO,

(CH3)3CNOz

(90)

this reaction. The formation of the nitroalkane presumably proceeds
via the hydroxylamine and nitroso intermediates, as with peroxidic
reagents.
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F. Miscellaneous Reagents

At temperatures below -42"c, gaseous oxygen difluoride (OF,)
converts primary aliphatic amines either to their nitroso or to the
isomeric oxime derivatives (equation 91) 302. Although oxygen di-

fluoride must be handled with great care, the reagent appears to be
most useful as the only one available for oxidising alicyclic amines.
Cyclopropylamine, for example, yields 40% of nitrosocyclopropane.
The mechanism has been viewed as a direct attack on the amine
lone pair by oxygen, made strongly electrophilic by the presence of
two fluorine atoms. Aromatic amines, however, react slowly even at
ambient temperatures and form indefinite polymeric products, typical
of homolytic rather than heterolytic oxidation.
Several non-peroxidic reagents, including phenyliodoacetate 303,
lead tetraacetate 304, sodium borate 305 and manganese dioxide 306 are
effective in converting aromatic primary amines to their azo derivatives.
I t is unlikely that the azo compounds are formed, as in peroxidic
oxidations, via condensation of unreacted amine with the nitroso
intermediate. Instead, the mechanism is probably homolytic involving
initial hydrogen abstraction from nitrogen to give an anilino radical,
followed by dimerisation to hydrazobenzene and further oxidation of
the latter to the azo product (Scheme 38). The very facile auto2 ArNHArNH-NHAr

---+ ArNH-NHAr
'0'
+
ArN=NAr + 2 H.

oxidation of aromatic amines to azo compounds occurring in strongly
basic solutions307,and in pyridine catalysed by cuprous chloride 308,
may also proceed via a similar homolytic pathway and not require
the formation of peroxidic intermediates.
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I. INTRODUCTION

and -N=Ndouble bonds may take
The formation of >c=Nplace by several different types of reactions. I n order to keep the
subject to manageable size, this chapter is concerned only with the
formation of such bonds by condensation reactions. By describing a
reaction as a condensation we mean to imply that after the reactants
have come together some substance such as water, alcohol, or ammonia is eliminated. The emphasis of the chapter is on the mechanism
and catalysis of these reactions. Preparative methods have not been
emphasized since they have recently been treated elsewhere.'.l The
bibliography does not represent an exhaustive survey of the field and is
weighted in favor of recent publications.
l

11. THE AZOMETHINE LINKAGE, >c=N-

A. Formation in Condensation Reactions

Aldehydes and ketones undergo reversible condensation reactions
with primary amines to give products containing an azomethine,
>c=N-,
linkage and water. The reaction of carbonyl compounds
with secondary and tertiary amines generally does not result in the
formation of an azomethine linkage. Carbonyl compounds having
an a-hydrogen atom react with secondary amines to give enamines.
When, however, the perchlorate salts of the secondary amines are
employed, ternary iminium salts are obtained3. The reaction of
certain cyclic ketones with tertiary amines at low temperatures results in unstable complex formation 4.
Imines are generally not obtained from the reaction of carbonyl
compounds with ammonia as the carbon-nitrogen double bond has
no particular stabilization and tends to enter into polymerization
reactions5. The product of the reaction of formaldehyde and ammonia is hexamine (1) 7, and reactions of other aliphatic aldehydes
69
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with ammonia result in the formation of hexahydrotriazine compounds
(2) or a-amino alcohol^^,^. Aromatic aldehydes react with aqueous or
alcoholic ammonia at room temperature to give hydroamideslO.ll
(equation 1) although the reaction has been found to stop at the
imine when carried out in a very dilute aldehyde solution12*13.

Diary1 ketimines are more stable than alkyl aryl ketimines which in
turn are more stable than the purely aliphatic ketimines since conjugation increases the thermodynamic stability of the azomethine
linkage14. Benzophenone imine (3), with a melting point of 48"c is
quite stable15. Although the monoimine of p-benzoquinone is very
unstable, the diimine (4) is sufficiently stable to be studied spectro~copically~~. i

N-Substitution considerably increases the thermodynamic stability
of imines. Thus Schiff bases, as N-substituted imines are commonly
called, are generally obtained as the condensation products of the
reaction of primary amines with carbonyl compounds (equation 2).

The reaction is reversible and reaches equilibrium noticeably short
of c~mpletion'~.
When the reaction is carried out with an amine that
has an electronegative atom containing at least one pair of unshared
electrons adjacent to the attacking nitrogen atom, such as hydroxylamine, semicarbazide or hydrazine, the equilibrium is essentially
complete and the condensation product may be readily isolated.
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When aromatic amines are condensed with n-butyraldehyde in the
absence of even trace amounts of acid, Schiff bases are not the exclusive condensation products. Dimers have been isolated from the
reaction medium and in3estigation has shown them to have an
enamine structure18.
I n addition to the above equilibrium considerations, kinetic studies
also have been used to elucidate the relative reactivities of imines. The
effect of electron withdrawal and donation on the reactivity of the
azomethine linkage has been found by investigating the rates of
hydrolysis of several meta- and para-substituted diphenyl ketimines. A
plot of the logarithms of the rate constants of hydrolysis versus
Hammett sigma constants gives a p value of 2.0019.The positive p
value indicates that the reactivity of the azomethine linkage is increased by electron-withdrawing substituents while substituents
capable of electron donation decrease its reactivity.
Recently, a case was reported where the reaction of an aromatic
aldehyde with an aromatic amine does not lead to a Schiff basez0.
When o-nitroaniline is heated with an excess of benzaldehyde, the
expected Schiff base, N-benzylidene-o-nitroaniline (5),is obtained as
the major product. When, however, the same reaction is carried out
with excess o-nitroaniline, 6 is obtained as the sole product. The

strongly electron-withdrawing nitro substituent enhances the electron
deficiency of the carbon atom of the carbon-nitrogen double bond,
thus increasing its susceptibility to attack by another amine molecule.
The formation of 6 is consistent with the positive p value obtained in
the Hammett plot. One other stable compound similar to 6 has been
reported, N,N-trichloroethylidene-di(o-nitroaniline)obtained by the
condensation of o-nitroaniline with chloralZ1.
Several factors other than conjugation and inductive effects have
been found to affect the reactivity of the azomethine linkage. Ortho
and para hydroxy-substituted diary1 ketimines are unusually stable to-
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hydrolysiszz. This inertness could be due to a phenol-imine
keto-amine tautomerismlg as in (3). Extensive existence of ortho and

para hydroxy-substituted ketimines in the keto-amine form might
account for the slow rate of hydrolysis since the keto-amine form
should not be subject to hydrolysis. Ortho andpara methoxy-substituted
diary1 ketimines also show comparatively slow rates of hydrolysis.
These compounds are not capable of tautomerism but resonance
contributions from the amine forms could be responsible for their
resistance to hydrolysis (equation 4).

The nuclear magnetic resonance spectra of Schiff bases formed
from primary amines and ortho-hydroxy aldehydes and ketones show
that the Schiff bases derived from l-hydroxy-2-acetonaphthone and
from 2-hydroxy-l-naphthaldehyde exist as keto amines (7a) although
their formation involves loss of most of the resonance energy of
one of the aromatic rings23-z5.When R is a phenyl group, the phenolirnine tautomer (7b) predominatesz4. Schiff bases derived from orthohydroxy aldehydes and ketones have the phenol-imine structure
(8) 23,26. Evidently, in such compounds the keto-amine tautomer
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quired for the 2,6-disubstituted compound to show any hydrolysis
at all1'.
C H3

/

does not provide sufficient stabilization to compensate for the resonance energy that is lost in its formation. The keto-amine tautomer is
observed when acidic solutions of 8 and its para isomer are made to
undergo photochemical isomerizations, but its half-life is of the order
of 1 mseca7. The infrared spectra of Schiff bases of amino acids with
3-hydroxypyridine-4-aldehyde, 3-hydroxypyridine-2-aldehyde and
salicylaldehyde show the presence of two tautomeric species although
the compounds have been found to exist predominantly in the ketoamine forma8. Spectroscopic studies show the existence of strong
but
intramolecular hydrogen bonding in Schiff bases such as 8
hydrogen bonding is not observed in the isomeric compound 9 because of unfavorable steric conditions.
Nuclear magnetic resonance studies were also made of Schiff bases
obtained from amines and aliphatic Bdiketones. These compounds
can exist in any of three tautomeric forms, the keto-imine (10), the
keto-enamine (11) and the enol-imine (12) 35. It was found that in

B. M e t a l Ion Promoted Condensation Reactions

The condensation reactions of carbonyl compounds with primary
amines are influenced by the presence of metal ions. Metal ions
bring together reactants in a structure suitable for complex formation
so that products are obtained in their presence that are obtained
sparingly or not at all in their absence.
Metal ions in condensation reactions may trap a reaction intermediate which would otherwise proceed to form a different final
product. The condensation of methylamine with a-diketones in the
presence of a metal ion results in Schiff base formation (equation 5).

M"=

solution these bases exist predominantlyin the keto-enamine form36,37.
The position of the equilibrium is not altered by variation of the
solvent or of R138.
Steric hindrance also appears to affect the resistance of the azomethine linkage to hydrolysis. A chloro substituent in the ortho
position of diphenyl ketimine causes a much slower rate of hydrolysis
than does a similar substituent in either the meta or para position. The
rates of hydrolysis of dimethyl diphenyl ketimines decrease in the
order shown. Several hours of refluxing in aqueous solution are re-

F~(II),Ni(u), CO(II)

In the absence of metal ions, the a-diimines form polymeric condensation products 39-41.
In the absence of metal ions the condensation of a-diketones with
Q-mer~a~toethylamine
results in the formation of thiazolidines (13)
as major products with some evidence for the formation of the desired
Schiff base in low yield~4~-44
(equation 6). The addition of nickel(11)
ion to the reaction medium enhances the yield of Schiff base (14) to
greater than 70y0 (equation 7)
Nickel(11) ion combines with the
reactants and with the thiazolidine as well as with the Schiff
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for the three metal ions, N i ( ~ i ) Zn(11)
,
and Co(11)49. When Ni(11)
is used as the metal ion, a second product, a closed tridentate macro,yclic ligand (17), is isolated from the condensation. This com-

11 11

c-c

0

+ 2 H2NCH2CH2SH + Nit'

0

,C=N

R

'CH~CH~/
(14)

base, but the equilibria are such that metal ion complex formation
with the Schiff base is favored. The Schiff base complex can also be
obtained from the thiazolidine by heating it in a solution containing
the metal ion46.Reactions in which metal ions can extract a particular
compound from either reactants or products have been referred to as
equilibrium template reactions 45.
A metal ion may also serve as a template to organize the course of a
stereochemically selective multistep reaction. The coordination sphere
of the metal ion or metal-chelate compound induces the ligand molecules to orient themselves in a manner suitable for condensation and
chelation, the succession of reaction steps being determined by the
metal ion. Such reactions, known as kinetic template reactions, are
useful in the synthesis of large organic ring s t r u c t ~ r e s ~ ~ .
I n the absence of metal ions, the self-condensation of o-arninobenzaldehyde results in a trimer (15)
When the condensation
is carried out in the presence of metal ions, a closed tetradentate
macrocyclic ligand (16) is formed. This reaction has been established

pound does not enclose the metal ion in the usual sense but is
coordinated on one face of the pseudo-octahedral environment about
the Ni(11)50.
Compounds such as 18 and 19 have been produced by the aminecatalyzed condensation of bis-ethylenediaminenickel(~~)
chloride with
p-diketones, p-ketoimines and with substituted salicylaldehydes and

47948.

o-hydroxyacetophenones 51. It has been suggested that these condensations are also examples of kinetic template reactions.
C. Miscellaneous Condensation Reactions

In addition to the formation of compounds containing a )c=Nlinkage by the condensation of primary amines with carbonyl compounds, several other condensation reactions leading to azomethine
linkages are known.
When diethyl ketals are refluxed with primary amines, Schiff bases
are obtained (equation 8) 52. Aromatic amines give considerably
better yields than aliphatic amines.
Schiff bases have been obtained from the condensation of primary
amines with gm-dichloro compounds (equation 9) 53.
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Urea splits into ammonia and isocyanic acid. The reaction is believed
to involve an enamine intermediate (equation 13).
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Aromatic ketones react with the alkali metal or calcium salt of
primary arnines to give Schiff bases (equation 10) 54.

Phenylisocyanate with p-dimethylamin~benzaldehyde~~
as well as
with thioketones yields Schiff bases (equations 14 and 15).

Schiff bases have been obtained by the reaction of phenyl azide
with thio ketones (equation 11) or with carbonyl compounds

(equation (12)56.

Cyclohexanone when refluxed with urea in a basic medium gives
cyclohexylidene 2-carbamylcyclohex- l-enylamine in 28% yield

Nitrosobenzene reacts with alkylidenetriphenylphosphoranes to give
Schiff bases (equation 16)59.
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Nitroso compounds also give Schiff bases by condensing with
compounds that have active methylene groups (equation 17)eO.

Active methylene groups also condense with nitrous acid to give
oximes (equation 18)61.
0

II

NOH 0

+ HONO ----+

RCH2CR1

I1

RC-C-R'

II

+ H20

D. Base-catalyzed Tautomerism of Schiff Bases
Imines are capable of the following type of tautomerism. Strong

nucleophiles facilitate the occurrence of this relatively immobile
t a u t ~ m e r i s m ~ Investigation
~-~~.
of the tautomerism in compounds in
which the a-carbon of the amine is optically active has shown that the
rates of tautomerism and racemization are the same, and that the
initial rates of racemization and deuterium exchange with the solvent
are also identical. These observations were interpreted as the occurrence of a concerted process, the base removing a proton from one
carbon with simultaneous donation of a proton from the solvent or
from the conjugate acid of the base to the other carbons5. Later
investigation showed that carbanions (21) intervene as intermediates
in these tautomerisms. The identity of the initial rate constants of
tautomerism, racemization and deuterium exchange are attributed
to a carbanion collapse-ratio that strongly favors the product66. This
tautomerism of Schiff bases has considerable biochemical importance
since transamination among pyridoxal and a-amino acids occurs in
this way67.
E. Phenylhydrazone-Phenylazoalkane Tautomerism

The isomerization of phenylhydrazones involving the hydrazone
(23), azo (24) and ene-hydrazine (25) forms has been the subject of

considerable investigatione8. On the basis of spectrowopic evidence,
phenylhydrazones had been reported to tautomerize readily in neutral
solutions to the corresponding phenylazoalkanes 69*
Further investigation showed that the spectroscopic changes observed were due
not to tautomerism but to autoxidation of the phenylhydrazones to
1-hydroperoxy- l -phenylazoalkanes 7143 (equation 19). Spectral evi-

dence confirmed the structure of 2674. Recent infrared and nuclear
magnetic resonance studies indicate that in non-polar solvents or as
pure liquids, phenylhydrazones exist in the hydrazone f o r m T z ~ 7 5 ~ T 6
while the presence of a carbon<arbon double bond in their infrared
spectra in methanol has been reportedT7.This difference indicates a
tautomeric shift to the ene-hydrazine structure in polar solvents. The
polarographic curves of twenty-four phenyl- and methylphenylhydrazones in aqueous methanol show the existence of all three
tautomers
Some phenylhydrazones show hydrazone-azo tautomerism in the
pure state as well as in non-polar solvents. For instance, 4-alylazo-lnaphthols (27) are capable of keto-enol as well as hydrazone-azo
tautomeri~m~~
The
- ~ ~position
;
of equilibrium moves toward the
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hydrazone (28) in polar solvents. Solvent polarity affects simple
keto-enol equilibria in the same direction a4. Electron-withdrawing
substituents in the meta and para positions also shift the equilibrium
toward the hydrazone while the relatively electron-withdrawing
azo-grouping is stabilized by electron-donating substituents. Orthosubstituted CH30, C1 and NO, derivatives all exist mainly as the
hydrazone. This can be attributed to stabilization of the hydrazone
by intramolecular hydrogen bondingB5.
F. Geometrical Isomerism

A )c=N-

linkage may play the same part in geometrical isomerism as a >c=c\/ linkage. The nomenclature is different, the
terms cis and tram used in alkene chemistry being replaced by syn
and anti. In aldehyde derivatives, syn refers to the isomer in which the
substituent on the nitrogen atom is on the same side of the double
bond as the aldehydic hydrogen. In ketone derivatives, it is necessary
to specify the group which is on the same side of the double bond
(syn) as the nitrogen substituent, e.g. syn-phenyl tolyl ketoxime (29).

/
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found to equilibrate rapidly in solution at room temperature. When,
however, there is an electronegative group adjacent to the nitrogen of
the imino group, the separate geometric isomers are considerably
more stable and, therefore, more readily isolated. Several reports
have been made of the isolation of the isomeric forms of phenyland N-halohydrazones 87-D1, semicarbazones 93, oximes
i m i n e ~ ~The
~ . ~presence
~.
of the electronegative group increases the
resistance to rotation about the double bondloo by decreasing the
normal polarization. This decrease in polarization might be attributed
\+
- *\
*C=N-Z-

H

a

+
linkage by polarization, )c=Nc \/CN-.
Nevertheless, many
examples are known where both isomers of amine derivatives of
carbonyl compounds have been isolated and characterized. These
compounds, therefore, are distinguished from compounds containing
saturated nitrogen atoms which rarely occur as stable stereoisomers.
In only two cases have both the syn and anti forms of imines been
isolated 53*86. Both reports were of amine derivatives of unsymmetrically substituted benzophenones, and the individual isomers were

C-N-Z-

/
/
to electrostatic repulsion of adjacent negative charges that gives the
imino group more double-bond character and allows the separation
of geometrical isomers.
The syn and anti isomers of amine derivatives of carbonyl compounds
can be distinguished by their proton magnetic resonance spectra. The
chemical shift of the proton depends on whether it is syn or anti to the
\CH

Rotation about the azomethine linkage resulting in interconversion
of stereoisomers occurs considerably more easily than rotation about a
doubly bonded carbon. This tendency may be accounted for by the
greater electronegativity of nitrogen compared to that of carbon
causing a lowering of the double-bond character of the azomethine
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anisotropic group, Z, and on the nature of Z. When Z is NHY, as in
semicarbazones and phenylhydrazones, H(,, comes into resonance at
lower magnetic fields (deshielded) when it is syn than when it is anti
to the anisotropic group, while a-hydrogens syn to the anisotropic
group resonate at higher magnetic fields (shielded) than the corresponding anti hydrogens75.101-103.Although H(,, is always deshielded when it is syn to Z, isomeric assignments from H(,, must be
made with care since changes in R or in the solvent may reverse the
chemical shifts of the syn and anti a-hydrogens. For example, a-methyl
and a-methylene hydrogens are shielded when they are syn to Z with
the difference in, chemical shifts being smaller for the latter, but
a-methine hydrogens behave as aldehydic hydrogens and are deshieldedlo4. The a-hydrogen5 of semicarbazones and 2,4-dinitrophenylhydrazones are deshielded in solvents such as acetone and
dimethyl s u l f ~ x i d eWhen
~ ~ ~ . Z is O H or OR, both H(,, and H(,, are
lo7.When the
deshielded when they are syn to the anisotropic group
peaks in a spectrum have been assigned, the syn:anti ratio can be
determined from integration of the peak areas. Such ratios are reported to be accurate to -1 5y075.
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Syn-anti assignments can also be made from solvent effects. I n
aromatic solvents both cis and tram hydrogens come into resonance at
higher fields than they do in aliphatic solients. The degree of upfield
shift varies depending upon whether the hydrogens are syn or anti.
Thus A V values (AV = v in aromatic solvent - V in alinhatir
.
-.
..- snlvent)
- . --can be used to determine whether a given
comnmmcl -is t---h e w n nr th;
------- r-3'"
anti isomer. For example, when Z is NHY, AV,,, > AV,,~,, wherea9
when Z is O H or OR, AV,,, < Avantilo5.
The information obtained from these proton magnetic resonance
studies has been used to determine relatiie stabilities of syn and anti,
isomers. Steric effects largely control the stability of the two isomers. i
I n general, the isomer syn to the smaller group is favored. For example,
for a series of aliphatic ketone semicarbazones in solution the percentage of the syn-methyl isomer is always greater than that of the
anti-methyl isomer and decreases in the order methyl t-butyl > methyl
isopropyl > methyl n-propyl > methyl ethyl 1°l. I n addition to steric
considerations, solvents also have an effect on the stereoisomeric
composition. Those solvents capable of hydrogen bonding with the
N-H
in compounds with the group >C=NNHY stabilize the syn
isomer with respect to the untilo2.
-

0

-

-- "--

Ill. THE AZO LINKAGE, -N=N-

A. Formation in Condensation Reactions

Compounds containing an azo linkage are most commonly produced
by diazo coupling reactions (equation 20) and by oxidation of hydrazines (equation 21) or primary aromatic amines (equation 22).
O

k

G

N

+
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Formation of azo compounds by condensation reactions is a less
,ommon means of synthesis but can occur by the reaction of primary
:,roniatic amines with nitrosobenzenes (equation 23)-the Mills
reacti~n108~'09
Aliphatic azo compounds have not been prepared in
this manner.

The sodium derivatives of pyridylamines condense with p-nitrosodimethylaniline (equation 24) but the amines themselves do not llO.

The condensation of N-alkyl- and N-arylhydroxylamines with
nitroso compounds leads to the formation of azoxy compounds'"
(equation 25).

--+

\ V r ' V = ' V v N K 2The aromatic azo compounds are resonance stabilized (equation 26).
RNHNHR

2

Na,Cr,O,
H,SO,

> RN=NR

Shortening of the carbon-nitrogen bond in tram-azobenzene from its
normal value of 1.47 A to 1.41 A provides evidence for conjugation112.
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Aliphatic azo compounds of the type
readily into nitrogen and a hydrocarbon. I n organic solvents
decomposition occurs by both a base-catalyzed anionic elimina
reaction and a homolytic reaction l13.
B. Tautomerism
Azo compounds are capable of undergoing tautomerism (se
section 1I.E). I t has been calculated that when resonance contribution
-CH2-N=N-

-CH=N-NH-

are disregarded and bond energies alone are considered, the hydrazon
form is favored over the azo form by 9 kcal/mole 75.
C. Geometrical Isomerism
The azo linkage is n
the azomethine link
therefore, are more st
known to exist in both the cis and the
tram forms
'l5. The almost coplanar st
allows a considerable degree of resonance stabilization, while in the
cis isomer the benzene rings are rotated about 50" out of the plane
containing the nitrogen atoms 'l6. I n 2-hydroxyazobenzenes hydrogen
bonding further stabilizes the tram isomer (30) 85. ll7,ll8. Cis-tram

7. Carbon-Nitrogen and Nitrogen-Nitrogen Double Bond Reactions

367

the electron-withdrawing oxygen atom. Likewise, azoxybenzenes with
substituents capable of electron donation undergo isomerization more
slowly than the unsubstituted compounds.
IV. CONDENSATION OF CARBONYL COMPOUNDS
WITH AMINO GROUPS

A. General Two-step Mechanism
The kinetics of the formation of semicarbazones 126, 127, Schiff
in aqueous
bases 128* 129, oximes 126, and phenylhydrazones
solution have been extensively studied. All four reaction systems have
been found to be kinetically second
first order in carbony1 compound and in nitrogen base, subject to general acid catalysis
by each acid species present in accord with the Brransted theory of
general acid c a t a l y s i ~ ' ~ ~ -and
' ~ ~ not
, subject to kinetic salt effects139.
These condensation reactions have been shown to proceed by a twostep mechanism involving a carbinolamine addition intermediate
(equation 27). The rate-determining step of the reaction is pH

1 1 4 9

(80)

isomerization has only recently been demonstrated in aliphatic azo
compounds. Azomethane which normally exists as the tram isomer l l B
upon irradiation at - 1 9 6 " ~has been converted to the cis isomer,
which has been isolated120.
Azoxybenzenes also exist in cis and tram forms. I n the less stable
cis-azoxybenzene the rings are rotated 56" out of the plane of the
nitrogen-nitrogen double bond121. Both the cis and tram isomers of
azoxybenzene itself 122 as well as several substituted derivatives have
been obtained lZ3.124. Azoxybenzenes undergo cis-tram isomerizations about fifty times faster than a z ~ b e n z e n e s l ~This
~ . greater rate
is attributed to weakening of the nitrogen-nitrogen double bond by

dependent. I n neutral solutions the rate-determining step is the dehydration of the tetrahedral carbon addition intermediate. At low
pH, however, the dehydration becomes very fast, and, as a result of
the decrease in concentration of free amine, the attack of the amine
upon the carbonyl compound becomes the rate-limiting step. This
transition in rate-determining step takes place at higher pH's with
more basic a m i n e ~ l A
~ ~similar
.
two-step mechanism has been proposed for the reaction of imido esters with amines to give amidines. I n
amidine formation, however, the attack of the amine on the protonated
imido ester to give the tetrahedral carbon addition intermediate is
rate determining on the basic side of the maximum in the pH-rate
profile, while decomposition of the intermediate is rate determining
on the acidic side 140.
Evidence for the two-step mechanism proposed above was obtained
by observing the ultraviolet absorption of a carbonyl compound
before and immediately after addition of a nitrogen base. The addition of hydroxylamine, methoxyamine or sernicarbazide at neutral
pH decreases the absorption of furfural to about one-third its original
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value within a minutelZ6.This decrease cannot be attrihuted to the
formation of the condensation product, which has a larger extinct;
coefficient than furfural at the wavelength studied. A similar o
tion had been made earlier in phenvlhvdrazone
fnrmatinn l 4
----initi decrc
sorption was credited to rap
non, bsorbi
.olamine intcxmediate. T-..he
of the peak i i d u e to formation of the condensation product m a slc
dehydration step. That a carbinolamine is an intermediate has be^., ,
-supported by the isolation of stable carbinolaminesgO~
142-145
- --Early kinetic work on the reaction of carbonyl compound~. ~ h nitrogen bases showed that these reactions all exhibit maxima ;
pH-rate profiles (Figure 1)
136 when pseudo first-orde- _
--_.
stants are plotted against pH126,135. 136. 146-148. Such maxima require 1
I

I

'
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p c e e d s by an hydronium ion-catalyzed reaction pathway at a rate
described by equation (28). An increase, therefore, in hydrogen ion

-

"A-.,

!-ULUIL

1

FIGURE1. The observed first-order rate constants for the reaction of hydroxylamine with acetone as a function of pHlZ6. (Dashed line: calculat-A fnr v-+limiting dehydration of carbinolamine. Dotted line: calculatecl fnr *
addition of free hydroxylamine. The solid line may be rep.,,,,,,
u y Lullsidering the change in rate-limiting step to occur at about p H 2.7103.)

a mechanism of at least two steps for their interpretation. At neutral
pH a build up of the carbinolamine intermediate is demonstrated b;
the spectroscopic evidence discussed above. In solutions of low buffe
concentrations rate-determining dehydration of this intermediatc

concelltration from neutrality to the pK, of the protonated amine
increases the rate of the acid-catalyzed dehydration. As the acidity
is increased further, its rate-accelerating effect begins to be countered
by extensive transformation of the amine into its inert conjugate acid.
As the acidity is increased still further, practically every molecule of
carbinohmine formed undergoes immediate dehydration, but the
concentration of free base is so low that its addition to the carbonyl
compound becomes rate limiting, and the overall reaction rate is
decreased, giving rise to the bell-shaped pH-rate profile.
Predominance of acid catalysis on one side of the pH maximum
constitutes further evidence for a change in rate-determining step. I n
oxime formation, the dehydration step, on the basic side of the maximum, is catalyzed by general acids, but the addition step, on the acidic
side of the maximum, shows much less sensitivity to such catalysis126.
In semicarbazone formation, on the other hand, the addition step
appears much more sensitive to catalysis by general acids than does
the dehydration steplZ6.Because of the difference in sensitivity to
catalysis shown by the two steps, if the reaction is studied at a pH
just below the one at which the change in rate-determining step
occurs, this change can be shown by increasing the catalyst concentration.
Figure 2.AlZ7 shows that at pH 3.27, the rate of semicarbazone
formation increases linearly with increasing concentration of general
acid catalyst. When the reaction is studied at pH 4.10, close to the pH
at which the change in rate-limiting step occurs, the linear relationship between rate and catalyst concentration is no longer observed
(Figure 2.B) 127. At this pH the addition step is still rate determining
at low buffer concentrations. As the catalyst concentration is increased,
the rate of the addition step increases linearly with increasing amount
of catalyst until it reaches the rate of the dehydration step. At this
point the dehydration step becomes rate limiting and, since this step
is not as sensitive to general acid catalysis, the overall rate of semicarbazone formation levels off with increasing concentration of general
acid and becomes essentially independent of catalyst concentration.
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Providing that complexing of the catalyst to itself or to substrate is
ruled out, leveling off of a rate versus buffer concentration curve is
presumptive evidence for a change in rate-limiting step.
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cancel each other and p = + 0.07. At a p H of 1.75, where the overall
rate should depend upon the rate of addition of the semicarbazide to
the carbonyl compound, the p value is $0.91, indicating that the
overall rate is increased by electron-withdrawing s ~ b s t i t u e n t s l ~ ~ .

m

O

0

Formic acid

Propionic acid

FIGURE2. A. Second-order rate constants for P-nitrobenzaldehyde semicarbazone formation as a function of formic acid concentration at pH 3.27.
B. Second-order rate constants for acetophenone semicarbazone formation as a
function of propionic acid concentration at pH 4.10. (The dashed line is the
rate of carbinolamine dehydration at pH 4.10 12?.)

Further evidence in support of this proposed two-step mechanism
was obtained by studying the reactions of a series of para-substituted
- benzaldehydes with semicarbazide to determine the electronic effects
upon the individual steps of the reaction149. The equilibrium con- - stants tor the tormabon of semicarbazide addition compounds
show a linear logarithmic correlation with Hammett's substituent
1.81. The aldehydes are therefore
constants, with a p value of
destabilized, relative to the addition intermediate, by electronwithdrawing substituents. The rates of acid-catalyzed dehydration
show an almost equal and opposite p value of - 1-74,indicating that
dehydration is aided by substituents capable of electron donation
(Figure 3) 149.
Investigation of the effect of substituents on the overall rate of
benzaldehyde semicarbazone formation shows that there is a change
in rate-determining step with a change in hydrogen ion concentration.
At neutrality, where the overall rate should depend upon both the
equilibrium constant for addition compound formation and the rate
constant for its dehydration, the two substituent effects effectively

+
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FIGURE3. Logarithmic plot of the effect of substituents on benzaldehyde
semicarbazone formation at neutral pH in 25y0 ethanol. (Equilibrium constant
for carbinolamine formation, K,,; rate constant for carbinolamine dehydration,
k 2 ; rate constant for the overall reaction, k,,,,,11149.)

I n studying condensation reactions of carbonyl compounds and
nitrogen bases, several investigators have reported non-linear HamSince much of the work had been done
mett
at the intermediate p H where the maximum overall rates had been
observed, it was suggested that at the intermediate p H a transition in
the rate-determining step may be observed at a constant p H but with
varying substituents due to a shift in the p value as the rate-limiting
step of the reaction changes from addition at low U to dehydration at
high U. A linear Hammett correlation will be obtained for a multistep
reaction only if the rate-determining step is preceded by rapidly
established equilibria without the accumulation of intermediates.
For example, if k,, k-, and k, in equation (29) all obey Hammett
OH
ArCH=O

+ RNH,

kl

k-l

/
ArCH
\

kl
NHR

ArCH=NR

+ H20

(29)
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equations and the second step is rate determining, then the overall
relationship

+

p, - p-,).
logk = log-klk2 = (p,
k-l
will be obtained. Defining the ratio k,/k-, as k, and p, - p-, as p,,

Linear Hamrnett correlations, however, will not be obtained if the
rates of the two steps are comparable so that no single step is rate
determining, or if there is a shift in rate-determining step since
different p values will be obtained before and after the shift. This
was found to be the case in semicarbazone formation. When the
reaction was studied at pH 3.9 a sharp break occurred at a = 0
(Figure 4)
By using a steady-state approximation and solving for

FIGURE4. Logarithmic plot of the observed rate constants for semicarbazone
formation from substituted benzaldehydes at pH 3.9 in 25y0 ethan01l~~.

the sigma corresponding to the maximum rate, it has been shown156
that if p, < 0 < p,, and JP,[ > p,, the maximum rate as a function
of sigma will occur when

as the rate-determining step shifts from addition at low sigma to
dehydration at high sigma.
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Although some non-linear Hammett correlations may be adequately explained in terms of a shift in rate-determining step with a
change in a, not all such deviations can be so justified. There is,
however, another reason for the curvature in plots observed in
condensation reactions involving aromatic carbonyl compounds. Such
carbonyl compounds are stabilized by para substituents capable of
electron donation by resonance due to stabilization of canonical
form 32. The a + constants were derived to indicate the effect of

(31)

(32)

substituents on the conjugation represented by structures 33 and 34.
Since 33 and 34 are analogous.to 31 and 32, reactions involving

aromatic carbonyl compounds should be better correlated by a +
substituent constants than by the ordinary a constants157. For example, the base strengths of para-substituted benzylidene a n i l i n e ~ l ~ ~
and the protonation of aromatic aldehydes159 have both been found
to be correlated by a + substituent constants. The carbinolamine
intermediate is not subject to such conjugation effects. Dehydration,
therefore, of the intermediate is correlated by a constants. In dilute
solutions, at a pH which would make dehydration rate limiting, the
overall rate of reaction is the resultant of the equilibrium constant for
addition compound formation and the rate constant for its dehydration. If both steps followed a, a linear Hammett correlation would
result. If, however, as is the case, one step of the reaction is correlated
by a + while the other step is correlated by a, a non-linear correlation
is obtained. In other words, electron donation by resonance is more
important in stabilizing the carbonyl compound than in promoting
dehydration of the intermediate. Substituents such as p-OH and
P-OCH,, therefore, hinder the addition step more than they accelerate
the dehydration step. They cause a decrease in the observed overall
rate, and negative deviations in Hammett plots result. The data
obtained for the reaction of substituted benzaldehydes with n-butylamine has been correlated by the two-parameter equation
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Similar two-parameter equations have been used to correlate oxime
formation from substituted benzophenones l s l .
B. Catalysis
I. Catalysis of the addition step
The addition of nitrogen bases to carbonyl compounds has been
found to occur through a general acid-catalyzed or an apparently
uncatalyzed pathway depending on the basicity of the nucleophile.
The addition of weak bases such as aromatic amines and sernicarbazide to carbonyl compounds exhibits general acid catalysis. A substantial body of kinetic evidence and chemical intuition now indicates
that the addition reaction proceeds via a transition state (equation
30) where HB represents a general acid and B a general base.

(Throughout this chapter catalysts will be written without regard to
charges. The bonds made and broken in this transition state as well
as in the ones which follow are not colinear as represented.) Equation (30) represents general acid-catalyzed assistance of the attack
of a free amine on the carbonyl compound. The kinetically equivalent general base-catalyzed attack of a protonated arnine upon the
carbonyl compound may be ruled out by the chemical inertness of
an amine without a free electron pair.
In all rate-limiting steps such as equation (30) and others to be
discussed, simple proton transfer alone is considered insufficient for
rate limitation unless concerted with bond making and breaking. In
general, proton transfers involving atoms with free electron pairs
such as oxygen, nitrogen or sulfur, occur much too readily to be
by themselves rate limiting in the kinds of reactions considered in
this chapter. Exceptions could occur, however, in the case of proton
transfers from relatively weak acids present in low concentration.
A plot of the logarithms of the catalytic constants for various catalyzing acids versus the ionization constants of the acids yields a straight
line as described by the Brcansted catalysis equation (31) lea. The
value of the slope of the line, a, commonly referred to as the Bmnsted
log k,

=

apK,

+C

(31)
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exponent, depends on the degree to which a proton has been transferred from its initial state to the activated complex in the transition
state.
Brcansted al values for the addition of five nitrogen bases to benzaldehydes are presented in the third column of Table 113191s3. The
TABLE
1.

Bransted ci values for the addition and
dehydration steps131,la3.

Nucleophile
Semicarbazide
Aniline
Phenylhydrazine
Hydroxylamine
t-Butylamine

PK*

a1

aa

3.6
4.6
5-2
6.0
10.4

0.25
0.25
0-20
0.1
0.0

1.O
1-0
> 0.9
> 0.8
0.73

weaker bases, semicarbazide and aniline, exhibit a, values of 0.25, a
quantitative expression of the general acid-catalyzed addition mentioned above. The stronger bases hydroxylamine and t-butylamine
exhibit a, values approaching zero. When values of a approach
zero, water is the dominant general acid catalyst and swamps the
effects of other general acids so that the reaction is often described as
uncatalyzed. The so-called uncatalyzed additions of hydroxylamine
and t-butylamine are more suitably decribed as general acid catalyzed
with water as the general acid catalyst. Only when the addition of
hydroxylamine is carried out in strongly acid solutions has general
acid catalysis by hydronium ion been demonstrated.
Consideration of the role of solvent components in general acid-base
catalysis is not simply an idle exercise, but is important for describing
reaction pathways and in writing transition states. For example, the
reverse of the general acid-catalyzed reaction given in equation (30)
is general base-catalyzed removal of a proton from the oxygen atom
of the protonated tetrahedral addition intermediate. When the
general base is water, the transition state possesses a positive charge,
when the general base is hydroxide ion the transition state is neutral,
but in both cases the protonated addition intermediate is involved
and never the dipolar ion form.
0-

\c/
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A representation of the addition reaction kinetically equivalent to
equation (30), involving the same atoms in the transition state, can
be formulated fiom general base-catalyzed removal of a proton fiom
a fiee amine nucleophile attacking an already protonated carbonyl
compound to yield the transition state shown in equation (32). Both
reactions combine proton transfers with bond making and breaking
and the general base-specific acid-catalyzed reaction (equation 32) is
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upon the pH region in which the reaction is carried out and the
amhe component of the carbinolamine. Carbinolamine intermediates
derived from strongly basic amines may dehydrate by expelling an
hydroxide ion without the aid of catalysts. Intermediates derived from
more weakly basic amines require acid or base catalysts for dehydration to occur. These conclusions are often inferred from hydrolysis
studies on the imine compound.
Mechanism (33), involving addition of a proton from a general acid
to the leaving hydroxyl group, appears to be the most satisfactory for
the acid-catalyzed dehydration step. This mechanism would, from a

'NHR

formally indistinguishable from the general acid-catalyzed reaction
(equation 30).
Two arguments in favor of the transition state in equation (30)
have been presented. First, the calculated second-order rate constant
for attack of free semicarbazide on protonated P-nitrobenzaldehyde lZ7
according to equation (32) exceeds the maximum rate for a diffusioncontrolled reaction 164. Second, application of the solvation and reacting bond rules appears to favor equation (30) over equation (32) lG5.
The solvation rule states that a proton being transferred from one
oxygen or nitrogen atom to another lies closer to the more basic
oxygen or nitrogen atom in the transition state and moves away as
substituents are changed to make the atom less basiclB6.The reacting
bond rule predicts that as the bascicity of the amine is increased the
nitrogen-carbon bond in the transition state becomes longer and the
carbon+xygen bond becomes shorter 16?. Shortening of the carbonoxygen bond decreases the basicity of the carbonyl oxygen. By a
combination of the solvation and reacting bond rules it can be predicted that in a series of reactions with different amines, as the amine
becomes more basic, the proton moves further from the carbonyl
oxygen in the transition state given in equation (30) and the value of
a decreases. On the other hand, if equation (32) is correct, as the
amine becomes more basic the proton moves closer to the nitrogen and
a increases. Table l shows that as the amines become more basic, a,
does decrease indicating that the observed general acid catalysis is
best described by equation (30).
2. Catalysis of the dehydration step
Rate-limiting dehydration of the carbinolamine addition intermediate may take place by an acid-catalyzed, base-catalyzed or
uncatalyzed reaction path. The type of catalysis observed depends

consideration of the solvation and reacting bond rules discussed above,
predict the observed decrease in the Brmsted exponent, a,, with an
increase in the basicity of the amine (Table 1). Such trends in the
values of Brmsted exponents are useful in elucidating mechanisms
but interpretation of the absolute values of Br~nstedexponents in
terms of mechanism appears difficult when a values refer to reactions
where proton transfers are concerted with bond making and breaking.
The large values of a, for the reaction of phenylhydrazine,
hydroxylamine and t-butylarnine with carbonyl compounds reflect
the important role of catalysis played by the solvated proton in this
mechanism. Values of a, of unity for the dehydration of carbinolamines
derived from semicarbazide and aniline indicate that such dehydrations appear to be only specific acid catalyzed, except in fairly basic
solutions where the concentration of hydronium ion is l o ~ ~ ~
Equation (33) is analogous to equation (30) in that catalysis occurs
in both at the oxygen atom. A mechanism analogous to equation (32)
involving general base-catalyzed removal of a nitrogen-bound proton
in the protonated carbinolamine intermediate to yield water and
unprotonated Schiff base may be eliminated. For such a mechanism
to be operative, the imino nitrogen atom must possess a free electron
pair to act as a proton acceptor from a general acid in the reverse of
the carbinolamine dehydration reaction. No free electron pair exists
on the fully coordinated nitrogen atom in the cationic Schiff base
benzhydrylidenedimethylammonium ion, yet the rate behavior can
be accounted for in a way similar to that for its less methylated
analogs,le8. The ploy of exhaustive N-methylation to c l a r e the
role of nitrogen-bound hydrogens in the hydrolysis of carbonnitrogen double bonds was also used in a study of N-methylthiazoline

~

*

~
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perchlorate hydrolysis l". These thiazoline reactions exhibit many of
the general base-catalyzed characteristics of the hydrolysis of Schiff
bases formed from aliphatic arnines.
The uncatalyzed dehydration of carbinolarnines has been observed
in basic solutions. The unshared pair of electrons on the nitrogen atom
provides the driving force for expulsion of the hydroxide ion (equation
34). When the amine component of the addition intermediate is

\

\/OH

+

C=NHR+

OH-

(34)
/
/ \NHn
strongly basic, uncatalyzed dehydration is the predominant reaction
pathway in basic solutions.
In the reverse reaction, the hydrolysis of Schiff bases composed of
substituted benzaldehydes and t-butylamine has been found to be
independent of hydrogen ion concentration and not subject to general
catalysis from pH 9 to 14 (Figure 5) 129. Three different lines of reasoning
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benzaldehyde actually slightly retard the hydrolysis rate ( p + = -0.2 l),
reflecting the competing effects of rate acceleration of nucleophilic
attack and retardation due to the necessity of a preequilibrium
protonationlZ9. A similar conclusion is reached by considering that
electron-withdrawing polar substituents slow the hydrolysis rates of
Schiff bases derived from substituted anilines131. Second, the rate
calculated for hydroxide ion attack on protonated benzylidene-1,ldimethylethylamine exceeds that estimated for the general basecatalyzed region by means of the Brplnsted equation1". This increase
in rate is typical of direct nucleophilic attack rather than general
base catalysis by hydroxide ion. Third, the observed second-order
rate constant for attack by hydroxide ion on the necessarily cationic
benzhydrylidenedimethylammonium ion is closely similar to that
calculated for attack of hydroxide ion on the conjugate acid of
benzhydrylidenemethylamine l". The hydrolysis of Schiff bases
composed of substituted benzaldehydes and aniline shows a pHindependent reaction from pH 9 to pH 12 also ascribed to the reverse
of equation (34). Above pH 12, however, the rate is no longer independent of pH but increases with increasing pH presumably due to
171.
163.
hydroxide ion attack on unprotonated Schiff base lZ8*
Base-catalyzed dehydration has been observed in semicarbazone149,
oxime
lV2,
lV3and hydrazone lV4
formation at pH values of 9 or
greater. It is not known whether the reactions are specific or general
base catalyzed. The results may be united in a mechanism involving
general base-catalyzed expulsion of hydroxide ion in the dehydration
step and nucleophilic attack by hydroxide ion concerted with general
acid catalysis by the solvent water in the reverse reaction. This
1359

pH

FIGURE5. The rate of hydrolysis of Schiff bases derived from substituted
benzaldehydes and I-butylamine as a function of pH129.

indicate that the pH independence is not due to attack of water on
free Schiff base but rather to attack of hydroxide ion on protonated
Schiff base. First, electron-withdrawing polar substituents in the

mechanism also has the merit of not invoking anionic nitrogen groups
in aqueous solutions at pH 9. The base-catalyzed oximation of benzaldehyde occurs 1.4 times more rapidly with OD- than with OH-.
This result does not seem to be consistent with general base catalysis
(equation 35) but is accommodated by preequilibrium proton
transfer followed by rate-limiting expulsion of hydroxide ion from the
conjugate base of the carbinolamine l V 3(equation 36).
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Basic conditions have been used in the synthesis of amine de
tives of carbonyl compounds in aqueous ethanolic solutions149.
preparative method is useful when the car
electron-withdrawing groups. Carbinola
compounds undergo dehydration slowly U
generallyemployedinsyntheses since the dep
the reaction center decreases the tendency bo
at the oxygen atom and for the expulsion of water (equation 33) 175.
C. Simplified Mechanisms

Equations (30) and (33) when combined with the results recorde
in Table 1 reduce to one of two simplifie
upon the basicity of the amine nucleophile. Mechanism (37) can be
used to describe condensation reactions in which the amine is a
relatively weak base. This mechanism accounts for the general acid

\
C=O + RNH,
/

OH
kl
+ HB +
\C/
k-l

/ \

NH,R

+

OH
ka

\C/

/

\C=NHR
+
/

L

k-a

\NH,n

+ HaO

catalysis on the acidic side and the specific hydrogen ion catalysis on
the basic side of the pH-rate profile that is observed in semicarbazone
(pK, semicarbazide = 3.6) formation, in Schiff base formation from
aromatic amines (pK, aniline = 4.6) and in phenylhydrazone
formation (pK, phenylhydrazine = 5.2).
Reactions of carbonyl compounds with strong bases have been
found to be apparently uncatalyzed on the acidic side of the pH-rate
profile and general acid catalyzed on the basic side. Oxime (pK,
hydroxylamine = 6.0) formation and Schiff base formation from
aliphatic amines (pK,
10) are such reactions and can be described
by mechanism (38).

-

\
C=O
/

+ RNHa +\c/

OH
\C/

/

\NHR

OH

*l

/

\NHR

+ HB +
ka
LAHR
+ HaO + B
k-a

/

I
/'
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As the basicity of the amine is allowed to increase in a series of
condensation reactions, there will be a gradual transition from
mechanism (37) to mechanism (38). Reactions using amines of intermediate basicity are described by a combination of the two mechanism~.Also, a reaction that can be described by one of the mechanisms
may require a combination of the two mechanisms for a description
of its behavior under particular conditions. For example, mechanism
(38) completely describes the course of oxime formation except when
the reaction is carried out in strong acids. Under these conditions
carbinolamine formation is acid catalyzed and a small contribution
from mechanism (37) must be included in the description. It is of
interest to note that the mechanism used to describe Schiff base
formation depends on whether the amine used is aliphatic (mechanism
38) or aromatic (mechanism 37)163.
The difference between the hydrolysis of aliphatic and aromatic
Schiff bases is dramatically illustrated in strongly acid solutions where
the activity of water is a variable and where decomposition of the
carbinolamine intermediate to give carbonyl compound and arnine is
rate limiting163. The logarithms of the observed first-order rate
constants for hydrolysis of the aromatic Schiff base N-p-chlorobenzylideneaniline in strong H2S04 solutions when plotted against the
logarithm of the water activity yield a straight line with slope of 3.1 lZ8
not inconsistent with water acting as a proton-transfer agent in the
rate-limiting step as indicated in mechanism (37) 176. A similar plot
for the hydrolysis of the aliphatic Schiff base p-nitrobenzylidene-1,ldimeth~leth~lamine
yields a curve with an initial slope in dilute
H2S04of 11 or greater163.When replotted according to the prescription developed for reactions exhibiting inhibition by additional
acid177.178,a straight line of less than unit slope is obtained163, a
result indicating no involvement of water in the rate-limiting step176.
This result is inconsistent with mechanism (37) but is accommodated
by mechanism (38) 163.
Though not synthesized by a carbon-nitrogen double bond condensation reaction, 2-phenyliminotetrahydrofuran undergoes hydrolysis by the reverse of this route in aqueous solutions. In addition to
providing interesting comparisons with the hydrolysis of Schiff bases,
the nature of the products in the iminolactone hydrolysis is dependent
upon the pH and catalyst employed. Butyrolactone and aniline are
obtained in acidic solutions and yhydroxybutyramide in basic
Bifunctional buffer reagents such as H2P04- and
HC0,- with both acidic and basic groups yield the former pair of
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products almost exclusively even in regions of pH where the latter
product is predominant in the absence of such bufferslsO. This
strong dependence of reaction pathway on buffer composition in
aqueous solutions is a most significant development that deserves
detailed study in this and other systems.
A special catalytic effect appears to be indicated for phosphate
buffers in other systems discussed in this review. When the results
from phosphate buffer containing solutions are employed to calculate
the Brmsted exponent a, for carbinolamine dehydration in phenylhydrazone and oxime formation, the low values of less than 0.7
obtained (compare Table 1) suggest a special catalytic effect. Indeed,
oxime formation might be more appropriately classed in mechanism
(37) rather than mechanism (38) if the results from bifunctional buffer
solutions are excluded.

D. Nucleophilic Catalysis
The anilinium ion and its ring-substituted derivatives have been
found to be considerably more effective as catalysts in semicarbazone
and oxime formation than their pK, values would lead one to predict.
Investigation showed that they are not hnctioning as classical general
acid catalysts but as nucleophilic catalysts, through the formation of
reactive Schiff base intermediateslsl. Similar Schiff base intermediates have been proposed to occur in the amine-catalyzed enolization of acetonels2. I n reactions (39 and 40) the overall rate of

semicarbazone formation is independent of the semicarbazide concentration if it is greater than 0.02 mole. The semicarbazone is
quantitatively and instantaneously formed when N-p-chlorobenzylideneaniline is added to an aqueous solution of semicarbazide. When
hydroxylamine is used instead of semicarbazide, the rate of oxime
formation is, within experimental error, equal to the rate of semi-
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carbazone formation under the same conditions. These observations
establish that equation (39) is rate limiting.
The rate enhancement caused by intermediate Schiff base formation might at first seem surprising since the )C=NR group is less
reactive than the )C=O group. The greater basicity of >C=NR,
however, permits the easy formation of the extremely reactive

\C-N~R
/ -

group. The amine catalyst is not limited to anilinium
ions. Any primary amine can be used as long as it is more reactive
towards the carbonyl compound than is the final acceptor amine.
I n addition, the equilibrium constant for the reaction with the acceptor
amine must be larger than that for the reaction with the amine
catalyst.
The study of the mechanism of Schiff base formation in aqueous
solution has been approached by hydrolysis studies because of the
unfavorable equilibrium constants of formation. The formation
reaction can be studied directly in the presence of semicarbazide or
hydroxylamine since these bases serve as a trap for the reactive Schiff
base, and the rate of semicarbazone or oxime formation is identical
to the rate of Schiff base formation. This technique has been used to
study Schiff base formation from methylamine and acetone1I3.
Nucleophilic catalysis is also useful in synthesis. For example, certain
mesitylketoximes that have not been obtained from the ketones and
hydroxylamine have been synthesized from the appropriate ketimines ls3.
Equation (40) is known as a transimination or a 'trans-Schiffization' reaction. I t probably proceeds via a two-step mechanism involving a gem-diamine intermediate, analogous to the carbinolamine
intermediate observed in imine formation from carbonyl compounds.
The transimination reactions of Schiff bases derived from either
aliphatic or aromatic amines with semicarbazide, hydroxylamine or
methoxyamine, of oximes with sernicarbazide and of semicarbazones
with hydroxylamine all appear general base catalyzed in terms of
one protonated and one free base reactant or general acid catalyzed
in terms of two reactants of free base. These results may be accounted
for by a nearly symmetrical mechanism for transimination (equations
41 and 42). Simple proton transfers are considered to be rapid and
NHR
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OH

\
C=O
/

the protonic charge is distributed at any time in favor of the stronger
base.
Regardless of whether the first or second step in the mechanism
proposed for transimination is rate limiting, the corresponding rate
law describes the general catalytic alternatives observed experimentally and described in the previous paragraph. Therefore a choice as
to which step is rate limiting cannot be made on the simple observation
of general catalysis though a decision might be made from an evaluation of the Brsnsted exponents for each step since they may exhibit a
numerical difference. This difference is apt to be quite small as is any
difference between Hammett p values for the two possible ratelimiting steps. Ultimately the nature of the rate-limiting reaction is
determined by the relative rates of general acid-catalyzed amine
expulsion from the approximately symmetrical tetrahedral carbon
addition intermediate to yield the reverse of equation (41) or the
forward reaction (42).
Transimination reactions are useful in synthetic work. Distillation
of an imine in the presence of a high-boiling amine will cause the
imine to exchange the lower for the higher-boiling amine64. In the
same manner ketones can react with ketimines to give the exchange
products le4,ls5. A considerable body of evidence suggests that transimination reactions are involved in the catalytic process of pyridoxaldependent enzymes (see section V).
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\C/

/ \NHR

Electron-withdrawing substituents will favor the addition by increasing the positive character of the carbonyl carbon atom, thereby making
it more susceptible to nucleophilic attack. Positive p (or p + ) values
obtained in Hammett plots for equilibrium and rate constants of the
addition step verify the destabilization of the carbonyl compound
relative to the carbinolamine by electron-withdrawing substituents.
The p value for the equilibrium constants of the addition step in
semicarbazone formation from substituted benzaldehydes is + 1.81 lee,
while that for Schiff base formation from toluidine and substituted
benzaldehydes, which follows a + more closely than a, has a p+ value
of + 0.66 le7.The p+ value for the rate constants of the addition step
in semicarbazone formation from substituted benzaldehydes is
+0.94127, while that for the addition step leading to benzylideneaniline formation is + 0.39 lZ8.The apparently uncatalyzed addition
of nitrogen bases to carbonyl compounds is more susceptible to inductive effects than is the acid-catalyzed addition. In the case of
semicarbazide attack on substituted benzaldehydes p+ = + 0.94 for
the water-catalyzed and + 0.7 1 for the hydronium ion-catalyzed
addition step lZ7.
The second step of the reaction, the dehydration step, is affected
very differently by inductive effects. Electron donation to the reaction
center will aid the dehydration both by aiding the protonation of the

E. Structure and Reactivity Correlations

I. The carbonyl compound

The rates of reaction of carbonyl compounds with nitrogen bases
are dependent upon the structure of the carbonyl compound, being
affected by inductive, resonance and steric effects. It must be remembered that factors governing reactivity are distinct from those
governing stability. For example, the rate of cyclohexanone semicarbazone formation is about fifty times greater than the rate of furfural semicarbazone formation, although the equilibrium constant
for the latter is almost three hundred times as favorable l3I.
Both the rate and equilibrium constants for the addition of nitrogen
bases to carbonyl compounds will be affected by inductive effects.

intermediate and by aiding the expulsion of a water molecule. The
rate constants for the dehydration step in semicarbazone formation
show an expected negative p value of - 1.74. The equilibrium constants for the above reaction give a p value of -0.17 le6. Since the
addition step is aided by electron withdrawal and the dehydration
step is aided by electron donation, the overall rate of dehydration is
little affected by substituent effects. The overall rate of dehydration
in semicarbazone formation has been found to have a p value of
0.07.
The effect of resonance on the reactivity of the carbonyl group has
been discussed above (see section 1V.A) where it was pointed out that

+
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substituents capable of electron donation by resonance give a considerable amount of resonance stabilization to the carbonyl compound.
Such substituents cause smaller overall rate and equilibrium constants as well as smaller equilibrium constants for carbinolamine
formation than would be predicted from Hammett U valuesla6.
The rates of carbonyl addition reactions are strongly dependent on
the steric requirements of the carbonyl compound. Bulky groups nearJ
the reaction center will usually stabilize the carbonyl compound
relative to the carbinolamine, thereby decreasing the equilibrium
constant for addition compound formation and giving smaller overall
rates of product formation. Several workers have investigated the
steric effect of ketones in oxime formation 188-191. Methyl ketones are
found to be more reactive than ethyl ketones, which in turn are more
reactive than propyl ketones. A further increase in chain length
beyond propyl has no effect on the rate. Cyclic ketones react more
rapidly than straight-chain ketones with the same number of carbon
atoms and a centrally located carbonyl group. A methyl group on an a
carbon causes a greater decrease in reaction rate than a similar
substituent on a /3 carbon while y substitution appears to have no
effect on the ratelg2. Investigation of steric effects in aromatic ketones
showed that an o-methyl group decreases the rate of oximelg3 and
thiosemicarbazone lg4formation from butyrophenone by a factor of
twenty, while a m-methyl group has no significant effect on the rate
of reaction161. Introduction of a second ortho substituent into the
ketone often prevents these condensation reactions from occurring
at all 195-198.
Every rate is in principle a product of two factors, as expressed in the
Arrhenius equation (43). A is a frequency, or entropy factor and

k

=

A
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into differences in enthalpies and entropies of activation have been
done under conditions where dehydration is probably rate determining. These thermodynamic differences, therefore, are based on the
overall rate of reaction and correlations are difficult since it cannot be
known whether a given enthalpy change reflects primarily an enthalpy
change in the equilibrium constant for addition compound formation
or in the rate constant for its dehydration. Any correlations that
might be made, therefore, must await determination of enthalpy and
entropy changes for the individual steps of the reaction.
Unexpectedly high ortho:para rate ratios have been reported for
oxime, semicarbazone, phenylhydrazone and Schiff base formation
from methoxy- and hydroxy-substituted b e n ~ a l d e h y d e s ~ ~In~ ~ ~ ~ ~ - ~ ~ ~ .
order to find an explanation for the rate-accelerating effect of these
ortho substituents, an investigation was made of the effects of several
ortho substituents on the individual steps of benzaldehyde semicarbazone formation186. The o:p rate ratios for the overall reaction
decrease in the order C H 3 0 > H 0
C1 > CH, > H > NO2. I n
each case, except for the nitro-substituted derivatives, the para isomer
reacts more slowly than unsubstituted benzaldehyde, while the ortho
isomer reacts as fast or faster than the unsubstituted compound. The
differences in the reactivity of the ortho and para isomers are due
primarily to differences in the equilibrium constants for carbinolamine formation, with only slight differences in the rates of dehydration for each pair of isomers. The results in the above series headed
by the methoxy group rule out hydrogen bonding as the sole explanation for the rate acceleration in the ortho-hydroxy derivative.
Rate acceleration by ortho substituents can be best explained by
considering the quinoid forms of the isomers (35) and (36). Studies

-

e-EIRT

e-EIRTis an energy factor, dependent on the energy of activation E.
Changes in the degrees of freedom of the reactants and solvent determine the entropy of activation, while the energy of activation is
determined by polar, resonance and steric effects. Early work on
semicarbazone formation had suggested that the entropies of activation
could be correlated with the rigidity of the carbonyl compound1gg.
Significant deviations from this correlation were found in oxime
and guanylhydrazone
formation 200, thiosemicarbazone formation
formation 13' leading to the conclusion that the relationship between
the entropy of activation and molecular rigidity is entirely random in
nature. Most of the attempts to date to separate the variations in rate

,

of electmphilic substitution reactions have shown that electron donation by resonance is more effective from the para than from the ortho
positionao5.The ortho-substituted benzaldehydes, therefore, are more
susceptible to nucleophilic attack. Thus the equilibrium constant for
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addition compound formation and the overall rate of semicarbazone
formation are greater for the ortho isomer than for the para when the
substituent is capable of electron donation by resonance.
2. The nucleophile

The effect of the amine on the overall equilibrium constants of
condensation reactions of carbonyl compounds and amines has been
discussed above (see section 1I.A) where it was pointed out that the
thermodynamic stability of the >c=Nlinkage increases with the
type of amine used, in the order NH, < aliphatic amines < aromatic
amines < arnines containing an adjacent electronegative atom with a
free electron pair. In contrast to the overall equilibrium constants, the
rate and equilibrium constants for addition compound formation
appear to be dependent on the basicity of the amine. In studies in
which different amines have been reacted with the same carbonyl
compound under the same conditions, the following observations have
been made. The equilibrium constants for addition compound formation with p-chlorobenzaldehyde were found149to be 21.7, 9.1 l, 4.14
l/mole for hydroxylamine (pK, = 6.0) 126, methoxyamine (pK, =
4.6) 206, and semicarbazide (pKa = 3.6) 12', respectively. Aniline
(pKa = 4.6) 128 and its ring-substituted derivatives react more readily
Under conditions
than semicarbazide with p-~hlorobenzaldehyde~~~.
in which addition compound formation is probably rate determining,
the reaction of butyrophenone with semicarbazide is faster than its
reaction with thiosemicarbazide (pK, = 2.3) lg4.
Two factors make quantitative correlations of base strength and
reactivity rather difficult to obtain. The first difficulty arises from the
fact that the Bransted a, values are dependent on the basicity of the
amine. The additions of weak bases such as semicarbazide to carbonyl
compounds require catalysis by general acids to increase the susceptibility of the carbonyl carbon atom to nucleophilic attack, while the
additions of strong bases such as t-butylamine are apparently uncatalyzed, with water as the general acid catalyst (see section 1V.B. 1).
Secondly, under the acid conditions in which the reaction must be
carried out for the addition of the nucleophile to be rate determining,
the nucleophile will exist as its conjugate acid to some extent. Thus the
rate of the addition reaction will be dependent on the pK, of the
nucleophile, not as a measure of its nucleophilic reactivity but as a
measure of the extent to which it exists as the free base in the reaction
medium. Two reactions, however, have been found to give good
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correlations between rates of the addition reactions and strengths of
the nucleophiles. A p value of - 1-10 was obtained for the acidcatalyzed addition of substituted benzamides to f ~ r r n a l d e h y d e ~ ~ ~ ,
and a p value of -2.00 has been reported for the acid-catalyzed
condensation of substituted anilines with benzaldehydes under
conditions in which addition of the base is rate determining20s.
The rate constants for the uncatalyzed reaction of piperonal with
a series of primary aliphatic amines were found to parallel not the
basicity of the amine but rather the free energies of dissociation of the
corresponding addition compounds, RNH2.B(CH3),, thus establishing the inhibitory effect of branching on the reactivity of the amine20g.
The enthalpy-entropy plot of the reaction shows that branching in the
alpha position increases the energy of activation of the reaction by
approximately 0*75(n - 1) kcal/mole where n is the number of
methyl groups attached to the.a carbon of the amine (Figure 6) 160.

FIGURE6. Enthalpy-entropy plot for the reaction of piperonal with primary
aliphatic amines160. (The vertical arrows indicate activation energies calculated
from the term 0.75(n - 1) kcal/mole.)

3. Relationships between reactivities of carbonyl compound,
nucleophile, and catalyst

There is a relationship between the magnitude of the Bransted
a value (see section 1V.B) and the reactivity of the carbonyl
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I

compound127.210.211. The Hammett and Brensted equations for i
carbonyl compounds and j general acid catalysts are
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where s measures the susceptibility of a reagent to attack by a nucleophile of nucleophilicity n. Twice differentiating this pair of equations,
we obtain, for a constant carbonyl compound, equation (49).

and
where k's are rate constants, o and p are respectively the Hammett
substituent and reaction constants, G is a constant, and a is the
Brensted exponent. Assuming the validity of these equations in
describing the systems under study and twice differentiating (the order
of differentiation making no difference), we obtain, for a constant
nucleophile, equation (46),

l

I
the first equality arising from equation (44) and the second fi-om equation (45)
Theoretically it is expected, and experimentally it is
observed, that the middle term in equation (46) is a positive number
less than unity. The left hand side of equation (46) is dependent only
upon the j catalysts and indicates that the sensitivity of the rate of
the reaction to substituent effects increases as the strength of the
catalyzing acid decreases. The right hand side is dependent only
upon the i carbonyl compounds and implies that the value of a is
decreased by the presence of electron-withdrawing substituents in
the carbonyl c o m p ~ u n d ~ ' ~ -Thus
~ ' ~ .the two sides of equation (46)
are independently variable, and for a constant nucleophile, a plot of
a p function versus pKa for a series of catalysts ought to yield a straight
line with a positive slope equal to the negative of that obtained from
a plot of a versus o values for a series of carbonyl compounds. An
equation similar to equation (46) may be derived for general base
catalysis employing the Brensted ,B value and yielding a negative
middle term. In this case reaction with hydroxide ion should be
avoided in comparisons unless it is certain that the reaction represents
an example of general base catalysis and not direct nucleophilic
attack.
The Brensted a (or p) value may also be related to the reactivity of
the nucleophile by employing the Brensted and S ~ a i n - S c o t t ~ ' ~
equations for j catalysts and k nucleophiles (equations 47 and 48)

l

l
l

l

The middle term of equation (49) is also positive. The left hand side
of equation (49) is again dependent only upon the j catalysts and
denotes that the sensitivity of the reaction to the reactivity of the
nucleophile increases as the strength of the acid catalyst decreases.
The right hand side, being dependent only upon the k nucleophiles,
indicates that the value of a decreases as the reactivity of the nucleophile increases. (Section 1V.B. 1 recorded that as the basicity of the
nucleophile increases, a decreases.) Again the two sides of the equation
are independently variable, and a plot of s versus pK, for a series of
catalysts should yield a straight line with a positive slope equal to the
negative of that obtained by plotting a versus n for a series of
nucleophiles.
Finally by considering the Hammett and Swain-Scott equations
for i carbonyl compounds and k nucleophiles, we obtain, for a constant catalyst, equation (50).

In this case the middle term of equation (50) is negative (if applied
to electrophilic reactions it is positive). Once again there are two
independent equations. The left hand side of equation (50) depends
only upon the k nucleophiles and shows that the sensitivity of the
reaction to substituent effects is decreased by an increase in the
reactivity of the nucleophile. The right hand side, dependent only
upon the i carbonyl compounds, denotes that the sensitivity of the
rate of the reaction to the reactivity of the nucleophile is decreased
by the presence of electron-withdrawing substituents in the carbonyl
compound. A plot of p versus n for a series of nucleophiles should
yield a straight line with a negative slope identical to that obtained
by plotting s versus o for a series of carbonyl compounds.
Sufficient results are lacking to quantitatively test equations (46),
(49), and (50). Procurement of appropriate data, therefore, is desirable. The right hand side of equation (49) has been tested by plotting
the variation of a against the variation of pKa of the conjugate acid
of the nucleophile (taken as a measure of nucleophilic reactivity) to
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obtain a nearly straight line of appropriate slope131. The lack of
straight-line plots or the non-identity of slopes where indicated above
would indicate that the Hammett, Brmsted, or Swain-Scott equations
do not describe adequately the systems under study. Straight-line
plots of the requisite slopes are not, however, sufficient evidence for
the applicability of the equations employed.
V. SCHIFF BASE O C C U R R E N C E IN E N Z Y M E S A N D
THEIR MODELS
Much of the investigation of the mechanism and catalysis of
>c=Nforming condensation reactions has been designed to gain
insight into the catalytic activity of enzymes which require pyridoxal
phosphate (37), for their activity and are involved in the metabolism
of amino acids.

1
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nitrogen atom causes a weakening of the three bonds to the a-carbon
atom of the amino acid residue. The amino acid is thus activated for
any of a large number of subsequent reactions such as transamination,
decarboxylation, racemization, elimination, etcZz2.Which of these
reactions actually occurs is determined by the structure of the amino
acid, the reaction conditions and the presence of ~ a t a l y s t s ~ I~n ~ - ~ ~ ~ .
enzymatic systems the nature of the enzyme protein is the primary
determining factor.
Non-enzymatic pyridoxal-catalyzed transamination reactions
(equation 51) take place slowly in aqueous solutions. The addition of

appropriate metal ions (Fe3+,Cu2+,AI3 ) enhances the reaction
rates although they are still considerably slower than the rates of the
comparable enzymatic reactions227. The mechanism proposed for
these metal ion-catalyzed reactions involves formation of a chelate
complex (39) of the metal ion with the Schiff base, formed from
pyridoxal and the amino acid219*228. The primary catalytic role of the
metal ion is not clear. Several possibilities have been suggested
230
such as promotion of Schiff base formation, maintenance of the planarity of the conjugated system through chelate ring formation, or
promotion of the requisite electron displacements. If the amino acid
is esterified, rapid non-enzymatic transamination occurs without metal
ion catalysts 231. This finding suggests that a function of the metal ion
lies in masking the carboxyl group.
The requirement for metal ions in these non-enzymatic transamination reactions suggests that such ions may be involved as
catalysts in the enzymatic reactions. However, most of the pyridoxal
phosphate dependent enzymes that have been purified to date do
not contain metal ions, and addition of the latter to the reaction
medium does not increase the rate of enzymatic reactions 230. 232-235.
Metal ions, therefore, appear to fulfill some of the roles in nonenzymatic reactions played by the protein in enzymatic reactions,
but the protein is apparently a much more efficient catalyst.
Spectral studies show that in the acid pH range, pyridoxal phosphate
is bound to the protein as a Schiff base (40) and infrared evidence
suggests that there is a strong hydrogen bond between the phenolic
hydroxyl group and the imino nitrogen atom236.At higher pH values
+

2299

Model systems have been studied in which pyridoxal reacts with an
amino acid in the absence of the enzyme. The results of these nonenzymatic studies show that a Schiff base (38) is formed between the
pyridoxal and the amino
The various seemingly unrelated transformations of amino acids that follow are all made possible by the fact that the strongly electron-withdrawing pyridinium
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At p H values where the enzyme is bound to pyridoxal as a Schiff
base (40)) reaction with sodium borohydride destroys the activity of
the enzyme by reducing the Schiff base to a pyridoxylamine (42).
This observation gives strength to the hypothesis that the subsequent
reaction of enzyme with an amino acid involves transamination.
Skeletal muscle phosphorylase is an exception240,indicating that this
particular enzyme does not require a Schiff base linkage for its activity.
Further research is required to determine whether the role of pyridoxal
phosphate in this enzyme can be attributed simply to maintenance of
the active site of the enzyme in the required conformation or whether a
new set of catalytic properties must be ascribed to the vitamin B,
aldehyde.
Details on biological transamination and related processes are
described in chapter 9 of this book.
VI. CONDENSATION OF NITROSOBENZENES WITH
AMINO GROUPS
A. Condensation of Nitrosobenzenes with Anilines

an additional group of the enzyme may add reversibly across the
Schiff base linkage to give a substituted aldamine derivative
(41) z37-239. (The hatched lines indicate the protein.) Whenever the
place of attachment of pyridoxal phosphate to the enzyme has been
investigated, pyridoxal phosphate has been found to be linked to an
&-aminogroup of a lysine r e s i d ~ e ~ ~ O
In -the
~ ~few
~ . cases where the
point has been examined, pyridoxal phosphate-dependent enzymes
have been found to require free sulfhydryl groups for their activityz4'*
z48. This requirement does not imply that a sulfhydryl group is
directly involved in the binding of the pyridoxal phosphate. Its
function may be in catalysis of the enzymatic reaction or in maintenance of the required conformation of the active site.
Preexistence of a Schiff base between pyridoxal phosphate and the
enzyme may account for the greatly enhanced rates of enzymatic
reactions as compared to the rates of the corresponding non-enzymatic
reactions. Subsequent reactions of the enzyme with amino acids must
involve Schiff base formation via a fast transimination step (see
section 1V.D). Once the new Schiff base is formed, the &-amino
group of the lysine residue that was originally bound to pyridoxal
phosphate is free and is in a favorable position to act as a catalyst in
subsequent steps of the enzymatic reaction.

The condensation of nitrosobenzenes with anilines has not been as
extensively studied kinetically as the condensation of benzaldehydes
with anilines. Those results that have been reported, however, show a
not unexpected similarity in the two reactions.
A study of the condensation in acetate-buffered ethanolic solutions
showed it to be a second-order reaction; first order each in aniline
and in nitrosobenzene. When the reaction is carried out in an unbuffered medium, the rate equation becomes more complex. Under
such conditions, the second-order equation is obeyed only when the
ratio of aniline to nitrosobenzene is greater than two249.The reaction
is not subject to kinetic salt effects and is evidently catalyzed by
general acids. Strong inorganic acids, however, are usually unsatisfactory catalysts because of the formation of tarry materials. Because
of the decomposition of nitrosobenzene, the reaction cannot be studied
in alkaline solutions.
The condensation probably proceeds via an intermediate hydroxyhydrazine (43) analogous to the carbinolamine intermediate encountered in the condensation of amines with carbonyl groups.
Though hydroxyhydrazines have never been isolated, evidence for
their existence can be found in the occasional appearance of azoxy
compounds as by-products. These are presumably formed when oxidation of the hydroxyhydrazine (by excess nitrosobenzene) occurs fast
enough to compete with dehydrationZ5O.
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azoxybenzene (equation 53). When the starting materials have

Satisfactory Hammett correlations are obtained for the overall rate
constants determined in acetate-buffered solutions. The condensation
of substituted anilines with nitrosobenzene gives a p value of - 2.14,
showing increased reactivity as the basicity of the amine is increased.
The condensation of aniline with substituted nitrosobenzenes gives a
p value of + 1-22, indicating that the reaction is aided by electronwithdrawing groups on the nitrosobenzene 249. Similar substituent
effects have been observed in earlier studies of this reaction251.
The marked positive p value corresponds to the sign obtained when
nitrogen bases react with a series of carbonyl compounds under
conditions in which carbinolamine formation is rate limiting and
contrasts with the near zero value of p obtained from the observed rate
constants when carbinolamine dehydration is rate limiting. Thus we
conclude that hydroxyhydrazine formation is rate Limiting, and since
it is evidently general acid catalyzed, it can be described by mechanism (52). This mechanism is analogous to mechanism (37) proposed
OH
-N=O

k

+ RNH, + HE & -N
k-1

/
\

+B
NH2R
+

for the formation of Schiff bases from aromatic amines (see section
1V.C). Under the conditions employed in the nitrosobenzene study,
however, hydroxyhydrazine dehydration was never rate limiting.
B. Condensation of Nitrosobenzenes with N-Substituted Hydroxylamines
The condensation of nitrosobenzene with N-phenylhydroxylamine,
known as the azoxy coupling reaction, results in the formation of

differently substituted phenyl groups, not only are both possible
asymmetrical azoxy compounds formed, but the symmetrical ones as
we11252-255.Isotopic studies were undertaken in order to gain insight
into the mechanism of the reaction. When N-phenylhydroxylamine
reacts with 15N-labeled nitrosobenzene, the 15N is distributed equally
in both nitrogens of the azoxybenzene ll1. The condensation of l80labeled N-phenylhydroxylamine with nitrosobenzene results in
azoxybenzene, whose 180content is almost exactly half that of the
N-phenylhydr~xylamine~~~~~~'.
These results are interpreted as
evidence for the reversible formation of an intermediate N,Nf-diol
analogous to the C, N-diol known to occur in the reactions of hydroxylamines with carbonyl-containing compounds (see equation (27) in
the case where R is OH).
Electron spin resonance studies show that nitrosobenzene radicalions are produced throughout the course of the base-catalyzed azoxy
coupling reaction 258,259. This observation has led to the proposal of
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mechanism (54) to account for the results
without involving an intermediate N,N1-dial
radical-ions produced in basic solutions corn
mediate his-anion which apparently undergo
by irreversible loss of hydroxide ion to give azoxybenzene. Another
possible mechanism is one in which the nitrosobenzene radical-ion is
first protonatecl by the solvent. Both mechanisms explain why four
different azoxy compounds are obtained in mixed aromatic condensati0n reactions.
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I. INTRODUCTION

Reactions in which a bond from carbon to nitrogen is broken are
important in several areas of organic chemistry. The Hofmann and
Cope eliminations are widely used in synthetic chemistry, and the
deamination of aliphatic amines (via the nitrous acid, nitrosoamide
and triazene methods) has been widely studied, usually with a primary
emphasis on establishing the mechanism of the reaction. Since there
has been much research activity in the latter area recently, a major
fraction of the chapter is devoted to an interpretive and critical
review of the deamination reactions.
A wide variety of methods for the cleavage of carbon-nitrogen
bonds is now available (equation 1). The chemistry of these reactions
is dominated by two fundamental properties of the nitrogen atom:
(1) the ability to form a positively charged tetracovalent group that
can, on the one hand, labilize the adjacent carbon-hydrogen bonds
for chemical attack and, on the other, serve as a good 'leaving group' ;
and (2) the capability of combining with another nitrogen atom to

----f

Eventual C-N cleavage

H

form the very stable N, molecule. Reactions of the second type have
unique characteristics, as described in the section on dearnination. In
the following catalog of methods, some attempt is made to evaluate
the synthetic usefulness of the methods, and to outline the mechanisms
of the reactions.
II. QUATERNARY SALTS

A. Hofmann Elimination
The thermal decomposition of a quaternary ammonium hydroxide
to alkene, tertiary amine and water was first observed by Hofmann
in 1851 (equation 2) l". From his work with unsymmetrical amines,
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Hofmann suggested that a quaternary salt containing an ethyl group
always eliminated ethylene in preference to other alkenes. This rule
has been generalized to state that the alkyl group eliminated is that
one having the most jl-hydrogens. A general exception to this rule is
found when the quaternary salt contains a p-substituent that can
stabilize a negative charge; in this case the alkene eliminated contains
the p-substituent (equation 3). The Hofmann rule has also been stated

to the effect that the product of elimination from a quaternary hydroxide is the least-substituted alkene2. However, this formulation does not
apply to eliminations from quaternary salts containing a p-substituted
electron-withdrawing group (as above) and in many cases does not
apply for quaternary salts containing a-substituted alkyl groups, as in
the case of dimethylethylisopropylammonium hydroxide (equation 4).
Thus no concise and correct statement of the Hofmann rule is
available lC.

Hofmannlb was the first to realize the potency of the elimination
for examining the natural bases, and the method of exhaustive
methylation has found extensive use in the investigation of alkaloid
structures 3. Essentially, exhaustive methylation is carried out by
preparing the methiodide of the tertiary base, treating this with silver
oxide, and concentrating the solution of the quaternary hydroxide
under reduced pressure until decomposition takes place. The exclusion
of carbon dioxide is essential for formation of good yields of elimination product 4. In the examination of a natural product, the procedure
is usually repeated until the nitrogen is liberated as trimethylamine.
The degraded natural product now contains olefinic double bonds
for hrther degradation. In addition, the number of exhaustive
methylation procedures carried out to fiee the nitrogen determines the
number of rings to which the nitrogen was attached in the natural
product. An example is given by the degradation of quinolizidine
(equation 5). The nitrogen is attached to two rings and it requires
three cycles of the exhaustive methylation procedure to eliminate the
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nitrogen. Reported3 yields for the degradation reaction are usually
good to very good (60-100%). A survey of products and yields in
the Hofmann elimination has appeared 3.
The Hofmann elimination has also been used in the synthesis of
alkenes not readily available by other elimination reactions. A recent
example is the synthesis of trimethylenecyclopropane (equation 6) 5a.

1,6-Elimination has been observed for a special case and used for the
synthesis of a paracyclophane (equation 7) 5b.

The mechanism of the Hofmann elimination has received considerable attention in the last two decades and a number of reviews on
the mechanism of this and other elimination reactions have
a ~ p e a r e d ~Two
. ~ . facets of the reaction have been studied in particular, the degree of concertedness of the reaction and the orientation
of the elimination.
Ingold examined the e l i m i n a t i ~ n and
~ ~ . found
~
that it was first
order in both hydroxide ion and quaternary ammonium ion7&.The
reaction was described as having an E2 (elimination, bimolecular)
mechanism, though Ingold noted that a second mechanism, namely
El,, (elimination, unimolecular, from the conjugate base (3) of the
substrate), would also fit the kinetic data. Attempts have been made
to distinguish between these two mechanistic paths. Since the El,,
mechanism involves an equilibration between the quaternary ion (1)
and the zwitterion intermediate (3) it should be possible to observe an
14*
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eythro form from attaining the tram-coplanar configuration. It appears
that with ethoxide ion as base an E2 mechanism for the elimination
occurs. However, upon changing the base to t-butoxide ion in

1
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OH-,

+

tram
~llrnlnatlon*

(5)

H

threo

+

tram
El~rnlnatlon

requirements cannot attain the tram-coplanar configuration required
for E2 elimination16, and in the case when very strong base (n-butyllithium) is used to bring about the reaction 15,.
cis Elimination has been observed in the Hofmann elimination for
certain special cases. In the case of sterically hindered molecules
which cannot easily attain a configuration with a tram 8-hydrogen,
cis elimination can occur, perhaps by the ylide mechanism, as
above 17. The presence of an acidic 8-hydrogen cis to the nitrogen
can also induce cis elimination in preference to tram. The elimination
from the 2-phenylcyclohexyltrimethylammonium ion 18, illustrates the
latter case (equation 12). The tram form of the 2-phenylcyclohexyltrimethylammonium ion has a tram P-hydrogen at the 6-position and
an acidic cis 8-hydrogen at the 2-position, and upon elimination,
formation of l-phenylcyclohexene by elimination of the cis hydrogen
at the 2-position predominates. Two mechanisms are available for
l e a

H
erythro

t-butanol, both isomers were found to produce the same alkene at the
same rate. The alkene was that obtained by tram elimination from
the threo derivative, and therefore, in effect, by cis elimination fiom
the eythro derivative. This equality of the rates of elimination suggests
that there is a common intermediate-the carbanion-giving the
same product from both isomers. That is, in the case of t-butoxide ion
as base, the elimination occurs via an E l,, mechanism. It is probable
then that the Hofmann elimination can pass through a whole range
of transition states12 extending from E l (cleavage of C-N bond
before 8-C-H bond) to El,, (cleavage of 8-C-H bond before
C-N bond) with most of the normal Hofmann eliminations falling at
a mid-point with near synchronous E2 mechanisms 13.
A third mechanism for the Hofmann elimination was suggested by
Wittig14. This involves the formation of an ylide (5) by attack of
base on an a'-hydrogen, followed by attack of the a'-carbanion on
the p-hydrogen (equation 11). This mechanism requires that a
8-proton be transferred to the tertiary amine (6) eliminated. Deuterium studies have shown15, however, that in the normal Hofmann
elimination the ylide mechanism is not an important one. On the
other hand, evidence for an ylide mechanism has been obtained in
the case of a highly branched alkylamrnonium ion, which for steric

such a cis elimination, El,, and alp (Wittig), although a cis E2
mechanism could be considered. Examination of the tram-2-phenyl2-dl-cyclohexylamine derivative showed that elimination occurred
without transfer of deuterium to the trimethylamine thereby excluding
the ylide mechanism. Also since the tram-ammonium ion was shown
not to isomerize to the cis-ammonium ion under the reaction conditions there could have been no formation of anion required by the
El,, mechanism, unless the anion when formed had eliminated tertiary amine at a rate much faster than equilibration of the anion
and solvent.
Research into the mechanism of the Hofmann elimination has been
stimulated by the controversy on the reasons for the Hofmann and
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the Saytzeff rules of orientation in elimination reactions. I n general
for a given backbone structure the Hofmann rule predicts the formation of the least branched alkene while the Saytzeff rulelg predicts
the formation of the more highly alkylated alkene. Generally it is
found that the Saytzeff rule is followed by alkyl halide, alkyl sulfonate and all E l eliminations while the Hofmann rule is followed
by 'onium' elirninations. The orientation of the Hofmann elimination
was suggested by Hughes and IngoldZ0 to be due to the strong
inductive effect caused by the positive charge of the 'onium' group
which made the 8-hydrogens acidic. Since 8-substituted alkyl groups
tend to reduce the acidity of the 8-hydrogens, these hydrogens tend
not to be lost. Brownz1, however, attributed the orientation entirely
to steric factors, a direct result of the bulkiness of the 'onium' group
which forced elimination to the least alkylated olefin. Although
Brown used rather large alkyl groups, the theory was to account for
all eliminations down to the simplest. It is of interest to note that the
nitro group, which is smaller than iodine, should give Saytzeff
products on the basis of Brown's theory and Hofmann products on
the basis of Ingold and Hughes' theory. I n fact, Hofmann products
were observedz3. Although this problem has not been completely
solved it seems likely that the steric effect plays only a small role in
the orientating effect unless the alkyl groups are

acetate with 98-10070 overall inversion of configurationz5. When no
8-hydrogen is present in the quaternav salt, nucleophilic displacement becomes the exclusive mode of decomposition (equation 14) 27.
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B. Amine Dispiacements
Displacement of a tertiary amine by the attack of a nucleophile on
the a-carbon of a quaternary salt is a reaction that competes with the
Hofmann elimination and is found to take place preferably with weak
bases (carbonate, acetate, etc.)4a. In some cases steric influences
rather than basicity may promote the substitution reaction in favor
of elimination. For example, the reaction of propyltrimethylammonium ion with hydroxide ion yields 19% methanol and 81
propylene, whereas the reaction with phenoxide ion yields 65y0
anisole and 15y0 propylene (equation 13) 4a. Phenyl groups attached
+

Elimination

+ N(CH&
n-C3H7N(CH& + CH3X

CH3CH=CH2

(13)

to nitrogen apparently favor the displacement reaction 28, presumably
by making the amine a better 'leaving group'. An SN2mechanism is
indicated for the substitution reaction since the reaction of l-phenylethyltx-imethylammonium ion with acetate ion yielded l-phenylethyl-

(65 %)
/ CeH5CHaOH+ N(CH3),
c.H.cH~~~(cH~)~~)H
l
CH30H + CeH6CH2N(CH3)2(35%)

(14)

A useful synthetic alkylation reaction occurs when the nucleophilic
reagent is a carbanion (equation 15)28. Other nucleophiles have been
exobserved to displace tertiary amines from quaternary
amples include amines and halide, cyanide, sulphide and mercaptide
ions.
I n special cases, displacement of the amine by a ycarbon of the
quaternary salt has been observed to take place in preference to
8-elimination (equation 16). Strong base and an acidic yhydrogen
are required to promote this type of displacement 29. A similar reaction

occurs when /3-hydroxyammonium salts are subjected to Hofmann
elimination conditions (equation 17). I n this case, displacement of
the tertiary amine by oxygen occurs to form an epoxide3'.

C. Rearrangements
I . The Stevens rearrangement
The Stevens rearrangement31. 32 is a base-promoted 1,2-migration
of an alkyl group from quaternary nitrogen to carbon (equations 18
and 19). The migration terminus must contain an acidic hydrogen
C ~ H ~ C O C H ~ G ( C H ~ ) ~CeH5COCH-N(CH3)z
JH2CeH5

CH2CeH6

(18)
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for the rearrangement to occur; the weaker the acidity of this hydrogen,
the stronger the base required for the reaction to proceed31b. The
rearrangement of two isomeric brominated benzyldimethylphenacylammonium bromides in the same reaction mixture gave no product of
a 'cross ' reaction showing the rearrangement to be intram~lecular~~a.
A more rigorous experiment using 14C-labeled compounds also gave
no 'cross' products (equation 20) 32d. The effect of substituents on the

benzene ring of the migrating group of benzyldimethylphenacylammonium ion was such that electron-withdrawing substituents
increased the rate of reaction (equation 21) (Table 3) 32b. For sub-

TABLE
3. Rates of Stevens rearrangement of benzyldimethylphenacylammonium ion substituted in the benzene ring of the
migrating group.
X

$-CH30

H

$-CH3

$-C1

$-NOa

klko

0.76

1.0

1 a06

2.65

73

stituents in the phenacyl group the reverse was found, p-CH30 mildly
increasing the rate and m-NO, mildly decreasing it 32e. Stevens interpreted these results on the basis of the formation of an ylide intermediate followed by migration involving dissociation into a tightly
bound ion pair (equation 22).

CH~C~H,

l

CH,CeH5

Retention of optical activity for the migrating group to an extent
of 977, was observed33 and H a u ~ e suggested
r~~
that to account for
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this the reaction mechanism must involve a cyclic transition state.
However, the intimate ion-pair mechanism of Stevens is not ruled
out by this evidence, since the migration of an ion with retention of
configuration is feasible. Jenny and D r ~ e yobserved
~ ~ ~ that rearrangement of optically active allyldimethyl(1-phenylethy1)ammonium bromide gave both 1,2- and l ,4-rearrangement products
with retention of optical activity (equation 23). I n benzene at 80°,

1,2-migration was favored over l,4-migration by a factor of 1.4 and
the product of 1,4-migration was found with 82 k 10yo retained
configuration. I n liquid ammonia at - 33O, 1,2-migration was much
more favored and the product of l,4-migration was found with
72 k 10yo retained configuration. The authors claimed that this
evidence is in favor of the discrete but tightly bound ion-pair mechanism of Stevens, since a 1,4 concerted cyclic mechanism would involve an inversion of configuration. The mechanism is probably right,
but molecular models indicate that a cyclic mechanism proceeding
with retention of configuration is also possible 35b.
The transfer of asymmetry from nitrogen to carbon has been
observed in the Stevens r e a ~ a n g e m e n t ~a ~transition
;
state 7 in
which the phenyl and ethylene groups are cis to each other is apparently involved (equation 24).

Certain tertiary amines also undergo this type of reaction (equation
25) 36.
CeHsCOCHaN-CeH6

% CeH,COCHNHCeH6

(25)
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2. The Sommelet-Hauser rearrangement

I

k(cH3)3

N
I (CH&

The Sommelet-Hauser rearrangement, first observed by Sommelet 38
in 1937 but developed by Hauser 39 since 1951, involves the migration
of an alkyl group from a quaternary ion bearing a benzyl group to
the ortho position of that benzyl group (equation 26). The rearrangeC G H ~ C ~ Z ~ ( C ~ ~ ) Z

l

N W 3 1 2

I

ment is similar to the Stevens rearrangement and the two reactions
can occur simultaneously, in which case it is generally found that the
Sommelet-Hauser rearrangement predominates at low temperatures
and the Stevens rearrangement at high temperatures (equation 27) 41.
C6H5
l

I

l

C,H,Li.
ether

'

N(CH3)2

Mixture of both products (Ref. 40)

Hauser found that benzyltrimethylammonium ion was rearranged
by sodamide in liquid ammonia to give dimethyl-2-methylben~~lamine
in 97% yield39a. Quaternization of this base followed by a second
reaction with sodamide resulted in the substitution of a second methyl
on the benzene ring, and this procedure could be continued until the
ring was fully methylated (equation 28). Hauser proposed that the
mechanism of the reaction was initial proton abstraction by base at a
benzylic site, and equilibration to a methyl anion, followed by
anionic substitution at the ring ortho
The resulting
exo-methylene derivative would aromatize under the reaction conditions (equation 29). Support for this mechanism came when
Hauser isolated the intermediate 8 from the reaction of trimethyl(2,4,6-trimethylbenzyl)ammonium ion with sodamjde in liquid
ammonia (equation 30)39b.The ammonium ion contains an ortho

NaNH,.
liq. NH,

substituent on the aromatic ring, so that aromatization of the exomethylene product does not occur under the conditions of the experiment. The exo-methylene derivative, formed in a 70y0 yield, could,
however, be aromatized by action of heat or acids (equation 31).

8. Cleavage of the Carbon-Nitrogen Bond

:Hz

42 3

+A-CH.
II
-----+Products

There is as yet no evidence to support this mechanism in distinction to
the Hauser mechanism.
Ill. AMlNE OXIDES

An attempt was made to trap the methylene ylide (10) proposed as a
reaction intermediate39c. In fact, though, the product isolated was
the derivative expected from reaction of benzophenone with the benzyl
ylide (9) (equation 34). The effect of substituents has been examined42

J

L

(9)

(equation 35). It was found that in 11for R = cyclopropyl, phenyl or
allyl, the migration took place preferentially at the site of substitution,
indicating that these groups stabilize the anion 12.
Bumgardener 42*43 has suggested as an alternative mechanism (equation 36): the formation and collapse of an ion-pair intermediate
similar to that proposed for the Stevens rearrangement (equation 22).

A. The Cope Elimination
Although first observed in 189845, the thermal decomposition of
tertiary amine oxides to give an alkene and hydroxylamine has
received serious attention only since 1949 when the first of a series of
papers by Cope and coworkers a p ~ e a r e d ~ The
~ . ~ reaction
~.
has
found use in the synthesis of alkenes (equation 37) 47, where high

-

-

yields are obtained 44, and of dialkylhydroxylamines (equation 38) 48.

In the example of equation (38) the elimination proceeds in the
required direction due to the presence of the acidic hydrogens U to
the carbonyl group.
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Evidence for a cis-elimination mechanism was obtained by the
study of the thermal decomposition of the N, N-dimethyl N-oxides of
threo- and eythro-2-amino-3-phenylbutane(equations 39 and 40) 4g.

threo
H3C.

cis

,H

erythro

impossibility of forming the transition state in the case of the sixmembered ring (13), and the increasing ease of forming the transition
state in the case of the seven-membered ring (15) and the eightmembered ring (17). A study of the elimination from 2-butyl-N,Ndimethyl-3-phenylamine oxide has shown that the reaction is
unimolecular over at least 85-90% of the reaction in a number of
solvents52. Hydrogen-bonding solvents were found to strongly retard
the reaction, the interaction presumably reducing the basicity of the
oxygen.

HsC

H

tram

The major product from each isomer was formed by CLelimination.
In the case of the threo isomer the predominance of CLto tram alkene
was greater than 400 to 1, and in the case of the eythro isomer the
predominance of trans over cis alkene was greater than 20 to 1. Substituted-alkyl groups in general appear to have no effect on the course
of the elimination 50, the product ratio depending only upon the number of available 8-hydrogens. An exception to this generalization is
the t-butyl group which causes elimination of isobutylene more
readily than of ethylene (by a factor of 2, after correcting for the
relative numbers of 8-hydrogens) probably due to steric factors50.
Evidence for a cyclic, five-membered, planar transition state was
obtained by the study of N-methylazacycloalkane N-oxides (equations 41-43) 51. The yields of alkenes (14), (16) and (18) reflect the
Yield

B. The Meisenheimer Rearrangement
Tertiary amine oxides which contain a benzylic or an allylic group
attached to nitrogen rearrange with migration of this group from
nitrogen to oxygen (equation 44) 53a-b;alkyl groups also migrate
0-

provided that p-hydrogens are absent (otherwise the Cope elimination
p r e d ~ m i n a t e s ) ~The
~ ~ . reaction was shown to be predominantly
intramolecular and the rate was shown to be independent of added
base54. Further, substitution in the ring of the migrating benzyl
group has been examined and it was found that electron-withdrawing
groups facilitate the rearrangement (Table 4) 55. Cope originally
TABLE
4.

Rearrangement rates.

CH3

l

C,~H~-~N-O-
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proposed an S,i mechanism 53b, but doubt has been cast on this by the
observation that strong racemization of the migrating groups occurs
during rearrangement (equation 45) The relative rates of Table 4

also been suggested for the reactione0. Related rearrangements are
those of N, N-dimethylaniline oxides to give ortho ring-substituted
products in addition to the acylated secondary amine (equation 48)

H CH3
C6H6C--*L+
l4

A-

H
CaH6C-ON

I

D

CH3

/
\CH3

0-

1+

CH3- ?-CH3

CH3-N-CH3

CH3-N-COCH3
I

product 6&80 % racemized

rule out a carbonium ion mechanism, thus leaving a carbanion and a
free-radical mechanism for consideration. Evidence in favor of
a radical-pair intermediate was obtained by the observation of a
nitroxide radical by e.s.r. spectroscopy in the rearrangement of
benzylmethylphenylamine oxide (equation 46), although no proof

Pyridine N-oxide also rearranges to a ring-substituted product
(equation 49) 58, while a-picoline N-oxide gives 2-pyridylmethyl

l

0-

that this was the sole intermediate in the reaction was given55. An
ion-pair mechanism of the type proposed for the Stevens rearrangement also seems a reasonable possibility.
It is interesting that the rearrangement of dimethyl-(l-phenylethy1)amine oxide can be brought about at - 5" by irradiation with ultraviolet light 55.
C. Cleavage with Acylating Agents
The cleavage of arnine oxides with acylating agents gives aldehydes
and acylated secondary amines in good yield (equation 47) 58. The

acetate (equation 50) 57. The cleavage has also been achieved with

0-

ferric ionse1; in this case the reaction is thought to proceed through
two l-electron steps 61b.
IV. TERTIARY AMINES
A. The von Braun Cyanogen Bromide Reaction
The cleavage of tertiary amines by cyanogen bromide (equation 51)
was first observed by von Braune2 and Scholl and Nore3 in 1900.
The reaction was investigated extensively by von Braun; it has recently
been reviewed by Hagemane4.
R1

.R'.

\
Ra-N + BrCN ----+
/

RBr

(19)

(20)

R

reaction has found some use in the demethylation of alkaloids. The
mechanism of the reaction probably involves initial acylation of the
arnine oxide followed by a rearrangement. An ion-pair intermediate 59
seems a likely possibility, although a radical-pair intermediate has

+

\

/N-CN
R=

(51)
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In some cases the formation of alkene occurs as a side-reaction, and
this is especially prevalent when the tertiary amine contains a secondary or tertiary carbon attached to the nitrogen (equation 52). A mole
R'

CH,

\C/
/
R

\

R.

CH3C0Br>

CEH~(CH~IP

BICN

+

R,NCH,Rl

of a m h e hydrobromide is produced with the alkene which further
reduces the yield of the desired product, since the salt is unreactive
towards cyanogen bromide. A second side-reaction can occur if the
alkyl bromide (20) reacts with the starting amine (19) to give a
quaternary salt, which is unreactive to cyanogen bromide. In practice
this latter reaction can be minimized through use of an excess of
cyanogen bromide. Yields of the desired product are thus variable,
but usually greater than 50%.
The reaction has found use in the degra
Unlike the H o h a n n exhaustive methylation procedure which
repeated until the nitrogen of the natural product is freed as
amine, the cyanogen bromide reaction is
tertiary amines. With secondary amines, cyanogen bromide yields
disubstituted cyanamides directly and these react further with the
amine hydrobromide formed at the same time to give guanidines
(equation 53) 65.
R

R

\

\N-H

/

(55)

BR2N-NO + R'CHO

(56)

first recorded in 1864". The reaction has found only fimited use in
alkaloid degradation6B, possibly because of side-reactions and conflitting reports on its use in the literature; the fact that tertiary amines
are stable to nitrous acid at low pH, where the amine is present as
the inert ion, accounts for the early conflicting observations. The
mechanism probably involves initial nitrosation of the tertiary amine
to form a nitrosamrnonium ion; decomposition via an yfide-type
intermediate can then lead to the observed products (equation 57) 70.

Smith70b has obtained nitrous oxide in approximately the correct
yield predicted by this mechanism. A free-radical pathway for the
decomposition of the ylide intermediate has also been proposed71.

R
RRIN-CNRR1

m

+ CEH&CH&B~-

CEHsNCOCHa
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B. Cleavage by Nitrous Acid
The cleavage of tertiary amines by nitrous acid (equation 56) was

\R3

R'
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R'

The mechanism of the reaction seems to involve the formation of a
quaternary salt, observed as an initial transient ~recipitat~62.66,
followed by a nucleophilic displacement by bromide ion (equation
54). The group most susceptible to nucleophilic attack is generally

C. Oxidative Cleavage
The cleavage of a tertiary amine to a secondary amine and an
aldehyde or ketone has been observed for a number of oxidizing
agents72. The mechanisms of the various reactions are not fully known,
but they probably involve initial attack at an a-carbon, possibly after
formation of 4-coordinated nitrogen (equation 58).

R'

\
/

R2--N

+ BrCN

R

displaced. The intermediate salt is stable at low temperatures but it
has not been isolated and characterized.
Similar cleavages occur in the reaction of an acyl chloride, bromide
or anhydride with a tertiary alkyl aryl amine (equation 55)64.67.

R,C=~R;

H"O-

R2C0

+ R~NH

(59)

amines in a suK
The &chromate oxidation of tertiary alkyl
ate-bisulfate buffer was found73a to give secondary amines in
good yields. Triakylamines did not react under the conditions used,
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suggesting that path (b) in equation (58) is operating; that is, an aryl
ring may be necessary to stabilize the radical intermediate. This
reaction has been adapted 73 to degrade primary or secondary amines
by first converting them to the corresponding 2,4-dinitroaniline
derivative, and subsequently oxidizing this amine (equation 60).

Chlorine dioxide oxidizes triethylamine to the secondary amine
and acetaldehyde (equation 63); a free-radical mechanism was
proposed 77.
2 CIOz

+ H20 + (CzH5)SN

CHaCHO

+ (C2Hs)sNH + 2 H + + 2 ClOZ-

(63)

Manganese dioxide oxidation of tertiary acyclic a m i n e ~has
~ ~been
found to give N, N-dialkylformamides and secondary arnines as major
products (equation 64). Similarly, N, N-dimethylcyclohexylamine on
(n-C4H,),N

M$

> (n-C,H,),NCHO
5 1 % yield

cyclohexane

N3,
Yield of ketone: 947, with R = R'--CH3,

21

with R = CH,,

NO2
R'.= H

R'= n-C,H,,,

R?= H

Yield of ketone: 94% with R = R1 = CH,, R2 = H
21 % w i t h R = CH,, R1 = n-C,H,,,
R2 = H

Dibenzoyl peroxide oxidizes tertiary amines to secondary amines
and aldehydes (equation 61) 72. The effect of substituents has been
examined q ~ a n t i t a t i v e l y for
~ ~ ;alkyl groups the order of elimination
was found to be RCH2- > CH3- > R2CH-. A phenyl group
substituted either a or ,B to the nitrogen seemed to have no directive
influence on the group eliminated.
The reaction of tertiary amines with iV-bromosuccinimide can give
good yields of secondary amincs 75,although tertiary amines containing
N-aryl groups were found to give only ring-brominated tertiary
amines 76.
Lead tetraacetate oxidizes tertiary alkyl aryl amines to acetyl
derivatives of secondary amines (equation 62) 7? Tertiary alkylamines are not effected.

COCH,
83 % yield

+ (n-C4Hp)~NH

(64)

33 56 yield

oxidation with manganese dioxide gave cyclohexanone in 50%
yield 78c.
Acidic potassium permanganate is reported79 to convert tertiary
amines containing benzyl groups to benzaldehydes or benzoic acids.
Neutral permanganate oxidizes tributylamine to a mixture of dibutylamine, butyraldehyde, N, N-dibutylbutyramide and butyric acids0.
Tribenzylamine reacted with neutral permanganate to give benzaldehyde and benzoic acids0; no dibenzylamine was isolated.
The oxidation of tributylamine by ozone has been studied 1°l. I n
polar solvents (CHCl,, C H 3 0 H ) tributylamine N-oxide was formed
(61%) together with small amounts of dibutylamine and dibutylformamide. I n hydrocarbon solvents at - 78 to - 45O, dibutylamine
(49-63%) was the major product, but at 15O, dibutylformamide was
the major product (44%). N, N-Dibutylbutyramide was a minor
product under all conditions. The suggested mechanism is given in
equation (65) lol.

bH

Bu,NH

+ PrCHO

D. Amine Displacement

The displacement of amine from tertiary amine salts requires rather
drastic conditionss1, although good yields are often obtained (equation
66). The cleavage of methyl groups from tertiary amines by H I at
300-360" has been used in a quantitative estimation of N-methyl
groupss2. The optimum conditions for displacement of alkyl group
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from tertiary and secondary aromatic amines have been studiedel*.
Treatment of the salt of a tertiary amine with hydrogen bromide at
150" gives good yields of the secondary aromatic amine (equation 67).
(cH~)~~Hc,H,B~-

HBr

CH3Br

+ c,H~~H,cH~B~-

H
(67)

Ease of elimination of alkyl groups is in the order methyl > n-propyl >
ethyl, and electron-withdrawing groups substituted in the aromatic
ring increase the rate of displacement.
A study of the thermal elimination from hindered tertiary aliphatic
amine salts has produced results consistent with an E l mechanisme2a.
The alkene eliminated appeared to be determined mainly by the
stability of the carbonium ion (equation 68).

-

C :base
RCOCH=CH,

H

+ HNRf +RCOCHaCHaNRE

(73)

is elimination-addition. Craig, however, has studied proton exchange
with solvent during the exchange reactions of aniline and N-methylaniline with the Mannich base (21)83b. His results are compatible
with a mixed mechanism of about 90y0 substitution and 10yoelimination-addition for exchange with aniline and one of about 65y0
substitution and 35y0 elimination-addition for exchange with
N-methylaniline. An optically active Mannich base (22) was founda4
to racemize during exchange (equation 74). This was shown not to
be due to enolization, and therefore supports the elimination-addition
mechanism. Further support for this mechanism was provided by the
isolation of the unsaturated ketone (23) using exchange conditions,
and by the addition of amine to this ketone to give the Mannich
base (24) (equation 75).

Displacement of alkyl groups by silicon tetrabromide in tertiary
aromatic amines has been observed (equation 69)
The proposed
C,H,NR2

+ HBr-t C,H6NHR + RBr JiBT?-t C,H6NRSiBr3 + HBr

(69)

mechanism involves displacement of the alkyl bromide and subsequent
reaction of silicon tetrabromide with the secondary arnine.
E. Amine Exchange in Mannich Bases
Salts of Mannich bases undergo facile amine exchange28a.83 and
the reaction has been used to synthesize Mannich bases which are
unobtainable by the direct Mannich reaction (equation 70). Two
+
CH3COCH,CH,N(C2H5)aCI-

I

+ C,HsNHa --+

H

+

CH3COCHaCHaNHC8H6 (c,H&AH~cI-

(70)

PI
86 % yield
mechanisms are possible for this transamination reaction: a direct
nucleophilic displacement (equation 71) and an elimination-addition
mechanism (equations 72 and 73). The generally accepted mechanism
R c o c H a c H a G R-H
~
t

+

+RCOCH~CH~I;R:
HNR:
(71)
I

V. SECONDARY AMINES
A. Aziridines
Treatment of an aziridine with nitrosyl chloride, 3-nitro-Nnitrosocarbazole or methyl nitrite leads to the formation of an alkene
and nitrous oxide (equation 76)85a-d; an intermediate N-nitroso
derivative was isolated at low temperatures. The deamination of cisand tram-2,s-dimethylaziridine gave the corresponding cis- and
tram-2-butenes with complete stereospecificity in each case. The reaction was found to be first order with respect to the N-nitroso intermediates5b*cand the transition state was suggested to involve
simultaneous cleavage of both C-N bonds. A similar decomposition
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has also been reported for the
tolydiazonium salt 85e.

435

Na20NN02 has been shown to react with dibenz~lamineto give
&benyl in 70y0 yield (equation 80) looay
and with 3-pyrrolines to give

dienes with complete stereospecificity (equations 81-83) loob.Diazene
intermediates were also suggested for these reactions.

03""
A

B. Benzylic and Allylic Secondary Amines
N-Nitrosodibenzylamines give good yields of hydrocarbon producrr
when treated with sodium hydrosulfite in base, or lithium in liquid
ammonia (equations 77 and 78) 97. A diazene intermediate previously

(86%)

(81)

I

H

CsHsCH,
rrans, crs

(77 % yield)

Na,ONNO,

CH3-CH3

trans, trans

C6H5

*NI

~

NO

C

~

H

2-(

C6H5
~

CsH5

'

(60% mixture o f cis and trans)

i'

C6H5

(78)

(l9%)

formulated for the oxidation of l-amino-2,6-diphenylpiperidineswith
menuric oxide was suggested for this reaction97d. Mixed dibenzylamines were found to form a single hydrocarbon with no formation of

n

H
cis

Certain secondary arnines react with difluoramine to give hydrocarbons by pathways which probably involve a diazene intermediate (equations 84 and 85) 95. The same diazene intermediate is

Sodium

C6H5A
NAc6H5
I

(83)

l

fl

--+

Products

postulated in the reaction of the sulphonamide derivative (25) with
base (equation 86) 97.
cross products showing the decomposition of the diazene to proceed
via fragments, presumably radicals, which couple before they diffuse
out of the solvent cage. As examples of similar reactions, Angeli's salt,
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C. Thermal Dealkylation

A few examples of the thermal dealkylation of secondary amines
have been recorded81b. Secondary aromatic amines when treated
with hydrogen bromide at 200' give anilinessld. Di-t-butylamine
hydrochloride on melting gives t-butylamine hydrochloride and isobutylene 82a.
VI. REDUCTIVE CLEAVAGE

A. Catalytic Hydrogenolysis
Tertiary amines having an N-benzyl group are cleaved to secondary
amines and toluene by hydrogen, usually in the presence of palladium
oxide, though 10% Pd on BaSO, has also been used (equation 87)

/

C6H5CH2N

R

& CBH6CH3+ NHRR1

437

Under similar conditions fully saturated quaternary salts usually do
not cleave.
However, tetraalkylammonium salts can be cleaved by sodium in
dioxaneQoaor by sodium or potassium in liquid ammoniaQob.The
for reduction in liquid ammonia is thought to involve the
direct
reaction of the quaternary salt with electrons. Both free-radical
--and carbanion intermediates have been proposed to explain the
observed differences in relative rates of cleavage from alkyltrimethylammonium ions Q1.Secondary and tertiary alkyl groups were
suggested to cleave by a one-electron process giving free-radical intermediates while primary alkyl groups were suggested to cleave by a
two-electron process giving carbanion intermediates (equations 91
and 92).
-

+

R,N

(87)

+ e-

R3N

+ R'

R
''

Yields are good and the method has found use in the preparation of
pure secondary amines.
Catalytic hydrogenolysis is also successful with quaternary salts
having an N-benzyl group (equation 88) 86a.

Lithium in tetrahydrofixan has been found to cleave tertiary aromatic amines (equation 93) lo2".N-Phenylcarbazole was cleaved at 30'

B. Dissolving Metals
EmdesQa*observed that quaternary ammonium halides containing
an unsaturated group either attached to, or /3 to the nitrogen were
cleaved by sodium amalgam in water to give a tertiary amine and
hydrocarbon saturated at the site of cleavage (equations 89 and 90).

over 3 hours to give carbazole, and N-benzylcarbazole was cleaved
over 3 hours at reflux to give carbazole. Only a small yield of diphenylamine was obtained from triphenylamine lo2.
C . Electrolytic Cleavage
The electrolytic reductive cleavage of quaternary salts containing
an N-benzyl group has been observed (equation 94) 92. The reaction

-

+

Aprotic solvent

+ (C6H6CH2)2(35% yield) (94)
M(CH3)zNCsHs + C6HsCH3

CBH5CH2N(CH3)2N03-

(CH3),NC6H6

appears to involve a one-electron transfer to the ammonium ion and
cleavage to a free radical (equation 95). A tertiary amine and the
+

R4N

+ e- +[R4N] +R3N + R' +Products

(95)

product of dimerization of the free radical are obtained in aprotic
solvents.
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VII. PRIMARY AMINES
A. Aliphatic Amines
I. Reactions in which nitrogen is the leaving group

These reactions are related methods for the conversion of C-N
bonds into C-0 bonds (equations 104407). Despite the apparent
HONO

+ ArNH2

.

,

differences in reagents, the three reactions proceed through similar
intermediates that, for the moment, can be designated as aliphatic
diazonium salts, RN, X-.
In gross outline, the reactions proceed through carbonium ions,
and they yield the manifold products characteristic of carbonium
ion reactions (equation 108). In water and other polar solvents,
+

RNZCX-+(R+ X-)

RX

+ ROH + Hydrocarbons (R- IH).

RIX + RIOH

R'+ +-

+ Hydrocarbons (R I -H).

serious skeletal rearrangements are the rule, and under these conditions the conversion of amines into alcohols is not successful103.On
the other hand, skeletal rearrangements, as in the pinacolic deamination, are often so complete as to be useful in synthesis (equation
109)lo4. The nitrosoamide and triazene reactions can be readily
R'

R'

R2

HONO

\C-C,-R3

R,,,'

1
OH

\
NH2

R-C-C--.-R2
/
O
I[

W)
have been used, but dinitrogen tetroxide (N,O, g . 2 NO,) is the
reagent of choicelosb. In the author's opinion, the nitrosoamide decomposition is the best of the three methods of deamination from
the standpoint of synthetic utility, stereochemical correlations and
adaptability to mechanistic studies.
The yields of esters are high for primary carbinamines, and moderate
for secondary and tertiary carbinamines (Table 5) 103b, lo7.lo8. In

\R3

carried out in nonpolar solvents and under these conditions relatively
high yields of skeletally intact products are formed lo3.lo5.
(a) The nitrosoamide decomposition. In this method the amine is
sequentially converted into an amide and a nitrosoamide (equation
106), and the nitrosoamide is then decomposed in the solvent of
choice (equation 110)lo6.103b. A number of nitrosating agents

TABLE
5 . Yields of esters from
the decomposition of the nitrosoamides (equation 110).
R

ROzCR1

n-Butyl
Isobutyl
S-Butyl
Cyclohexyl
l-Phenylethyl
Benzhydryl
2-Phenvlbutvl

78-83
6 1-66
23-26
50
32-38
90-1 00
14-24

non-polar solvents, the amount of skeletal rearrangement is small; for
example, the decomposition of N-isobutyl-N-nitrosoacetamide in
carbon tetrachloride yielded isobutyl acetate, S-butyl acetate and
t-butyl acetate in the ratio 631311 103b. The reaction of isobutylamine
with nitrous acid in water, in contrast, yielded isobutyl alcohol,
S-butyl alcohol and t-butyl alcohol in the ratio 0-14/0.27/1.0. As a
last advantage, except in rare instances, the reaction proceeds with
log.
retention of configuration 1°"* lo7*
The nitrosoamide reaction is a clean one, and only nitrogen,
carboxylic acids and hydrocarbons are formed as by-products (equation 110); these compounds are usually readily removed from the
substitution products. Two examples from the literature will illustrate
the use to which the reaction has been put. Alvarez has used the
method recently in his conversion of pregnenolone acetate (28) into
epitestosterone (29) (equation 111) llO. Based on our own stereochemical results lo6c*lo7,log, it is certain that considerable testosterone acetate was formed in this reaction as well. Also in the steroid

442

Emil H. White and David J. Woodcock

443

8. Cleavage of the Carbon-Nitrogen Bond
ROCOR1

HNO,

?NHCOR1

+ N 2 0 + (R-1

+ N20

R1C02H

H)

A

I

N=O

0

f

l\+
R-N-C--Rl
Il

"

1

II

0

3
iN.0.

0

.T

N=O

.T

+--+
R-N

field, Sato and Latham have used the method to interrelate tomatidine
and dihydroneotigogenin (30) (equation 112); similar reactions were

//

(31) themselves lo7.112,l13. The 'salt' reaction and the thermal
decomposition of the nitroamides (31) have been shown to yield the
same
lo7,l12. I n addition to these derivatives, nitroso and
r l i t r o c a r b a m a t e ~ ~have
~ ~ , ~been
~ ~ examined, as well as nitrosos ~ l f a m i d e s l115
~ ~and
~ . nitrosohydroxylamine derivatives
112,l16.
l o 7 9

used to interrelate solasidine and dihydrotigogenin ll1.
The corresponding N-nitroamides (31) decompose under similar
conditions to yield similar products (equation 113) l12. The nitroarnides are useful in that the critical intermediate 32 can be prepared
by an independent path-the reaction of a nitroamine salt (33) with
an acyl halide, a reaction that can be studied at much lower temperatures than are feasible for the decomposition of the nitroamides

g
2.

(1) The role offree radicals
The known free-radical decomposition of aryl nitrosoamides
(ArN(NO)COR1)117 and the report that nitrosoamides of O-alkyllydroxylamines l l 6 decompose by a free-radical pathway indicate that
free-radical processes might occur in the normal nitrosoamide decomposition. I n fact, the aliphatic nitrosoamides have been used as
initiators at elevated temperatures for the polymerization of styrene
and other olefins118. At, or near, room temperature, however, it
appears that free radicals are not formed in the nitrosoamide decomposition. It has been found, for example, that (1) CO, (a product of
the decarb~x~lation
of carboxyl radicals) l l g is not formed in the
decomposition 106c;(2) the scavenger nitric oxide lZ0,has no effect on
the reaction106c;(3) normal products and no polymer are formed in
the decomposition of N- (s-butyl)-N-nitrosobenzamide 106c and NlZ2 in styrene; and (4) no
nitroso-N- (l-phenylethyl)acetamide
difference in acetate yields is observed when N-nitroso-N-(l-phenylethy1)acetamide is decomposed121 in benzene in the presence or
absence of 0.1 M I2lZ3.
Styrene and l-phenylethyl acetate react with
15*
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iodine and bromine at high concentrations and one cannot, therefore,
investigate geminate recombination of radicals in, for example, liquid
bromine124a; however, it would appear that since there are no
scavengable radicals, there are few or none available for the geminate
recombination 124b.

(2) The mechanism of decomposition

(36)

The first step in the decomposition of the nitrosoamides and analogs
is formation of the diazo ester (34) (diazoic carboxylic anhydride)
(equation 114) 106c; this is the slow step in the overall re-

r

n

o

[R-N=N-0-C-RI

"

formation step is probably closely related to the process leading to
olefins (equation 117), although the proximity of the anion may
favor the intramolecular path.

1

] --%-Products of equation ( 1 10)

"'.,-/

( 1 14)

H

- 0 2 C R'

(34)

action 1 0 6 ~114a.125.
.
The identification of the critical intermediate as
32 in the related nitroamide decomposition has been confirmed by an
independent synthesis, as indicated above.
The subsequent fast decomposition of the diazo esters is of special
interest in that it relates to the step in which nitrogen is lost in the
nitrous acid deamination of aliphatic amines. The gross mode of
decomposition of the diazo ester (34) is a function of the nature of the
alkyl group R, and in general terms, substitution, p-elimination or
a-elimination occurs (equation 115).

' U L
(b) a-Elimination. When R , the potential carbonium ion from
34 is relatively unstable (from primary alkyl groups, groups that bear
a-carbonyl groups, etc.), an a-elimination occurs to give the corresponding diazo compound and carboxylic acid (equation 118). When
R bears an a-carbonyl group, e.g. R = carbomethoxyrnethyl, the
+

I

-C-N=N

+

'C=N=N
/

-

+ ~1co~t-1

13
(118)
HRu
I
~Z~
R

..
(115)

(a) 13-Elimination and hydrocarbon formation. Olefins are formed in
the decomposition of all nitrosoamides with R groups bearing a
13-hydrogen. The olefin may possibly stem from some intramolecular
pathway, but in polar solvents it is more likely to result from attack
of the solvent on the 13-hydrogen (equation 116). The nitrosoamides of
1 and 3-phenylpropylaminelZ1and 2-methyl-2-butylamine126 give
only olefins in the hydrocarbon fraction on decomposition. The nitrocarbarnate of 2-butylamine, however, yielded methyclyclopropane
(2y0)in addition to the butenes (47%) 126,127. The cyclopropane

-

diazo compound can be easily isolatedlZ8,whereas if R = primary
alkyl, the diazoalkane must be 'trapped'129 since the formation of
esters from diazoalkanes and acids is very fast; indirect methods have
also been used to show the existence of this pathway130. That is, for
nitrosoamides of primary carbinamines, esters are still the main
product, but they are formed via diazoalkanes. The stability of the
diazoalkane is apparently another factor to consider, since we have
recently found that the decomposition of the nitrosobenzamide of
benzhydrylamine in benzene yields about 4y0 of diphenyldiazomethanelOEb.The only sure way of avoiding this pathway is to carry
out the decomposition in polar solvents. We have found, for example,
that nitrosoamides of l-phenylethylamine lo7, 3-cholestanylamine 131
and b e n ~ h ~ d r y l a m i n in
e l ~0-deuteroacetic
~~
acid yield the corresponding esters containing no detectable deuterium.
(c) Displacement. In non-polar solvents, nitrosoamides of simple
secondary carbinamines show a displacement component. The
decomposition of 0.04 M N-S-butyl-N-nitrosobenzamide in pentane
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yields S-butyl benzoate with 45y0 retention of configuration and 55%
inversion (this is equivalent to 10yo inversion + 90% racemization;
since we treat the reaction in terms of competing pathways, the former
scheme will be used throughout this article). When the decomposition
was carried out in the presence of 0-1 M benzoic acid, the ester was
formed with 58% inversion, and when the reaction was carried out
in the presence of 0.4 M acetic acid, the acetate ester was formed
with 67% inversion of configuration while the benzoate was formed
with 48y0 inversion (equation 119)
The displacement reaction is

TABLE
6. Retention of configuration in the nitrosoamide decomposition.

not an important one here, and in the decomposition of the nitrosoamide of l-phenylethylarnine in which a benzylic cation is formed, the
displacement could not be detected, either with the fiee acidloec or
the carboxylate ion132. An extreme case of the lack of the displacement reaction is given by the finding that the neighboring group effect
is not very important for the nitrosoamide decomposition (vide infra).
Judging from the effect of substitution on nucleophilic displacement
reactions of alkyl halides, however, this mode of decomposition could
be important for the substitution portion of the decomposition of
nitrosoamides of primary carbinamines. Since path (b) (a-elimination)
occurs extensively in non-polar solvents, one should look for the
displacement mode in polar media
(d) Retention of conjguration. In polar solvents, the nitrosoamide
decomposition of acyclic and monocyclic amines proceeds invariably
with retention of c o n f i g ~ r a t i o n (Table
l ~ ~ 6) ; the reaction can thus be
used in stereochemical correlation studies. Experiments employing
180
(and others to be discussed later) suggest the mechanism shown in
equation (120)

R
C H CHCH3
a

Solvent

Retention (aJ,)

Reference

CH3C02H

68

1O6c

CH3C02H (D)

82

131

97

109

5~

3-p-Cholestanyl

CH3C02H (D)

C ~ H ~ C ( C H ~ ) C Z H ~Ether-Methanol ( l :2)

I

was formed with overall retention of configuration and the foreign
ester (R02CR2)with overall inversion
reflecting the occurrence
of the displacement mode of reaction. In dioxane, on the other hand,
it was observed that both esters were formed with retention of configuration and with the same degree of retention106c.The dioxane,
present in large excess, presumably interacts with the back side of the
S-butyl group to the exclusion of the 'foreign' dinitrobenzoic acid
(equation 122). I t is felt that actual bonding to the solvent occurs
R02CC6H5

(see 38)-since

(71 % retn.)

in recent experiments in tetrahydrofuran, products

(38)

(e) Front-side exchange. The decomposition of a nitrosoamide in the
presence of a carboxylic acid (the 'foreign acid') different from that
included in the nitrosoamide leads to the formation of two esters
(equation 121). In pentane, the normal ester (RO,CR1 ;R = S-butyl)

containing the elements of the solvent have been obtained (equation 123) 134.

Qa

N(NO)COC6H5

02CC6H5

O-(CH2)4-

o~CC6~5

OzCC6Hs
(123)
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The entry of the foreign acid to the front side of the reacting species
is visualized as in equation (124). Complexes of carboxylic acids and

\

c
R<

\\o

.

R2

(89)

their anions similar to the anion depicted in 39 are well known135.
I t was noted in the dioxane work that in the reverse situation, the
reaction of the nitroso-3,5-dinitrobenzamide in the presence of
benzoic acid, the exchange reaction did not occur. 3,5-Dinitrobenzoic
is stronger than benzoic acid by a factor of 27; it appears, therefore,
that the exchange can be thought of in terms of an acid-base reaction.
A similar 'front-side' exchange probably occurs in acetic acid as
solvent, since alkyl acetates, the 'solvolysis' products, are often formed
with partial retention of configuration (Table 7).
TABLE
7.

Intramolecular and intermolecular products in the nitrosoamide
decomposition in acetic acid.
R02CR1

R

R1

Yield

73

Retention

l

the decomposition of N-nitroso- N- ( l -phenylethyl) naphthamide in
pure acetic acid ~ i e l d sthe naphthoate ester (32y0 yield; 81y0 retention of configuration), and also the acetate ester (17y0 yield; 56y0
retention of configuration) lo7.Part of the acetate is certainly formed
via path (e) ; the low retention of configuration observed must then
stem from some type of attack on the back side of the cation (path
(g) could account for only a small part of the inversion). Since
displacement reactions (section c) are not detected in the l-phenylethyl system, we assume that the inverted acetate stems largely from
the collapse of the solvent cage with capture of the cation, 41, by an
acetic acid molecule on the unhindered back side (equation 125).

n,,c<
YH5

N-N

CH3C02H

H'

73

Retention Reference

H

C10H7

62

82

10

75

02ccloH,

CH,
(41)

(125)
Naphthoate
(predominant
retent~on)

Some type of irreversible process is envisaged, as in the interaction
I
(section e), but the intermediacy
with tetrahydrofuran and dioxane
of species such as C H ~ C O,,~ \
- - ~ - - O ~ C Cmay
, ~ H be
, possible. For

(g) Intramolecular inversion
(i) Deuterium results. The decomposition of nitrosoamides in
0-deuteroacetic acid yields both foreign (R0,CCH3) and normal
esters (R02CR1) (equation 126), neither of which contains appreRN(NO)COR1

3-p-Cholestanyl
(equatorial)

G

Acetate
(predominant

further examples of solvent interaction, see Table 7.

R02CCH3
Yield

l

449
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(f) Solvent cage interactions. A reactive solvent can participate by
paths other than those outlined under (c) and (e) above. For example,

CH3C02D>

ROICR1

+ R02CCH3

(126)

ciable amounts of d e ~ t e r i u m 1131.
~ ~Under
.
these conditions the normal
ester could not stem from diazoalkane intermediates, or from displacement reactions, since any 'normal' acid liberated would be swamped
by the excess of deuteroacetic acid and deuterated, or only acetate
esters would be obtained. A further check with 180-labeledcarboxylic
acid showed that little of the free acid ended up as esterlo7.Thus the
formation of the normal ester is an intramolecular process; and yet,
a part of the ester is formed with inversion of configuration (Table 6).
Nitrosoamides of tertiary carbinamines decompose at -- - 30°, and
it was not possible in this case to use pure acetic acid as the solvent.
However, methanol has been used as the reactive solvent in the reaction of 2-phenyl-2-butylarnine and some inversion (3y0) was observed (Table 6). I n addition, a run in tetrahydrofuran with an
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TABLE8.
R
Cyclohexyl

la0Distribution in the nitrosoamide reaction.
Solvent
CH3C02H

le0in carbonyl
group of ester (X)

65

Reference

I

I

CH3C02H

69

mately the same results, and as expected the nitrous oxide from this
reaction contained only the normal abundance of 180(equation
113) lo7.
The results of Table 8 suggest (1) that the ions must be free for a
finite period of time since some mixing of the 180was observed; (2)
that the steps leading to the ester are extremely fast ones since they
compete successfully with fast processes leading to randomization of
the oxygens (rotation of the anion, translation, etc ) ; and (3) that with
the exception of the extreme case-the bridgehead one-the 180
results for runs in a common solvent are remarkably independent of
the nature of the alkyl group (R)
I n one further experiment, the 180distribution was determined
for both the L and D esters obtained from the decomposition of
optically pure N-nitroso- N- (L- l -phenylethyl) naphthamide labeled in
the carbonyl group with 180(Table 9). I n acetic acid (Table 6),
TABLE9. la0Distribution in L and DL forms of l-phenylethanol
from the nitrosoamide decomposition in acetic acida.

107

H
CeH5-C-CH3

107

Excess laO
(Atom 7,070)
a

CH3C02H

65

108b

Ether-Methanol ( l :2)

65

109

55

107

Dioxane

+ CHzN2

CH3C02H, CH2C12

50a

" Now known to be a free-radical reaction.
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excess of diazomethane to act as a scavenger for acid formed in the
elimination process (equation 110) yielded the normal ester with
95y0 retention of configuration and 5y0 inversion10s. We are forced
to the conclusion, therefore, that an intramolecular path exists for
inversion of config~ration'~~.
Studies with 180-labeled compounds
confirm this view.
(ii) 180Results. The decomposition of nitrosoamides of secondary
and tertiary carbinamines labeled in the carbonyl group with 180
yields esters with most of the 180still in the carbonyl group (equation
127) (Table 8). I t was shown, further, that nitroamides gave approxi-

107

0.37
1.82

0.38
1.83

0.38
1.81

0.84
3-64

Similar results were obtained in dioxane and in a solid-state reaction.

81y0 of the ester was formed with retention of configuration and 19y0
with inversion. This ester was cleaved with lithium aluminurn hydride
and the l-phenylethanol was resolved into L and DL fractions and
analyzed (Table 9). I t was found that the L and DL fractions had the

same content of 1 8 0 ; thus the L and D portions must also have had the
same 180-content, and it follows that the 180distribution in both the
L and D esters must be the same, namely 69y0 is present in the carbony1 position and 31y0 in the ether position (Table 8). That is, we
not only find an example of intramolecular inversion, but also a
mode of inversion that has certain points in common with the reaction
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L-34

----t

I n any event, the key step involves the loss of nitrogen. The loss
nitrogen from an aliphatic diazonium ion is probably exothermicl
the transition state should resemble the reactant molecule 142, and n
specific bonding to solvent woul
of the poor solvating ability of
cally irreversible process; we
an aliphatic diazonium ion for
greater than that in the CO
pair 44, and that fast follow
the anion and with molecul
cussed in greater detail in se
An analogy to the formati
be the formation of two radicals in a solvent cage from the thermal
decomposition of an azoalkane (RN=NR), and by fast follow-up
reactions of the radicals so formed (geminate recombination, reaction
with scavengers, etc.). A fraction of the cations formed on the loss of
nitrogen in the nitrosoamide reaction will react with the solvent cage,
but most will react with the anion, because the coulombic attraction of
the ions will make this a very fast process 143. Most of the anions will
bond on the front side of the cation to give L-44, and subsequently
the ester with retention of configuration. However, in a fraction of
the cases, in the time interval between the loss of nitrogen and the
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formation of the ester, and probably as a consequence of the loss of
&rogen, the cation rotates SO far that bond formation with the
anion can occur on what was the back side of the ion. Rotation of
the cation about an axis through the center of mass, approximated in
this case by the bond from the central carbon to the phenyl group,
need not appreciably alter the position of the electron-deficient carbon
atom with respect to the two oxygens, and the subsequent approach
of the ions could give D and L molecules having the same or very
nearly the same distribution of 180.The non-labeled oxygen atom
in 42 and 43 is the closer of the two to the carbon undergoing substitution and presumably it interacts more strongly electronically
with the cation; it seems reasonable that the ester will be formed
with a major amount of the 180still in the carbonyl group. A number
of other ion-pair reactions involving the carboxylate group (carbonyl
in the carbonyl
180) have been shown to proceed with retention of 180
group 144. It is felt that most of the 180scrambling occurs at this point
in the overall reaction. As seen in Table 8 and reference 107, less
scrambling of the 180occurs in protic solvents; without a doubt, in
these solvents the anion must be hydrogen bonded. I n acetic acid, for
example, the complex ion 45 discussed in section (2) (e) would be
'80

n4-~.---Ho2ccH3
(45)

formed-in which a specific barrier is imposed on the rotation of the
carboxylate ion. The 180results show that the four oxygen atoms of
the complex anion do not bear the same relationship to the cation,
since as shown in Tables 7 and 8, the normal ester is the chief product
of the reaction and most of the 180is retained in the carbonyl group.
The mechanism outlined predicts that large cations should show a
greater retention of configuration than smaller cations, with a large
difference expected between secondary and tertiary ions because of
the convenient avenue of rotation past a hydrogen atom. The data of
Table 6, although limited, are consistent with these ideas. The
mechanism of equation (133) thus accounts for the steric effects, the
stereochemical results, the 180results and the negligible influence of
electronic effects on the 180and s t e r e o ~ h e m i c a l lresults.
~~
It might be argued that the inversion of configuration and the 180
mixing could occur during the lifetime of the ground-state intimate ion
pair 44. Such reactions might be possible for ion pairs of relatively
stable carbonium ions (e.g. R = triphenylmethyl) ; it is unlikely,
however, that reactions other than rapid collapse (to yield the ester
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and possibly the olefin) are possible for the ion pairs derived from
simple alkylamines. For such ion pairs, the R-0 bond in 44 (to the
strongly nucleophilic counter ion) would be relatively strong with
some covalent character139; it is not apparent how racemization of
the naphthoate ion pair could occur at this stage and why molecules
which might have succeeded in inverting their configuration should
have the same 180distribution as those formed with retention of
configuration. Nor is it apparent on this basis why the observed
'racemization' should be so little affected by the solvent or why two
R + groups as different as cyclohexyl and l-phenylethyl should give
mixing. In support of these qualitative statements
almost the same 180
is the finding by Goering and Levy145 that in the solvolysis of pchlorobenzhydryl p-nitrobenzoate in 80% aqueous acetone, internal
return (from the intimate ion pair146) is completely stereospecific
(retention) and only external ion-pair return146 results in partial or
complete racemization.
We believe, in addition, that solvent-separated ion pairs (134)148
R+ I H02CCH3I -02CR1

Finally, the mechanism outlined in equation (133) can account for
other observations on the 'non-concertedness' of the nitrosoamide
decomposition and related reactions. For example, although the
solvolysis of tram-2-bromocyclopentyl acetate yields only tramdiacetate, presumably via 46 formed by a neighboring group interaction (equation 136)148, the nitrosoamide decomposition on an
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analog in methylene dichloride yielded a large number of products,
but pertinent to the discussion, a tram-dibenzoate fraction (13%
yield) that was only about 50% r a ~ e m i c l ~
and
~ , 16% of the cis
isomer. We conclude that the neighboring group interaction is not
an important one for the nitrosoamide decomposition, presumably
because the formation of ester (equation 137) is sufficiently fast to
N=O

are not involved in the formation of the intramolecular products of
the nitrosamide decomposition (RO,CR1, Table 7), since complete
180scrambling should surely occur in such species, and since a
simple proton transfer would give R -0,CCH3 and thus the foreign
ester (R0,CCH3); note that the principle product is the normal
ester RO,CR1 (Table 7) and that the 180and most of the stereochemical results that have been discussed pertain to this product.
The solvolysis product obtained with net retention of configuration in
the decomposition of N-(2-butyl-2-phenyl)-N-nitrosobenzamide in
methanol (equation 135) may have resulted, however, from some type
r
o
1

Ly0s

N-COC~HS 4

0

+

I
W

5

O\,

P
C\

CA45

\

CH3--C-0-CH,

1

of solvent-separated ion pair log.147.

C~HS

+ Ester

(135)

CsH5

I

U\c-'

U
\

CsH5

6-Cl1

C6H6

0

compete with the rotation about single bonds that would be required
to give species related to 46149.On the other hand, where a neighboring
aryl group is fixed in a position permitting immediate access to the
back side (equation 138),complete interaction occurs 150. Interestingly,
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HCI

C6H5N=NNHCH (CH3)C6H5 -3C6H5NH- N = N-CH

OzCCH3

in the isomer150, the acetate ion apparently blocks migration of this
aromatic ring (equation 139). Possibly the aryl group on the back
N=O
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HCI

(cH3)c6H5 -3

composition in polar media103b.153are reasonable in terms of the
relatively large electron deficiency of the cation (equation 133)
which is formed largely without benefit of solvent or neighboring
group interactions.
b. The triaeene reaction. In this method, the aliphatic amine is
allowed to react with a diazonium salt, and the triazene formed is
treated with an acid in the solvent of choice (equation 142). Since
RNH,

-

RNH-N=N-Ar

RX

+ N z + ArNH,

Olefins + N,

+ ArNH,

(142)

(47)

side participates, but if so, attack by the acetate ion leads to the more
stable isomer. Bridging can compete on the syn side in other circumstances, however, as shown by the fact that endo-norbornyl derivatives
give largely the exo product 12', 151. Molecular models show that the

the arylamine and other by-products can be easily separated from
the ester RX, the method is a useful one. One or the other of the two
steps had appeared in the early literature154, but the overall reaction
was first applied to deamination in 1961155. The triazenes are in
effect alkylating agents, and they have been used successfully to
alkylate acids directly155,and alcohols, phenols and mercaptans in the
presence of alurninum catalysts 15'. The triazenes are thus stable,
crystalline substitutes for diazomethane, diazoethane, etc.155
As in the nitrosoamide decomposition, the yields are satisfactory for
primary carbinamines and moderate for secondary carbinamines
(Table 10). The decrease in yields in the latter case is largely the

2-3% endo

TABLE10. Yields for the triazene method of d e a m i n a t i ~ n l ~ ~ .

97-98% exo

acetate ion can more effectively block the aryl ring (equation 138)
than it can the migrating carbon in the norbornyl case.
In a related series where non-concertedness was also apparent, the
reaction of phenyl(1-phenylethy1)triazenewith an excess of hydrogen
chloride in ether yielded phenyl(1-phenylethy1)aminewith 89% retention of configuration, as well as optically active ring-alkylated products
and active I-phenylethyl chloride 152. No reasonable concerted process
for forming these compounds comes to mind. Lastly, the isomerizations
and skeIetal rearrangements characteristic of the nitrosoamide de-

R
Methyl
n-Butyl
Isobutyl
Cyclohexyl
1-Phenylethyl
1-Phenylethyl

Solvent
p-Tolyl
Ether
p-Chlorophenyl Ether
p-Tolyl
Ether
p-Tolyl
CH2C12
p-Tolyl
Hexane
9-Tolyl
CH,OH

Acid HX

RX (X)Olefin (X)

3,5-DNBa
3,5-DNB or HBr
3,5-DNB
Acetic
Acetic
Acetic

95
63
56
38
44
40b

30
28

3,5-Dinitrobenzoic acid.
Little acetate was formed; the value pertains to the solvolysis product ROCH, (formed with
predominant inversion of configuration).
a
b
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result of the formation of olefins and secondary amines (vide infra).
Skeletal isomerization in non-polar solvents is minimal. No isomers
were detected in the deamination of n-butylamine, and less than 29.
of the iso and tert isomers was formed in the deamination of isobutyl.
amineli5. As noted also in the nitrosoamide decomposition (previous
section), however, isomerization is quite extensive in polar solvents153.
Applied to l-phenylethylamine, the triazene reaction proceeds
with overall retention of configuration, although the stereospecificity
is less than in the nitrosoamide reaction (Table 11).
TABLE
11.

Stereochemistry of the triazene reaction of l-phenylethylamine
(C8H5CH(CH3)NHN,CBH4R-p)..

Run

R

1
2
3
4
5

CH,155
CH, 155

c1
c1

a At

tion, it is believed that the loss of nitrogen leaves R + , X- and ArNH,
in a solvent cage at separations greater than those in the corresponding
ground-state ion pair and solvated ion. The various products, including
those from attack on the solvent cage, are formed in the rapid approach
of these species to the final covalent bonding distances. The rather low
extent of retention (Table 11) relative to the values obtained for the
nitrosoamide decomposition (Table 6) may result from the different
positions of the anion X- with respect to the cation R + in the two
reactions. The role of diazoalkanes in the racemization observed in the
triazene reaction is not known at the present time.

Solvent
Hexane
Ether
Acetic acid
Acetic acid
Etherc

Acetic acid
Acetic acid
Acetic acid
3,5-Dinitrobenzoic acid
HCI

25".

l-Phenylethyl acetate was also formed (57% Retn.).
C No ethylbenzene or ethyl phenylethyl ether was formed.
b

In the triazene deamination of secondary carbinamines, N-alkylarylamines (48) and the ring-alkylated isomers are prominent byproducts (equation 143). In the deamination of l-phenylethylarnine

c. The deamination of amines with nitrous acid. The reaction of
nitrous acid with aliphatic amines is the oldest method of deaminationlS7 and the simplest to effect, but it is the least useful, at least as
far as substitution products are concerned. A number of reviews of this
reaction have appeared recentlylS8, and therefore the present treatment will be selective rather than exhaustive.
The reaction is usually carried out in water with nitrous acid
generated from silver or alkali metal nitrites, although in much recent
work acetic acid has been used as the solvent. The rate-determining
step in the overall reaction is apparently the formation of a nitrosoamine (equation 145)lS9.Isomerization to the tautomer 50 yields a

R1

l

RC-NH-N=N

RRlCH-X

I

+ NZ + H2N

H

H

+ H2Na

RRlCH-Q

C H R R 1

+ QcHRRl

(48)

in ether with hydrogen chloride, all of the amine by-products were
optically active, and the N-alkylated amine (48) was formed with
89z retention of configuration. The formation of these products is
suggestive evidence that the reaction is not a concerted one, and that
carbonium ions are involved (free-radical products were not obtained
in either the presence or absence of thiophenol) lS2.The following
mechanism, related to that proposed for the nitrosoamide decomposition, accounts for our observations. As in the nitrosoamide decomposi-

N=O

----+
(49)
,

Products

(145)

(50)

diazonium species, the rapid decomposition of which should parallel
the decomposition of related intermediates in the nitrosoamide and
triazene methods of deamination.
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The dearnination has been oversimplified in many studies, by CO
sideration of only a single diazonium ion and a single free carbonium
ion, with no attention paid to the counter ion. This view is ma
wrong in deaminations in acetic acid and partly wrong in the a
systems as shown by recent results109.131.160. This practice pro
arose by an over emphasis on the alcohol product. In these studies,
total product was usually hydrolyzed or treated with lithium alumin
hydride to achieve the maximum yield of alcohol. Conclusions bas
on this pooled alcohol product are of limited value since th
large number of products formed in the reaction (ROH,
RONO, and ROCOCH, in runs in acetic acid) log,each with
own stereochemistry, particular mode of formation, etc.
The occurrence of several competing modes of reaction is to
expected in view of the low free energy of activation for the loss
nitrogen from the diazonium ion141.161, and for subsequent reactio
of the cation. The activation energy scale for the nitrous acid deamin
3-5 kcal) is a low-energy analog of that for the solvol
tion (E,,,
reaction (E,,,
25-30 kca1)16,. Since the barrier is lower in
deamination, differences in the E,,, between competing modes
reaction are smaller and the rates of competing reactions become
similar. Some caution is needed in applying this concept; the po
role of the entropy of activation in selecting among several possi
reactions with similar energies of activation has been pointed o
The nitrous acid deamination appears to be as complex as t
nitrosoamide reaction, and in a common solvent it appears
similar mechanisms are followed. For example, the nitrosonaphtha
of I-phenylethylamine in acetic acid, and the reaction of I-phen
ethylamine with nitrous acid in the same solvent yield l-phenylet
naphthoate (Table 7) and I-phenylethan~ll~~,
respectively, bo
with 79-81% retention of configuration. These products are
intramolecular products from the respective reactions, and
stereochemical results suggest that they are formed by a common
path. Similar results were also found in the deaminations of 3-cholestanylamine 131, 2-phenyl-2-butylaminelog and 1,2,2-triphenylethyla m i ~ ~ eAlso
l ~ ~pertinent,
.
is the finding that the acetates from the
deamination of n-propylamine in acetic acid, by the two methods,
contained similar amounts of the isomeric product, isopropyl acetate;
the amount of isomerization observed was far greater than in the
solvolysis of n-propyl tosylate in the same solvent 141a.
Because of these results and because of structural similarities in the

E
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reaction intermediates, it seems a reasonable conclusion that the two
dearnination reactions have similar mechanisms. The following modes
of reaction (also outlined in the section on nitrosoamides) are therefore considered for the nitrous acid deamination:
Path
(a) fLElimination and hydrocarbon formation
(b) a-Elimination
(c) Displacement
(d) Retention of configuration
(e) Front-side exchange
(f) Solvent cage interactions
(g) Intramolecular inversion
In equation (146), species 51 could be considered as a solvent-separated
and
ion pair146, 52 and 55 as ground-state intimate ion pairs
53 and 54 as descriptions of the point of maximum separation of the
cation and anion (vide infra). As indicated in the section on nitrosoarnides, 51 and 52 may have very short lifetimes in polar solvents.
X-

X-H
N-0-H

R-N

4

+

'H

RN2+....0-H
(51)
L X

1 l-H]

+

l

R

+

NZ
(53)

I

I

RY (solvent cage
reactions)

+

50

R+OH

ROH Retn.

----P

RN2+X-

(52)

[R+

I "-1

-HOR+

z

R + X - --+
Paths

(4 & (g)

(55)
Elimination

HOR Inv.

RX (Retn/
Inv = -4)

(1) The counter-ion hypothesis
In contrast to earlier treatments of the nitrous acid deamination, the
present hypothesis gives an explicit and important role to the counter
ion. The experimental results, outlined in later sections, justify this
view.
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The nitrous acid deamination will be discussed in comparative
terms with the solvolysis of the corresponding halide or sulfonate in
the same solvent. Application of the Hammond P o s t ~ l a t e to
l ~ the
~

phenyl groupis faster than rotation aboutasingle bond 149, and reaction
with a carboxylate ion (labeled with 180a, nitrosoamide experiment)
occurs faster than rotation of the ion. This view of the reaction also
accounts for the formation of the final bond to the counter ion predominantly on the front side of the cation, and bond formation with
molecules in the solvent cage predominantly on the back side (in
acetic acid and solvents of lower polarity).
Even at a separation of several A, the cation and counter ion will
experience a considerable attractive force, and if the p orbital of
carbon is in a line with the anion, a bond can be considered to exist.
This species can be considered a vibrationally excited intimate ion
pair (Figure 1). This portion of the deamination differs from solvolysis

\,=-N=N--X

,,'l

bs..:.>f..!.

+

.....

F\I=N+

l

-X --+ Intermediate
(147)

reactions leads to the view that the transition state for the deamination should resemble the starting diazonium ion pair (bonds to solvent
should be weak and long), and that for solvolysis should resemble the
first intermediate in the reaction (bonds to solvent should be relatively
strong). As a simple argument, the total interaction with the central
b and c + d, could be equal; the net electron deficiency
carbon, a
of carbon in the transition state might even be less in dearnination
than in solvolysis (equation 149). One important difference is seen

t Vibrationally excited ion pair

+

at the transition-state level, however. I n solvolysis, as the C-Y
bond is lengthened to the value in the intimate ion pair, the C-S
bond can shorten by a more or less concerted process (whether or not
the HS interaction is kinetically demonstrable) ; in the deamination,
however, two nitrogen atoms separate the carbon and the counter
ion, and these must be ejected from the chain. The poor solvating
ability of nitrogen ensures the rapid, essentially irreversible departure
of nitrogen probably to generate a cation and anion at a separation
greater than ever achieved in the solvolysis reaction163b.Evidence from
the nitrosoamide reaction indicates that the ions are formed sufficiently far apart that partial (but not complete) rotation of the cation
and anion can occur before the formation of the intimate ion pair. In
any event, after the nitrogen molecule has been formed by essentially
an unassisted dissociation, the cation may be more poorly solvated
than the cation from solvolysis on both sides of the reactive center. The
resulting greater electron deficiency on carbon in deamination can
then account for the skeletal r e a r r a n g e m e n t ~ ~and
~ ~ hydride
~l~~
shifts166,167a
that occur in deamination, usually to a greater extent
than in solvolysis141a.165, 171. The relative 'bareness' of the electrondeficient carbon could also account for the high rate at which
follow-up reactions occur, for example reaction with a neighboring

R1-- X
pairs

4

Distance between R and X

FIGURE1. Energy diagram for the deamination.

in that the intimate ion pair is formed from a different and higherenergy transition state (Figure 1). Since the ground-state intimate ion
pair cannot account for the results obtained in the nitrosoamide
decomposition (section a (3)) (and by analogy in the nitrous acid
deamination), it is presumed that the characteristic reactions occur
from the higher vibrational levels before the ion pair is collisionally
deactivated, and that very low-energy barriers separate the vibrationally excited ion pair from intermediates formed by the loss of a proton,
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shift of an alkyl or phenyl group, or a hydride ion, etc. The photoisomerization of cydoheptatriene to toluene in the gas phase has
been interpreted recently as occurring fiom a high vibrational level
~.
of the ground electronic state of c y c l o h e p t a t ~ i e n e ~I~t ~seems
possible that intramolecular reactions of an electron-deficient species
could compete with vibrational relaxation, even in the liquid phase.
If, after the nitrogen molecule has been ejected, the p orbital of the
cation and the counter ion are not aligned for orbital overlap, some
rotation of the cation will be required for bonding. I n some cases,
sufficient rotation will occur so that bond formation can occur o
what was the back side of the cation; thus the intramolecular inversio
observed in the nitrosoamide decomposition and the nitr
deamination can be accounted for at this stage in the reaction.
interpretation also accounts for the fact that in the acetic aci
composition of the tolyltriazene of l-phenyleth~lamine,the re
of the cation with tolylamine proceeds with more retention o
figuration than the reaction of the cation with the acid anion; t
the position of the counter ion with respect to the cation det
the overall stereospecificity (section b) .
I t is recognized that as the stability of the carbonium ion R + increases (equation 146), the lifetime of 51 may decrease to the
point at which the cleavage of the N-0 and C-N bonds could be
considered synchronous. This factor may account for the decreasing
amounts of 'front-side exchange7 (leading to acetate) and increasing
amounts of alcohol formed in the following series of deaminations
in acetic acid: C6H5CH2NH2(2.17, ROH, 97.97, R02CCH3);
(C6H5),CHNH2 (127, ROH, 887, R02CCH3) and (C6HJ3CNH2
( > 95% ROH, < 5% RO2CCH3) 16'. The products are presumably
formed via competitive paths (d) and (e). As the lifetime of the
diazonium ion pair decreases, path (e) is less able to compete.
(2) Alternative mechanismfor the nitrous acid deamination
Reaction mechanisms involving concerted or synchronous processesle2 for the deamination are unlikely, since application of the
Hammond postulateu2 to an exothermic reaction leads to the view
that the transition state should resemble the reactant, and that bonds
to solvent or neighboring groups should be long and weak1e2. If the
developing carbonium ion receives negligible aid fiom these interactions, it would appear to be preferable to consider the reaction as
involving essentially an unassisted loss of nitrogen to form a highly
electron-deficient species, followed by fast product-forming steps.
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That is, the characteristic feature is the formation of the electrondeficient ion, not the weak initial participation.
Considering the experimental data, furthermore, no reasonable
concerted process for the formation of alcohol with retention of configuration (section (4) d) seems possible, other than the formation of a
pyramidal species, a process for which there is no evidence in the
S
-.N
,

1'

^
.

1 kO Ha+

'

(56)

chemistry of carbon compounds160. The migration of a phenyl
group with retention of configuration at the reaction terminus140 is
no less difficult to explain on the basis of a concerted reaction (equation
150). Also, the occurrence of transannular hydride shifts in the

'\

/NH2

/

C6H5*

4"

---+C6H5+CO-C---H
\
\
CH3

HOmC--CH---

( 150)

CH3

* = 14Clabeled
deamination of ~ ~ c l o d e c y l a m i nand
e ~ the
~ ~ ~formation
~
of an ethyl
ether in the deamination of a bridgehead amine in diethyl ether161
are more reasonable in terms of reactions of electron-deficient carbon
atoms than in terms of concerted reactions. Furthermore, in the
related nitrosoamide deamination, the intramolecular inversion and
predominant retention of configuration observed (section a) are not
interpretable in terms of concerted reactions. Lastly, in the triazene
decomposition, the alkylations of aniline on carbon and on nitrogen
(section b) are similarly difficult to account for by concerted processes.
Reaction mechanisms involving the formation of a large fraction
of open, free carbonium ions as intermediates are unlikely for the
nitrous acid dearnination in view of the following facts (outlined in
greater detail in later sections) : ( l ) alcohols are formed in deaminations in pure acetic acid, (2) they are usually formed with retention
of configuration, (3) the solvolysis product (alkyl acetate) is often
formed with overall retention of configuration, (4) alkyl nitrates are
often formed in appreciable yield despite the low nucleophilicity of
nitrate ion and the low concentrations of nitric acid in the medium
and (5) axial arnines lead to extensive elimination and to substitution
with prominent inversion of configuration, whereas equatorial arnines
lead to little elimination and predominant retention of configuration;
l 6 + C.A.G.
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if an open carbonium ion were formed, the same ion would be formed
from both isomers (equation 159). Similarly, axial and equatorial
isomers usually lead to different types of rearrangements (equation
1591.
~ o17',t non-solvated 171 and vibrationally excited
carbonium
ions have also been proposed for the nitrous acid deamination to
account for the differences between deamination and solvolysis. The
carbonium ion from solvolysis is presumably 'normal' by right of
primogeniture. The concept of a non-solvated carbonium ion as a
'little-solvated, high-energy, very short-lived, open carbonium ion' 171
is close to our view of the cation in the counter-ion hypothesis. The
hotness of a 'hot' ion has not been defined explicitly, but in the sense
of hot ions having more energy than ions obtained in solvolysis, the ions
in the counter-ion hypothesis are hot. Attention has previously been
drawn to vibrationally excited species, but in the treatment of Corey
and coworkers, the vibrational excitation of the cation alone was
considered 172.

I
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TABLE
12. Stereochemistry of alcohols and acetates obtained from the
nitrous acid deamination of aliphatic amines in acetic acid.
RNH, -----t ROH + R02CCH3
ROH
l

(3) Application of the counter-ion hypothesis
Path ( d ) retention of conjguration. Alcohols are formed in low yield
in the nitrous acid deamination of amines in acetic acid, and they
have been isolated in only a few instances. The alcohol represents
the 'intramolecular' product of the deamination and with the exception of the norbornanols, which will be discussed later, they are
formed from secondary and tertiary carbinamines with overall retention of configuration (Table 12). The results are so striking and so
similar to those of the nitrosoamide decomposition (Tables 6 and 7)
that we feel a common reaction mechanism must be involved.
Paths (d) and (g) (equation 146) involving predominant collapse on
the front side of the cation are proposed for the formation of the
109.131.160.

In runs in acetic acid, the oxygen atom of the alcohol probably
originates in the nitrite ion through species 49 and paths (d) and (g)
(equation 146). Under certain conditions, a portion may also arise
through path (e) involving the formation of a nitrite ester followed by
hydrolysis; this path, however, does not account for the alcoholester ratios given by the series of amines mentioned in the last part of
section (1). Dilution of the acetic acid solvent by water (up to 8
mole % of water) had no effect on the stereochemical results in the
deamination of 2-phenyl-2-b~tylarnine~~*~,
and dilution up to 50
mole % water had only a small effect in other d e a ~ n i n a t i o n s l ~ ~ . ~ ~ ~

R

O/, Yield

R02CCH3

7, Retenhono

Yield yo Retentiona Reference

I

CzH.5
a-3-Aminocholestane
(a~ial)~
trans-trans-2-Decalyl
(a~ial)~
tram-cis-2-Decalyl
(equatorial)
exo-Norbornylamine

9

89

15

40

131

7.5

94

18.5

45

160

75

173

98"

174

-

96

lob

99'

87b

+ Inv. = 100.
Based on recovered substitution product.
C Plus 38% olefin.
d Plus 33% olefin.
e exo Product.
a Retn.
b

indicating that similar mechanisms for alcohol formation (i.e.
equation 146) are followed in the presence and absence of moderate
amounts of water. In pure water, however, an 180study on the
deamination of cyclohexylamine has shown that most of the oxygen
atoms of the alcohol are derived fiom the solvent175. It is not known
whether this result stems from capture of a carbonium ion by the
solvent or whether exchange with the solvent water molecules is
occurring at some stage such as 50 or 51.
Path ( g ) intramole~ular inversion. The formation of alcohol with
inversion of configuration in acetic acid (Table 12; 100"J,-yo retn.)
by a process that is not sensitive to the presence of molar quantities
of water (previous section) is most easily visualized in terms of the
intramolecular inversion process outlined in the section on nitrosoamides. That is, a cation is formed which can rotate before final bond
formation to oxygen occurs. The ratio of intramolecular retention to
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inversion was found to be about 4 for the nitrosoamide decomposition
of l-phenylethylamine and a similar ratio is probable for the nitrous
acid deamination.
Path (e) front-side exchange. Anions of acids present in the system
are often found in the products of the nitrous acid deamination despite
the fact that SN2reactions are not detectible in the deamination of
secondary carbinamines in water and acetic acid (path (c), section
(3)). By analogy to the nitrosoamide decomposition, path (e) is
proposed for a large fraction of the foreign ions incorporated (the
remainder occurring through path (f)). Path (e) accounts for the fact
that the acetate esters (the 'solvolysis' product) obtained from the
nitrous acid deamination of optically active l-phenylethylamine13a
in acetic acid are formed with net
and 2-phenyl-2-b~tylamine~~~
retention of configuration.
Front-side exchange (path (e)) partakes of the character of an acidbase reaction in the nitrosoamide decomposition (section a (2) (e)),
and in view of the basicity of the incipient 'hydroxide ' ion, one would
expect extensive exchange of the counter ion in the nitrous acid
dearnination (equation 146, path (e)). In fact, acetate esters are the
chief products from deaminations in acetic acid (ref. of Table 12),
and the alcohol component of the reaction has only rarely been
reported (Table 12). In acetic acid runs, the acids present in the
medium (HX, equation 146) are H02CCH3, HONO and HONO,
(the latter from the disproportionation of nitrous acid). Acetate esters
have invariably been reported as products in deamination and in a
few instances nitrite176.177 and nitrate esters 162*174. 178 have been
isolated.
Path (c) displacement. The concentration of acetate ions in the
nitrous acid deaminations of the 1- and 3-methylallylamines in acetic
acid was shown to have no effect on either the product distribution or
the stereochemistry of the alkyl acetates obtained 179. Similarly, acetate
ion had no effect on the deamination of tram-tram-2-decalyl173. These results rule out the occurrence of a displacement
amine lsO*
reaction (in the sense of an SN2process) by acetate ion and by the
conjugate acid (acetic) on a reacbon intermediate (equation 151).
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l-deutero-l -butylamine in acetic acid yields l-deutero- l-butanol with
84% inversion of configuration (+ 16% retn.) 162. The longer lifetime of a primary alkyl diazonium compound and the relative lack
of steric interactions makes this difference between the primary and
secondary carbinamine cases understandable. It is true that the
alkyl acetate, as a 'solvolysis' product, is a product of several reaction
paths, but a displacement path must be one of these, since predominant inversion occurred (as mentioned in the previous section, the
corresponding acetate in the decomposition of secondary carbinamines can be formed with overall retention of configuration).
Path ( f ) solvent cage remtiom. From the stereochemical results
discussed, it is apparent that the deamination of secondary carbinamines does not involve, to any extent, free carbonium ions, or the
attack of solvent on a reaction intermediate. Front-side exchange
accounts for only a part of the solvent incorporation in acetic acid.
By analogy to the nitrosoamide reaction, and from results such as
those shown in equation (152) l", it is proposed that the remainder of

the solvolysis product is formed by attack of the cation on the solvent
cage-in competition with collapse on the counter ion X (equation
153). For dearnination in acetic acid and less polar solvents in which

1

l

On the other hand, such a process may occur in the deamination of
primary carbinamines, since it has been shown that optically active

47 1

1

\

solVent

'

l

Solvent-derived products

symmetrical ions are not formed, the solvent cage interaction is
expected to occur largely, but not exclusively, on the back side of the
cation.
Path (a) elimination and hydrocarbon formation. Olefins are usually
formed in deamination reactions. With alicyclic amines, it has often
been observed that axial amines yield far larger amounts of olefins
than equatorial amines lE0-lE2.
The tram-coplanar arrangement of the
reacting atoms in the axial case is almost certainly responsible for this
factlE3.Cyclic processes involving the counter ion appear not to be
responsible purely from the standpoint of their location. The unlikeliness of concerted processes has been commented on earlier (section
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(2) and section (3), path (c)). Free carbonium ions cannot be
involved since isomers such as CL- and tranr4-t-butylcyclohexylamine would then yield the same ion (and products) (equation 154).
y2x

473

accounted for by a consideration of the conformations of the reacting
molecules 162. The role of hydrogen-bridged ions in the elimination
reaction is not known at the present time; however, unless the counter
ion is considered, hydrogen-bridged ions alone cannot account for the
stereospecificity of the reactions.
Cyclopropanes are very often formed in the nitrous acid deaminale4. I t appears that protonated cyclopropanes formed from
ti01-1~~~.
intramolecular reactions of the cation are intermediates in their
lE5.
formation
Path (b) cc-elimination. When loss of nitrogen would lead to a highenergy carbonium ion, cc-elimination becomes a competing mode of
decomposition (equation 156). Amino ketones may also react by this
184c3

t-BU

H

'0%

(Ref. 180)

Our interpretation of the results is that in the time interval between the
loss of nitrogen and the attack of solvent molecules on the 8-hydrogen,
the counter ion maintains a difference between the species; that is,
olefin is formed from a vibrationally excited ion pair (section (l)).
The position of the counter ion determines the structures of the reacting species and the modes of decomposition. Delocalization of the
charge on the cation would place an appreciable positive charge on
the 8-axial hydrogens, and attack by essentially any Lewis base in the
solvent cage should be sufficient for olefin formation (equation 155).
X-

Olefin

Largely
substitution

(155)

Implicit in these arguments is the notion that the activation energies
are low and the products are determined largely by the distribution of
conformers in the starting corn pound^^^^^^^^. The olefin distribution
in the deamination of 2-butylamine in water106c.162can also be

B

2
'
(Ref. 186)

pathway lE7.Even primary alkyl carbinamines lead to diazoalkanes
under aprotic deamination conditionslE8. However, through the
use of deuterated derivatives and solvents, it has been shown that
diazoalkanes are not intermediates in the nitrous acid deamination of
primary carbinamines in polar solvents such as waterleg and acetic
acid162. 179.
(4) Carbon rearrangements
The nitrous acid deamination of n-propylamine in acetic acid yields
an acetate fraction containing far more isopropyl acetate (32y0) than
the acetate from the solvolysis of n-propyl tosylate in the same solvent
(2.8y0)141a. Also, the deamination of n-butylamine in acetic acid
yields a butanol fraction containing 35y0 of 2-butanol, whereas the
solvolysis of n-butyl p-nitrobenzenesulfonate in the same solvent was
reported to give exclusively n-butyl acetate162. These results are
reasonable in terms of the larger positive charge on the cation formed
in deamination, relative to the charge on the more solvated ion formed
in solvolysis.
The unassisted loss of nitrogen to form a relatively 'bare' carbonium
ion with fast follow-up reactions accounts for the lack of neighboring
group interactions in the nitrous acid d e a m i n a t i ~ n l ~ the
~~v
high
~~~,
rate of phenyl migration-faster than rotation about a carbon<arbon
single bond (equation 157) 140, the lack of selectivity in the migration
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X = Nz+, conformations 58 and 59 should be approximately equally
populated.
The highly stereospecific reactions of cyclohexylamines (e.g.
equation 159)lg1, are accounted for by the maintenance of gross
stereochemistry by the counter ion (similar to the interpretation given
in section (3)-path (a); see section (1)). By this means, the transcoplanar arrangement of groups favorable for rearrangement on
stereoelectronic grounds1g2is obtained.

* = "C

labeled
(Ref. 149)

I
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Exclusive C6H5 migration

'c6H5*
Exclusive C6H5* migration

of phenyl groups (equation 142) l7Oa, and the ground-state control of
the group that migrates171.lgO.For the reaction in which water is the
leaving group (equation 158), the migration ratio of anisyl to phenyl

C,-,
C6H5

X
*/t.H
X = OH2+, A/B = 24
X=N,+,A/B=
1.4

(Ref. 170a)

H

is 24, indicating participation by the aromatic rings in the transition
state. For the reaction in which nitrogen is the leaving group, the ratio
is 1.4, indicating a very low degree of participation in the transition
state for the loss of nitrogen. The low ratio is consistent with the view
that the transition-state energy is low. Under these conditions, the
migration ratio is determined largely by the distribution of isomers in
the ground ~ t a t e ' ~ ~ in
. ' ~the
~ ; example of equation (158), with

(5) The nitrous acid deamination in acetic acid
O n the average, it appears that in the dearnination of secondary
carbinamines in acetic acid, the substitution products are formed by
paths (d), (e), (f) and (g) (equation 146). Note that both axial and
eauatorial
amines yield alcohols with overall retention of configuraI - tion (Table 12).
The deamination of endo-norbornylamine yields 87y0 norbornyl
acetates ( m 99% exo), 10yo norbornanols (98y0 exo) and 2y0 of the
norbornyl nitrates174. The exo acetate was 89% racemic; this fact
~-
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and the large exolendo ratio indicates the involvement of the bridged
ion (or of rapidly equilibrating ions) (equation 160)le3. We have

arrangements can be fast relative to reactions between ions (norbornylamine and nitrosoamide results and also equation 159), and
most of the product probably comes from bridged ions 62 and 65.
The deamination of 60 also led to the formation of a fair amount
30y0) of the product set obtained from amine 63, this crossover
probably occurs on the way to 61 by a process related to the intramolecular inversion observed in simpler systems (path g).
( W

L

X-]

HI
racemic

found that the decomposition of ethyl N-endo-norbornyl-N-nitrocarbamate (X in equation (160) = -OCO,C,H,) in acetic acid
yields the carbonates with an exolendo ratio of 50-100. Since every
other nitrosoamide decomposition we have carried out in acetic acid
has proceeded with overall retention of configuration (Table 6), we
conclude that some special event must occur in the norbornylamine
case to block retention of configuration; the formation of the bridged
ion appears to be a logical possibility for this event. Since we have
shown that the path to retention is extremely fast, equivalent to
rotation times of the 180-labeled carboxylate ion (section a (3)), we
conclude that bridged-ion formation is extremely rapid, and that time
scales of the order of molecular rotation times are involved. Thus if
equilibrating ions are involved, the rate of equilibration is so fast that
the value of drawing a distinction becomes doubtful.
Rearrangement products are often formed stereospecifically in the
nitrous acid dearnination. Berson and coworkers have recently published an elegant series of papers on such rearrangementsle4, of which
one example is shown by equations (16 1) and (162) 1e5a. Although
isomeric amines (60) and (63) could in principle yield a common
classical 2,2,2-bicyclooctenyl cation, different sets of products were in
fact obtained. The results (equations 161 and 162) can be accounted
for by the counter-ion hypothesis. Following the loss of nitrogen, the
counter ions, by virtue of their positions and weak bonding (section
(l)), maintain a difference between species 61 and 64; in the transition
states for rearrangement, the interaction with a neighboring carbon
occurs on the opposite side of the electron-deficient carbon relative
to the anion (see also sections (3) path (a) and (4)). Skeletal re-
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Berson and Gajewski la5& have given an explanation of their experimental results in which the products of the reaction are determined by
the formation of the 'deformationally isomeric' ions 66 and 67. As
an alternative, they propose that the different results in the two systems
may be 'attributed to transitory differences in the local environment
of the cations rather than to two structurally different cations', an
explanation that encompasses the counter-ion mechanism given above.
The reader is referred to the original work for details.

P

TABLE
13. Deamination of the 9,lO-tram-2-decalylamines.
Mole yo acetic acid (+ water)

100

75

32
39
27
2

Yields of products
25
29
35
29
31
33
5
13

18
55
1
26

15
48
3
36

A. tmm-tram4-2-Decalylamine

tram-2-Decalyl acetate
cis-2-Decalyl acetate
tram-2-Decal01
cis-2-Decal01

50

25

3-4

17
24
32

27

7
26
16
51

6
37
4
53

3
26
3
68

B. tram-cis4-2-Decalylamine

tram-2-Decalyl acetate
cis-2-Decalyl acetate
tram-2-Decal01
rir-2-Decal01
4

(6) The nitrous acid deamination in water
The relationship of the nitrous acid and nitrosoamide methods of
deamination is more tenuous in water since only one example of the
nitrosoamide decomposition in aqueous media has been reported.
The decomposition of N-nitroso-N-n-propylbenzamide in dimethylformamide-water (60140 by vol) yielded a propyl benzoate fraction
containing 9% of the isopropyl isomer and a propanol fraction containing 33% of isopropyl alcohol 141a. The nitrous acid deamination of
n-propylamine under the same conditions yielded an alcohol fraction
containing 3 1X of isopropyl alcohol 141a. The similarity in the isomer
contents of the alcohol portions suggests that common intermediates
were involved. The less extensive isomerization of the benzoates may
be a reflection of the shorter lifetime of the propyl cations trapped by
negatively charged counter ions compared to those trapped by
neutral solvent molecules; on the other hand, the role of diazopropane
must be determined before definitive conclusions are possible.
The deamination in water-acetic acid mixtures, lean in water, is
very similar to that in glacial acetic acid (section 5) and Table 13). In
the dearnination of tram-tram-2-decalylamine (axial amino group) le0
(Table 13), the decal01 is formed with overall retention of configuration up to a solvent composition of 75 mole X water-25 mole X acetic
acid; presumably the retention path ((d), equation 146) is one of the
chief reaction modes operating. The decalyl acetates (the 'solvolysis'
products) are formed with overall inversion of configuration in all the
solvent mixtures and the proportion of inversion increases with water
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11
46
3
40

Refers to the hydrogen atom in the 2-position.

content. Note that the solvolysis product from nitrosoamide reactions
in acetic acid is always formed with more inversion of configuration
than the intramolecular product (Table 7). In these cases, the net
extra inversion is probably the result of capture of the cation by the
solvent cage with predominant, but not complete, inversion of configuration (path (f)).
In the water-rich 3.4 mole yoacetic acid mixture, (1) the alcohol is
formed with net inversion, (2) 7707, of the substitution products are
formed with inversion of configuration and (3) most of the product
(67y0) is now alcohol. In highly polar media, the force between the
cation and counter ion (or solvated counter ion) may be so weakened,
that collapse to the counter-ion product (paths (d) and (g)) is not
inevitable and reactions with molecules of the solvent cage can lead
to 'cooler' solvated ion pairs 68 and solvent-separated ion pairs 69 of

the type proposed for solvolytic reactions195b.Under these circumstances, the competition between inversion and retention modes of
decomposition will lead to a dominance of inversion, since nonbonded interactions of the solvent with the axial hydrogens at positions
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mixture to room temperature. An intractable mixture of nitrogencontaining compounds is also obtained*, presumably formed in part
via symmetrical triazenes (RIVEN-NHR) .
The deamination of aliphatic arnines is occasionally effected through
reaction of the amine with an alkyl nitrite in a non-polar
solvent '01* 202. Primary carbinamines apparently react in this
system via d i a ~ o a l k a n e s l(see
~ ~ ~section (3), path (b)). Triazenes
(RN2NHR)and free radicals are also possible intermediates that must
be considered for deaminations in non-polar solvents. The reaction
of amines with nitrosonium salts in aromatic solvents is probably a
closely related process203. Through the use of alkyl nitrites in nonpolar solvents, it has been shown recently that certain vinyl amines
yield products that probably stem from carbene intermediates
(equation 165)202.

8. Cleavage of the Carbon-Nitrogen Bond
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2. Reactions in which nitrogen is not the leaving group

a. Von Braun reaction of amides. The replacement of the amino
gmup of primary aliphatic amines by a halogen may be brought about
in good yield by the von Braun reaction of the N-substituted benzamide
derivative^^^^^^^^. Treatment of the benzamide with phosphorus
pentahalide gives the halide and benzonitrile (equation 167). Thionyl
chloride has been employed successfully in the place of phosphorus

b. Pyrolysir of amides. The pyrolysis of N-alkylamides can lead
to C-N bond cleavage with formation of an alkene and the parent
RCH2CHaNHCOCH3A RCH2=CH2

Lastly, an interesting method of deamination under basic conditions has been reported recently by Moss204 (equation 166).

* Preliminary evidence indicates the following structures for compounds
obtained from n-butylamine and tritylamine:

+ CH3CONH2

(168)

amide (equation 168)208. N-t-Alkylamides and N-alkylanilides are
found to pyrolyze with the same ease as many esters, though in general
a higher temperature ( > 500') is required for pyrolysis and low yields
(with charring) are obtained. The acid-catalyzed pyrolysis of amides
has been
and N-alkyl acetamides form olefins when
boiled with 15y0 hydrochloric acid210.
c. Oxidation methods.
(1) Oxidation with permanganate
The oxidation of primary carbinamines with basic potassium permanganate yields the corresponding carboxylic acid (equation 169).
(169)
RCH2NH2---+ RC02H + NH,
The reaction has been used in a degradation scheme for the location
of 14C in cyclic compounds211. At the 1,5-diaminopentane stage, a
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(4) Tramamination
Transamination represents a potentially useful method for the
synthesis of amines-and also for the cleavage of C-N bonds with a
transfer of asymmetry (equation 174). Snell has reported the synthesis
was then treated with hydrazoic acid to continue the degradation.
pentane 140b. The oxidation of amines with neutral permanganate
been reported recently to give a variety of products212;a review of
permanganate oxidation was included in this report 212.

(2) t-Butyl hypochlorite
of glutamic acid containing an excess of the L isomer from the reaction
of ketoglutaric acid with L-alanine, catalyzed by the copper salt of
A~discussion
of conformational factors in this reaction
pyrido~al~
~.
has appeared recently217. The biological applications of transamination are covered in chapter 9 of this volume.

B. Aromatic and Heterocyclic Amines
I. Reactions involving diazonium salts

Treatment of a primary arnine with aqueous nitrous acid almost
invariably gives solutions of more or less stable diazonium salts
(equation 175)
The decomposition of the diazonium salt with loss
Hypochlorous acid has been used to effect the chlorination213, but
t-but$ hypochlorite has been found to be a more convenient
reagent 214.
(3) Photochemical oxidation
The deamination of cyclohexylamine has been brought about
photochemically using benzophenone as s e n ~ i t i z e r Cyclohexanone
~~~.
was produced in 80-90% yields (equation 173). The reaction is also
successful with secondary amines.

of nitrogen, which can be brought about thermally or catalytically
in the presence of cuprous salts or finely divided copper, gives high
yields of substituted aromatic derivatives and the reaction has found
much use in organic synthesis. This subject will be covered in detail
in another volume of this series.
Heterocyclic aromatic amines also react to form diazonium salts
(equation 176). With many heterocyclic amines, the substitution
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R

R

the ability of nitrous acid to bring about mutations; that is, by i
action on DNA219.

~tsuccessful with phenol itself, presumably because of the loss of
resonance energy in the addition of bisulfite ion.
NHAr

2. The Bucherer reaction

I

100" gives naphthols (equation 178)220. The reaction is reversibl
VIII. REFERENCES

NaHSO,

and limited in its application to naphthalene derivatives, resorcinol
and compounds of this type. Secondary and tertiary naphthylamines
also react to give naphthols.
The mechanism of the reaction has been investigated recently by
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I. INTRODUCTION
The elements of amino groups obviously originate in the atmosphere
but only a few of the simplest, unicellular living organisms are capable
of using or fixing atmospheric nitrogen directly as a precursor of
amino compounds. Higher plants, as well as those microorganisms
which cannot fix atmospheric nitrogen, can use either ammonia or
nitrate as a nitrogen source. Animals, which are more complex in
structure, function and degree of specialisation, require organic
nitrogen compounds, some of which already contain amino groups.
The sequence of reactions by which either free or combined nitrogen
is converted to naturally occurring amino compounds is not yet
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completely worked out, but it is clear that the steps in each sequence
are all enzyme catalysed. The ability of different life forms to use free
or combined nitrogen is governed, to some extent, by the presence of
particular enzymes. Since all enzymes are proteins, and therefore
derivatives of the most important naturally occurring amino compounds, the a-L-amino acids, any argument concerned with the purely
biological formation of amino compounds is essentially circular. The
implication is, then, that at some very early stage, before the evolution
of life on this planet, amino acids must have been formed directly
from the elements of the atmosphere.
has shown that the passage of an electric disAlthough Miller
charge through mixtures of methane, ammonia and water vapour
(possible constituents of a primeval atmosphere), results in the
production of some a-amino acids, these always occur as racemic
mixtures of the L and D forms. I n biological systems, both structural
and functional proteins are built almost exclusively from L-amino
acids. I t is clearly easier to construct a well-ordered macromolecule
from residues having the same stereochemistry, but the original selection of one-handed residue over the other is as yet unexplained.
Such speculations as to the origin of a-L-amino acids may seem out
of place, but they are designed to emphasise the importance of these
particular amino compounds in biological systems. Not only must
amino acids have been among the earliest formed amino compounds,
on the evolutionary scale, since they are the precursors of the natural
catalysts of all metabolic processes, but they also appear to be the
first-formed products following ingestion of inorganic nitrogen compounds by either plants or microorganisms. All other amino compounds (e.g. purines and pyrimidines, amino sugars, vitamins and
chemical transmitters) must, therefore, be derived from amino acids.
Although some of the biosynthetic routes are incompletely understood,
many are known to involve the transfer of amino groups from either
amino acids or from amides of amino acids to receptors such as
carbohydrate residues or heterocyclic ring systems.
Between the various life forms now extant, there is a remarkable
conservation of so-called fixed nitrogen. Plants, animals and microorganisms enjoy a symbiotic relationship, with microorganisms
holding the balance between fixed and atmospheric nitrogen. Apart
from the nitrogen-fixing microorganisms, there exist a number of
nitrifjring bacteria which can convert ammonia, or more importantly
organic nitrogen compounds of plant or animal origin, into nitrate.
The nitrate may then be assimilated by plants and converted to
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organic nitrogen compounds. Of these, certain amino acids, readily
synthesised by plants, are necessary in the diet of herbivorous animals
while carnivores obtain the same essential amino acids by consuming
herbivores. JVhen animals and unconsumed or inedible plants die,
the organic amino and nitrogen compounds may be reconverted to
nitrate, by nitrifjhg bacteria, and so the principal cycle of fixednitrogen conservation is completed. Alternatively, the nitrogen of
nitrate may be returncd to the atmosphere by the action of denitrifylng
bacteria.
Not all animals obtain the essential amino acids from plants. Some
(the ruminants) can by-pass the main route by direct assimilation of
the amino acids produced by symbiotic bacteria in the gut. These
bacteria can break down cellulose, the main structural carbohydrate
of plants, and can also synthesise all the amino acids, required for
their growth and development, from a simple fixed-nitrogen source.
The ruminant obtains its more complex nitrogen requirements by
digestion of dead bacteria. (Goats, for example, can survive on a diet
of hay and ammonia.) This may appear to be a somewhat one-sided
symbiosis, with the bacteria carrying out all the important functions
but, in return, the bacteria obtain from the animal a copious supply of
carbohydrate and are maintained in a favourable environment with
respect to temperature and medium composition.
It is fortunate, not least from the point of view of this chapter, that
the fundamental differences in the dietary nitrogen requirements of
different forms of life are not followed by an equivalent diversity in
the principal routes to amino compounds and their derivatives.
Figure 1 shows, in outline, the most important reactions and these are
the ones to which the present discussion will be limited. The reactions
shown with bold arrows are common to most bacteria and to some
cells of multicellular organisms. The reactions shown with light
arrows are no less important but they only occur in particular life
forms. For example, the decarboxylation of a-L-amino acids to form
amines occurs only in bacteria and (to a lesser extent) in plants.
Although excess amino acids in animals may be removed by decarboxylation, it is the intestinal bacteria which carry out the reaction
and not cells of the animal itself. The production of alkaloids is also
marked with a light arrow. Alkaloids, which are formed almost
exclusively in plants, with the exception of the poisonous skin secretions of certain toads and salamanders, have profound physiological
effects when administered to higher animals, but their function in
plants remains quite unknown. Because the function of the product is
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unknown, the formation of plant alkaloids is considered as a seconda
rather than a primary metabolic process.
The first two sections of this c
problems involved in elucidating
properties of the necessary catalysts. In 1
reactions given in Figure 1 are consider
given in each case reflects more the pres
'mechanism' of each reaction than
Although the formation of proteins fro
acids from purine and pyrimidin
discussion of the biosynthesis of these
the scope of this chapter.
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TABLE1.
Common name

Common a-L-amino acids.
Chemical structure

Alanine
Valine

Leucine

CH,CH(CH&
NH,LHcooH

Isoleucine

CHBCHC2H5

I

NH,CHCOOH

II. PROPERTIES O F E N Z Y M E S

As stated in the opening paragrap
differences in the nitrogen requireme
the presence or absence of specific enzymes. Since the great
of metabolic processes are enzyme catalysed, so each reaction
in the synthesis and metabolism
in terms of the properties of indi
of multicellular organisms and in ev
reactions occur, some only during p
ment and others throughout the existence of
the presence of many different catalysts. Metabolic studies in
animals, plants and mkroorganisms, or in tis
of particular parts of higher organisms, have led to the partial identifi
cation of many hundreds of enzymes but relatively few of these hav
been isolated in forms which satisfy the criteria of purity applied t
proteins. (It should be remembered that these criteria are still far
less stringent than those applied to
However, certain generalisations about so
enzymes can be made with reasonable
enzymes appear to be proteins (molecula
may or may not require a non-pr
activity. The cofactor may be a
fragment, a metal or a relatively small orga
are all built from some or all of the twenty known, nat
amino acids (Table 1) and therefore the specificity of
a catalyst for a particular reaction (or a
reactions) must in part be a function of the sequence in which the

Serine

Threonine

HC(OH)C%
NH,LHcooH

Methionine

CH,CH,SCH,

I

NH,CHCOOH

Tyrosine

CH2CeH40H-p
NH,LHcooH

Proline

Aspartic acid

CH,COOH
N H,LHCOOH
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TABLE
I. (continued)
Common name

Asparagine

Chemical structure

CHaCONHa

I

NHzCHCOOH

Glutamic acid

CHzCHaCOOH

I

NHZCHCOOH

Glutamine

CHaCHaCONHz

I

NHaCHCOOH

Lysine

W(CH&NHz

L

.NH2 HCOOH

Arginine

CHaCHzCHzNHC-NH2

I

NHpCHCOOH

1l

NH

Histidine

Cystine

CH2-S---S-CH,
l

amino acids are joined. The relative ease with which, for many
enzymes, catalytic activity is lost, without any peptide bonds being
broken, for example by heating or by change of pH or solvent,
suggests that both specificity and activity are functions of the secondary
and tertiary structure of the protein, that is, the three-dimensional
arrangement of the protein chain or chains.
In spite of the mass of existing literature concerned with the
'mechanisms' of enzyme catalysis (more, perhaps, than in the field of
physical organic chemistry), in no single case can an answer be given
to the question of how enzymes increase the rates of known chemical
reactions by factors which may be as high as 108 or log. In one case,
the complete three-dimensional structure of a small enzyme (lysozyme
(egg-white) mol. wt.
14,600) is now known, as a result of collaborative efforts of protein chemists and crystallographers. Unfortunately, the chemistry of the substrate of this particular enzyme
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(complex polysaccharide molecules containing N-acetylglucosarnine
and N-acetylmuramic acid present in some bacterial cell walls-see
section V.E) is not well understood, and so even for this enzyme,
theories of the mechanism of catalysis, although plausible, are largely
speculative3.
Although it is not known, in detail, how enzymes catalyse metabolic
reactions, it is still useful to discuss which enzymes are present in
living cells, particularly in relation to cell function and degree of
specialisation. I t should at once be pointed out that the presence of a
particular enzyme in a cell is a necessary but not a sufficient condition
for the reaction catalysed by that enzyme to occur. The standard
free-energy changes of metabolic processes are all relatively low
(about + 12 kcal/mole), hence the reactant concentrations are as
important as the presence of the necessary catalyst in that they
determine the direction in which reaction proceeds. An example will
serve to illustrate this important factor. It has been emphasised that
plant and animal cells do not contain the enzymes, present in some
bacteria, which are responsible for converting atmospheric nitrogen
to ammonia. Multicellular organisms must be supplied with fixed
nitrogen, but the next step in the production of amino compounds
from ammonia is most probably that given in equation (1). The
reaction is catalysed by an enzyme (glutamic dehydrogenase, see
section 1V.B) which occurs in bacteria, plants and also animals. (It
is not implied that enzymes catalysing the same reaction but present
in different species are identical proteins.) In principle, the reaction
(equation 1) could be, in all living matter, the first step in the production of amino compounds, as it appears to be in bacteria and
probably also in plants.
COOH

COOH

L

( Ha)a

L0

+ NH,+ + NADH*

CHNHa
I

I

+ NAD+ + HzO

CooH

COOH

a-ketoglutaric acid

glutamic acid

(1)

However, it is well known that animals, with the exception of
ruminants, cannot survive on ammonia as a source of nitrogen. The
reason for this apparent anomaly is that although glutamic dehydrogenase is present in animals (predominantly in the liver), the level of
ammonia is too low to drive the reaction to the formation of glutamate.

* See Figure 2a and section 1V.A.
171
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reaction, breaks down. Intermediates detected under these conditions
may not be formed to any significant extent in whole cells. As pointed
out previously, the mere presence of an enzyme in tissue is not
indicative of its importance in uiuo.
Studies of metabolic pathways in microorganisms are not subject to
the same limitations as those considered above in relation to plants
and animals. There are a number of advantages in working with
unicellular organisms. For example :
(a) It is generally easier to keep microorganisms alive under conditions used for the introduction of isotopically labelled compounds.
(b) The dilution of any isotopically labelled compound is less than
in multicellular organisms because of the lower mass of material in
each microorganism.
(c) The high rate of reproduction, and hence the increased frequency of mutation of microorganisms, permits the culture of mutant
strains in which particular metabolic pathways may be blocked. Intermediates present at low stationary concentrations in the wild strain
may well accumulate in mutants, and so be more easily identified.
(d) The considerable adaptability shown by many microorganisms,
with respect to nutrients in the growth medium, greatly facilitates the
production of mutants with desired characteristics. For example, it is
~ossible,in some cases, to produce mutants in which a particular
metabolic path is blocked, simply by culturing the organism in the
presence of the end-product of that particular path.
Among the disadvantages are :
(a) The difficulty of culturing microorganisms on a large scale.
(b) AU the reactions necessary for growth, development and reproduction must occur within each unicellular organism. I n multicellular
organisms, on the other hand, particular cells are specialised to carry
out functions for the organism as a whole and within these specialised
cells, the total number of enzyme catalysed reactions may be reduced.
(c) Because of the size of microorganisms, the only feasible method
of introducing isotopically labelled compounds is by assimilation.
Since transport of material across cell walls is limited to certain
chemical compounds, the labelled compounds which can be introduced are similarly limited.
I n studying the metabolism of amino compounds, use is commonly
made of the stable isotope 15N, the abundance of which may be
determined mass spectrometrically. The radioactive isotope of
nitrogen, 13N, has too short a half-life ( 10 min) to be of much value
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in this field, though some experiments in the limited field of nitrogen
fixation have been reportedq.
IV. F O R M A T I O N O F a-L-AMINO ACIDS

There are two main reasons for considering the formation of a-L-amino
acids separately from other amino compounds. The first is that the
a-L-amino acids are the basic components of enzymes and the second
is that those organisms which can use inorganic nitrogen compounds
as the sole source of nitrogen appear to form all amino compounds
from amino acid precursors. The reactions, included in Figure 1,
which are primarily involved in amino acid formation are:
(a) Ammonia formation, by nitrogen fixation and nitrate reduction.
(b) Glutamateformation by incorporation of ammonia into an existing
carbon skeleton (a-ketoglutarate), catalysed by the enzyme glutamic
dehydrogenase.
(c) Tramamination between (i) glutamate and some a-keto acids to
form a-L-amino acids with the regeneration of a-ketoglutarate;
(ii) aspartate, (formed by (c) (i) from oxaloacetate (or possibly by
direct incorporation of ammonia into fumaric acid) and some a-keto
acids to form a-L-amino acids with the regeneration of oxaloacetate.
(d) Miscellaneous reactions of amino acids formed by reactions
(a)-(c)

A. Ammonia Formation
I. Nitrogen fixation

The ability ofcertain microorganisms to take up and use atmospheric
nitrogen was recognised late in the nineteenth century. Since 1890, an
increasing number of microorganisms with this ability have been
isolated in pure strain and the somewhat surprising fact to emerge is
that nitrogen-fixing microorganisms have little else in common. I t is
conventional to classify microorganisms broadly according to diet,
(e.g. autotrophs require only inorganic foodstuffs, heterotrophs require some organic material), energy source (e.g. chemosynthetic
microorganisms require a chemical 'energy source', photosynthetic
microorganisms can obtain energy directly from sunlight) and type of
oxidation reactions (e.g. in anaerobes, oxidation of foodstuffs occurs
in the absence of molecular oxygen). Inorganic oxidation-reduction
systems such as nitrate-nitrite or sulphate-sulphide, may be involved
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or, in the case of fermenting microorganisms, carbohydrate products
such as pyruvate may undergo the type of reaction
Aerobic microorganisms use molecular oxygen in the terminal stages
of oxidation of foodstuffs.
Nitrogen-fixing microorganisms have representatives in all these
classes. For example, among the free living bacteria, Clostridium
pasteurianum is an anaerobic chemosynthetic heterotroph while Awtobacter agilis is an aerobic heterotroph ;blue-green algae (nitrogen-fixers
which may be found living in symbiosis with higher plants and lichens)
and certain photosynthetic bacteria are autotrophs.
There have been a number of claims for nitrogen fixation by higher
organisms, including chick embryos and some fungi 6*7but the most
controversial issue is concerned with nitrogen fixation by plants. The
requirement of higher plants for an adequate supply of fixed nitrogen
(as nitrate or ammonium salts) has been recognised since the late
eighteenth century, while crop rotation has been practised since
Roman times. I n particular, some leguminous plants have a beneficial
effect on soil for subsequent crops, the effect being most marked when
the plants are turned into the soil as green manure. The possibility
that these leguminous plants in some way increased the concentration
of fixed nitrogen in the soil led to the proposal that the plants themselves fixed atmospheric nitrogen. The situation was confused by the
observation, late in the nineteenth century, that legumes grown in
sterile soil do not fix atmospheric nitrogen but examination of the
plants grown under sterile and non-sterile conditions showed that only
those grown under non-sterile conditions had nodulated roots. Root
nodules, characteristic of both legumes and other species capable of
fixing nitrogen, were shown to contain microorganisms. These (many
bacteria of the species Rhizobium, blue-green algae, etc.) live in true
symbiosis with the plants, being responsible for fixing atmospheric
nitrogen and supplying nitrogenous material to the plant which, in
turn, provides the symbiotes with carbohydrate foodstuffs. Isolated
bacteria from root nodules cannot themselves fix atmospheric nitrogen.
I n the following period of fifty years little progress was made
towards elucidating the mechanism of the process. Many attempts
were made to obtain cell-free preparations containing the enzymes
presumably involved in nitrogen fixation, but these were unsuccessfid
until 1960. The intracellular organisation of enzyme systems is known
to be complex, groups of enzymes involved in sequential reactions
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frequently being localised in or on subcellular particles. One would
predict that nitrogen fixation would involve a complex series of reactions so it is not surprising that the difficulty experienced in obtaining
active, cell-free preparations is associated with the conditions under
which the cells are disrupted. Successful methods of cell disruption
include sonic, mechanical and enzymic disruption in an atmosphere of
hydrogen, but the method of choice depends on the organism studied.
Activity is judged by incorporation of 15N8or 13Ninto ammonia and
organic nitrogen compounds by the action of the supernatant liquid
obtained after high speed centrifugation of the cell extract (25,00050,000 g), the supernatant liquid having been shown to be cell-free.
Knowledge of the mechanism of nitrogen fixation is still in a primitive
state but some interesting facts have emergedg-ll. Firstly, there
appears to be a close but non-stoichiometric connection between
nitrogen fixation and carbohydrate metabolism. I n extracts of
Clostridium pasteurianum, Bacillus polymyxa, Rhodospirillum rubrum and
Chromatium the particular intermediate in carbohydrate metabolism
required is pyruvate, believed to be metabolised to acetyl phosphate
(equation 6). Working with extracts of Cl. pasteurianum, Carnahan and
coworkers have shown that there is a large molar excess ( - 100-fold)
of pyruvate metabolised over amount of nitrogen fixed, and also an
initial lag period in which nitrogen fixation cannot be detected. Had
there been a stoichiometric connection between pyruvate metabolism
and nitrogen fixation, the obvious overall reaction would be as shown
in equation (7). However, as frequently occurs in biological systems,
the connection between the oxidation (of pyruvate) and reduction
(of nitrogen) appears to involve an electron-transfer system rather
than hydrogen transfer. Since reference will be made, in later sections,
to those oxidation-reduction reactions involved in the metabolism of
amino compounds, a brief account follows of the currently accepted
position with regard to natural redox systems.
The enzymes catalysir~greactions involving oxidation and reduction
(oxido-reductases) are of two types :
(a) those requiring a readily dissociable, nicotine-adenine nucleotide (NADP) cofactor (Figure 2a, 2b) catalysing reactions of the type
MH,

+ NAD+

+

M
NADH
(MH, = reduced metabolite)

+ H+
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(b) those containing a tightly bound flavine cofactor (Figur
2d) and catalysing reactions of the type
MH2

ci43~N","'c=0

1

CH3

N-H

I

+ FP +M + FPH,

Reoxidation of the reduced cofactors occurs by one of the reac
shown in Figure 3. The abbreviation 'cyt-system' refers to the con

N
H

C'
0
II

R = H, FMN
R = adenosine,

FIGURE
2d. Flavin cofactors (reduced).

arrangement of flavoproteins, a quinone-type derivative and the socalled cytochromes which exist in particular subcellular particles
called mitochondria. The cytochromes are protein-bound haem
complexes (haem is a porphyrin ring system in which the four pyrrole
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ring nitrogens are coordinated to iron). The iron in these haernoproteins undergoes reversible reduction and oxidation as electrons pass
from one cytochrome to the next, the ultimate reaction with molecula
oxygen, transported to the cells in association with the haemoglobin
of blood, is as shown in equation (10).
2 cyt a, Fez+
Oxidised metabolite
(e.g. pyruvate)

+ 2 H + + ) 0,

2 cyt a, Fe3+

+ H,O

Reduced metabolite
(e.g. lactate)
Oxidation by coupling w i t h second
metabolic reaction

NADH
or
NADPH

NAD+
or
NADP+

-

@)

Oxidised
flavoprotein

hydrogen-donating system (HDS) and the other the nitrogen-activating system (NAS). Both fractions are required for nitrogen fixation.
The HDS catalyses the reaction between pyruvate and inorganic
phosphate (equation 6) and also the production of molecular hydrogen
from hydrogen ions. Both these activities of the HDS fraction are
stimulated by ferredoxin. Figure 4 summarises the proposed connection between the nitrogen-activating system and the hydrogendonating system.
Pyruvate etc.

Acetylphosphate
Anaerobic dehydrogenasesa

+

Oxidised ferredoxin

+ COa + Reduced ferredoxin
NAS

PN2

Via 'cyt-system'

Reduced
flavoprotein

Oxidised
flavoprotein
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Oxidised ferredoxin

+ NH3

@ Aerobic dehydrogenases

H202

l

0 2

catalase

H20

+3

0 2

FIGURE3.
The reduced flavoproteins catalysing reaction @ are always reoxidised by the
cytochrome system.
a

For the particular system involved in nitrogen fixation, an ironcontaining protein called ferredoxin appears to act as an electroncarrying intermediary between pyruvate metabolism and nitrogen
reduction. Ferredoxin was first isolated from Cl.pasteurianum in 196212.
The iron in ferredoxin is not associated with a porphyrin ring system
nor is the protein associated with a flavin entity. The ferredoxin
isolated from Cl. pasteurianum is a small protein (mol. wt. -.6,000),
showing absorption maxima at 280, 300 and 390 mp when oxidised
(brown colour) but only the 280 mp absorption remains when the
protein is reduced. The soluble, nitrogen-fixing system, from Cl.
pasteurianum, has been fiactionated into two parts13, one called the

The above account ignores many facets of the problem of nitrogen
fixation. For example:
(a) The role of molybdenum, which is known to be an essential
trace metal for nitrogen fixation in root nodules14 and possibly in
free living microorganisms 15.
(b) The long-standing argument as to the nature of the 'keyintermediate', that is, the compound immediately preceding incorporation of nitrogen into a carbon compound.
(c) The possibility of a route involving first oxidation and then
reduction, for example via nitrous oxide, nitramide or hyponitrous
acid to hydroxylamine, and thence to ammonia.
On balance, the evidence so far favours the theory that ammonia
is the end-product of nitrogen fixation.
2. Nitrate reduction (in higher plants and some microorganisms)

The biological reduction of nitrate is a stepwise process. The intermediates have not all been characterised but enzymes catalysing some
of the postulated steps have been identified in certain higher plants
and microorganisms.

..-
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a. Nitrate reductase. An enzyme catalysing the reduction of nitra
to nitrite has been detected in some moulds16, bacterial7, plan
and yeasts. In all cases the enzyme activity is associated
flavoprotein (FP), containing flavine adenine dinucleotide
2c, 2d) and requires two cofactors, one of which is either
NADPH (Figure 2a, 2b), depending on the source, and th
specific metal, molybdenum, known to be essential, in trace amountq
for healthy plant growth. This particular oxidation-reduction system
does not come into either of the separate categories given in section
1V.A. I but the possibility still exists that more than one enzyme may
be involved. It is interesting, in this context, that removal of the metal,
by chelation, inhibits nitrate reduction but not the reduction of the
FAD of the enzyme by added NADH or NADPH18.
b. Nitrite reductase. An enzyme catalysing the reduction of nitri
less well characterised than nitrate reductase, but its presence has
demonstrated in yeastslg and plant leaveslg and some rmcr
organismsa0. This enzyme also appears to be a metalloflavopro
requiring NADH or NADPH, but the heavy metal cofactor has
been positively identified. Likely candidates are iron, copper
manganese. The reduction product is uncertain. The enzyme may we
be the same as that designated as hyponitrite reductase, detected i
Neurosporaal.
c. Hydroxylamine reductase. The reduction of hydroxylamine t
ammonia is catalysed by another metalloflavoprotein, present in som
plant leaves1g, yeasts and rnicroorganismsaO.The enzyme requir
NADH and the metal is most likely to be manganese.
Hydroxylamine is known to be highly toxic to plants so the poss
bility that it is an obligatory intermediate in nitrate reduction mus
be considered with caution.* Interest in hydroxylamine arises fro
the lengthy controversy, briefly mentioned here, concerning the re1
tive merits of hydroxylamine or ammonia as the key intermediate
nitrogen fixation. The toxicity of hydroxylamine may well be due
its action as an enzyme inhibitor. However, in spite of its toxici
there are still some claimsa2 that hydroxylamine may be an intermediate in the formation of amino acids by oxime formation with
such carbonyl compounds as glyoxilic acid (formed in photosynthesis),
pyruvate, a-ketoglutarate or oxaloacetate (intermediates in carbo-

* In a sequence of reactions, occurring in viva, if one step is blocked, by addition of a specific inhibitor, the resulting increase in the concentrations of
intermediates preceding the block may well prove toxic.
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hydrate metabolism) and subsequent reduction of the oximes to
a-amino acids (equation 11). Virtanen and coworkers, the main
NH,OH + RCOCOOH +RC=NOH
I
RCH-COOH
I
(11)
supporters of hydroxylamine as the key intermediate in nitrogen
fixation, originally proposed that the main route to a-amino acids
might be through oxime formation; however, this route is now generally believed to be only of minor importance.
The sequence of reactions alleged to occur in nitrate reduction are
given in equation (12).
HN03

-

HNO,

----t

[HNO]

----t

NH,OH

----t

NH3

(12)

3. Nitrification and denitrification

The nitrifying microorganisms, which can convert ammonia and
organic amino compounds to nitrate, and the denitrifying microorganisms which produce elementary nitrogen fi-om nitrate and nitrite,
are important in that they control the supply offixed nitrogen to higher
organisms. The mechanisms of the two processes are obscure. It is
possible that, at least in Nitrosomonas, nitrification may occur by the
reverse of the reactions of equation (12). Certainly, enzymes catalysing
the production of nitrite from hydroxylamine have been detecteda3.
In denitrification, cell-free preparations of Pseudomonas stutzeri have
been shown to catalyse the reduction of nitrate and nitrite to nitrous
and nitric oxides and to gaseous nitrogen. Among the proposed
cofactors for the enzymes involved are NAD, NADP, FAD, FMN,
iron and copper, but nothing is certain. It is alleged that some of the
enzymes contain bound cytochromes, and in this respect, differ from
the metalloflavoproteins involved in the reduction of nitrate to
ammonia.

B. Glutamic Dehydrogenase
Glutamic dehydrogenase catalyses the formation of glutamate from
a-ketoglutarate and ammonia. The cofactor for the enzyme may be
NAD (as shown in equation l), or NADP, depending on the source
of the enzyme. In plants and in most animal tissues, the cofactor is
NAD while some bacterial and yeast enzymes require NADP. The
mammalian liver enzyme works with either cofactor. The equilibrium
constant is such that, at the hydrogen ion and substrate concentrations
in most regions containing the enzyme, the production of glutamate is
favoured. It has been suggesteda4that the reaction may occur in two
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steps, in the first of which an imino acid is formed, and in the second,
the imino acid is reduced by the cofactor (equations 13 and 14). The
COOH

COOH

I. General
The enzyme-catalysed, reversible interchange of amino groups
between carbon skeletons without the production of ammonia has
been recognised since 1937 (equation 15). The actual number of
RICHCOOH

l

COOH
COOH
l

I

l

COOH
COOH
I

enzyme, which has been crystallised from beef liver, forms active
protein aggregates (mol. wt. -- 106) which can be dissociated (e.g. by
dilution) to give four enzymically active subunits (mol.wt. -- 2.5 X 105).
The subunits can be further fragmented, by treatment with urea or
dodecyl sulphate, to inactive units (mol. wt. -- 5 X 104)z5,suggesting
that the enzymically active entities possess a number of polypeptide
chains. The original aggregate may be held together by coordination
to zincz6. The mechanism of catalysis remains obscure.
The biological importance of this enzyme has already been discussed
(section 11). Its role in producing glutamate, as the first organic
amino compound, in bacteria and plants seems reasonably well
established. In animals, which do not have the ability to produce all
amino compounds from a simple nitrogen source, the enzyme seems
to be concerned with the removal of excess amino compounds (equations 2-5) as well as with the production of glutamate for conversion
to the acid amide (section V.B) or to take part in transamination
reactions to form the non-essential amino compounds. Cellular control
of the direction in which reaction occurs may well lie in the ratio of
the concentrations of the oxidised and reduced forms of the cofactor.
This ratio is not a fixed quantity but depends on the metabolic activity
of the cell (NAD and NADP are cofactors for many oxidationreduction reactions) as well as on the availability of molecular oxygen
for the terminal step in respiration, by which the reduced cofactor
is reoxidised by the cytochrome system (section 1V.A. 1).

+ R2COCOOH

RICOCOOH

+ R2CHCOOH

NHz

(15)

I

NHz

transaminases and the relevant specificities of these enzymes are still
in dispute but indirect evidence suggests that many pairs of a-amino
and a-keto acids can take part in transamination reactions. Only two
transaminases have been purified to states approaching homogeneity
and of these two, (catalysing reactions (16) and (17)) the glutamicaspartic transaminase has been the subject of most mechanistic
studies, partly because one of the substrates (oxaloacetic acid) can
be relatively easily estimated. The enzymes catalysing reactions (16)
COOH

COOH

COOH

l

Coo,

COOH

l

COOH COOH
CooH
aspartate a-ketoglutarate oxaloacetate glutarnate

alanine

CooH

pyruvate

I

COOH

and (17) do not show absolute specificity for these particular substrates.
For example, in equation (16), oxaloacetate can be replaced by a-ketomalonate, aspartate by cysteic acid (HSO,CHzCH(NHz)COOH) or
glutamate by a-methylglutamate. However, the activities observed
with substrates other than the principal ones is too low to account for
the production of a-amino acids other than aspartate and alanine by
transamination between glutamate and a-keto acids. Indirect evidence
for the existence of other transaminases comes from studies of the
nutritional requirements of whole animals and mutants of some
microorganisms, and from the effects of vitamin B, deficiency. The
dietary nitrogen requirements of higher animals include certain socalled essential amino acids (listed in Table 2 for man and rat), but
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TABLE2.

Essential amino acids.

Argininea
Histidinea
Isoleucine
Leucine
Lysine

Methionine
Phenylalanine
Threonine
Tryptophan
Valine

a

Only in rat.

it has been shown27that young rats develop equally well if supplie
with the a-keto analogues of at least five of these amino acids
ileu, val, phe and met) together with glutamic acid. Since dev
ment of the animal depends on protein biosynthesis which, in t
depends on the presence simultaneously of all twenty-odd
acids, the implication is that transamination between glutama
the dietary a-keto acids must occur rapidly. Organisms reqm
certain amino acids do not, then, appear to lack the enzymes cata
the introduction of the amino group to form these amino ac
enzymes involved in forming the carbohydrate skeletons into W
the amino group is incorporated. The synthesis of particular tr
aminases can be either induced or repressed in certain microorganis
For example, XEscherichia coli is grown in a medium deficient in valin
the ability of this organism to transaminate between alanine a
a-ketoisovalerate increases 28. If, on the other hand, the growth mediu
is supplemented with tyrosine, the ability of E. coli to form. tyros
and phenylalanine from glutamate and p-hydroxyphenylpyruvate
pyruvate, decreases29.
As will be seen later, enzymes catalysing a number of reactions
a-amino acids, including transamination, require a derivative
vitamin B, as cofactor. Vitamin B, deficiency in both rats and microorganisms causes, among other things, a decrease in the level of tr
aminase activity. For example, Streptococcus faecalis can grow in
presence of the a-keto acid analogues of normally essential a-a
acids, but when grown in a vitamin B, deficient medium, the
to transaminate between glutamate and a-keto acids is lost.
aminase activity can be restored by addition of a sufficient quantity
the cofactor.
The transamination reaction represented by equation (15) involves
the reversible transfer of a-amino groups. Although there are probably
more enzymes catalysing this type of reaction, some transaminases
catalysing w-amino group transfer have also been partially identified.
For example, the a-ketoglutarate-y-aminobutyrate transaminase
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localised in the mitochondria of the grey matter of brain30 and also
present in some microorgani~ms~~,
catalyses the reaction given in
equation (18). Transamination between ornithine and a-keto acids

l

COOH

y-aminobutyrate

\
COOH

a-ketoglutarate succinic glutamate
semialdehyde

(equation 19) has been demonstrated in liver and in Neurospora crassa,
while an enzyme specific for the reaction between ornithine and
cc-ketoglutarate has been partially purified from rat liver mito~ h o n d r i a It
~ ~may
. be noted that transamination reactions involving
CH0
R
(19)

I

COOH

COOH

ornithine

COOH

glutamicy-semialdehyde

glycine may be regarded as both a- and w-amino group transfers. It
is of interest that transamination between glyoxylate and a-amino
acids occurs readily, even in the absence of enzyme catalysts33.
In spite of the failure, to date, to isolate and adequately characterise
more than two transaminases, both of which catalyse a-amino group
transfer, it is now generally accepted that transamination plays an
important part in amino acid metabolism.
2. Mechanism of transamination

The reactions of amino acids, catalysed by enzymes requiring a
derivative of vitamin B, (Figure 5a) as cofactor, have been the subject
of a number of mechanistic studies. Enzymes catalysing decarboxylation, racemisation, dehydration (of serine or threonine) or desulphydration (of cysteine) require pyridoxal-5'-phosphate as cofactor
(Figure 5b), and are dealt with in later sections. Enzymes catalysing
transamination, on the other hand, require either pyridoxal-5'phosphate or pyridoxamine-5'-phosphate (Figure 5c). Snell and
c o w o r k e r ~showed
~~
that the reactions of amino acids normally
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CHzOH

525

CH0

HO&,CH~OH
L

H3C

FIGURE
5a.
Pyridoxine.

FIGURE
5b. Pyridoxal5'-phosphate.

FI

catalysed by pyridoxal phosphate-dep
aqueous solutions at 100' in the presenc
cofactor and metal ions (e.g. AI3+), the relative e
tion, racemisation, transamination etc., depending on pH. The gene
theory put forward by Snell to account for the reactions occurring
the absence of enzymes is summarised in Fig
confirmed that imines are formed between pyridoxal and
acids in aqueous solutions. No detailed analysis of the subs
reactions of the imines was possible because of the complexity o
product mixture.
I t has since been shown35that reversib
tion occurs between pyridoxal and alanine a
pyruvate in neutral, aqueous solutions, at 25'
metal ions. (No evidence has yet been obtained for the presence
metal ions in purified mammalian tr
conditions, no decarboxylation or race
could be detected. From the results of kinetic a
studies in this simple model system for trans
shown that imines are formed rapidly and reversibly between the
pairs of reactants and that tautomerisation of the two Schiff's
intermediates is rate limiting in the overall tr
The reaction scheme is given in Figure 7.
A more complete investigation has recently
system more relevant to the reaction given in equation (16). (
enzyme catalysing this reaction has proved the most amenabl
purification and characterisation). The reacti
5'-phosphate and glutamate or aspartate and
5'-phosphate and oxaloacetate or a-ketoglut
individually. Transamination in these syste
imine formation and slow isomerisation of
The complete system is best described by
in Figures 8a and b. Values have been assi
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COO-

COOI

I

tooaspartate p ridoxal
(A)
pXorphaie
(Pal 8 )

(Pam 0 )

(Pal A)

I

Q

COOI

pyridoxamine oxaloacetate
phosphate
(0)
(Pam Q )
COO-

COO-

I

l

I

+ PCHO
I
LiH3
8
1

(CHa).

constants associated with this scheme and also to some of the individu
rate constants.
Evidence for the view that enzyme-catalysed transamination occu
be a sequence of reactions similar to that given in Figure 8b c
from a number of sources. Using modern methods for protein p
cation, a number of workers have obtained the soluble glutarmcaspartic transaminase of pig heart muscle in a state of homogeneity
with respect to ultracentrifugation and free flow electrophoresis. The
enzyme may be purified as the holoenzyme, the cofactor remaining
associated with the protein throughout the purification, or as the
apoenzyme, the cofactor being removed at an early stage in the purification. The activities of apoenzyme preparations tend to be 30-50%
lower than those of holoenzyme preparations, suggesting that the
enzyme is less stable in the absence of the cofactor. In order to study
the recombination of the apoenzyme and the two forms of the cofactor, it is best to purify the holoenzyme and to remove the cofactor,
as the final step, using the mild conditions described by S ~ a r d i ~ ~ .
There is little certainty about the nature of the link between the
apoenzyme and either form of the cofactor. The 5'-phosphate group of
the cofactor is probably involved since the non-phosphorylated pyridoxal and pyridoxamine are inactive. The binding is unlikely to be

km
kll

km

I
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I
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ionic since recombination of the apoenzyme and cofactors is relatively
slow and the kinetics of the recombination are sufficiently complex t
suggest that the initial association of protein and cofactor is follo
by changes in the tertiary protein structure, to give maximum activl
Reduction of the holoenzyme with lithium borohydride, followed b
hydrolysis of the protein and chromatographic analysis of the hyd
lysate led to the identification of a lysine-bound pyridinium residue
In consequence, it has been suggested that the aldehyde form o f t
cofactor is bound to the protein through an azomethine link to th
&-aminogroup of a lysine residue. If this were true then the fir
step in transamination would require displacement of the lysine
one of the amino acid substrates. The amine form of the CO
could not be bound to the apoenzyme in the same way. It is known
the holoenzyme can pick up excess pyridoxal phosphate, with no
crease in catalytic activity. This could well be due to non-spec
imine formation with &-aminogroups of lysine residues in the prote
The equal effectiveness of the amine and aldehyde forms of th
cofactor, in reactivating the apoenzyme, is consistent with the schem
given in Figure 9. Indirect support for the proposed mechanism comes
k

Eal

+

A

2

k,

Ea' A

Earn

0

+

X?
Earn

"

Eal G

k,
4
Eam a

+

2f

km

E represents the enzyme. al represents the aldehyde form of
the cofactor.
am represents the amine form of the cofactor

FIGURE9.

from the technique of Scardi and c o w o r k e r ~for
~ ~ removing th
cofactor from the holoenzyme. The method is based on conversion o
the holoenzyme to the amine form by treatment with an excess
one of the amino acid substrates. Pyridoxamine-5'-phosphate is mor
readily lost from the protein than is pyridoxal-5'-phosphate. Interconversion of the amine and aldehyde forms of the holoenzyme in the
presence of the appropriate a-keto or a-amino acid substrates has now
been demonstrated spectrophotometrically38. 39. However, it should
be remembered that, in all spectrophotometric studies, the concentrations of holoenzyme required are vastly in excess of the catalytic
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quantities used in kinetic studies. Interpretation of data obtained
using 1 0 - 3 solutions
~
of protein in terms of the mechanism of transamination in the presence of about 1 0 - 8 protein
~
solutions should be
with caution.
Attempts have been made to estimate the amounts of cofactor
present in the catalytically active form of the enzyme. The main
problem is that the methods available for such determinations usually
require high protein concentrations. For example, in determining the
molecular weight of a protein in an analytical ultracentrifuge, 0.3 to
1yo protein solutions are required (i.e. ~ O - ' M for an average-sized
protein). Many proteins (e.g. insulin and glutamic dehydrogenase)
aggregate at this concentration. The literature value40 for the molecular weight of glutamic-aspartic transaminase (110,000) is in error,
the true value being 80,00042.A recent, simple method of molecular
weight assessment applicable to globular proteins, involves filtration
through a molecular sieve (G-100 sephadex), and has been reviewed
recently41. The virtue of this technique is that it can be used over a
wide range of protein concentrations and so gives information about
association phenomena. In the case of transaminase, the molecular
weight, estimated by gel filtration, is 77,000 and shows no variation
in the concentration range 10-4-1 0 - 8 42.
~ Repeated estimations of
the amount of cofactor bound in the holoenzyme have given, consistently, one mole per 40,000 g protein42.
It is well established that the glutamic-aspartic transaminase, while
showing no concentration-dependent association phenomena, contains two moles of cofactor per mole of protein, molecular weight
80,000. This may appear inconsistent with the proposed scheme, in
which transamination is regarded as the sum of two independent
half-reactions, since the presence of two cofactor molecules might seem
to imply that a ternary mechanism (Figure 10) operates, the two halfreactions occurring simultaneously. However, evidence that the true
equivalent weight of the transaminase is 40,000 rather than 80,000,

-

-

-

EA

+ B +EAB "I,
ECD '
.EC + D

ECD

Either A and C or B and D are the
two amino acid substrates and the
two keto acid substrates.
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has recently been obtained by a method of quantitative estimation of
the N-terminal amino acid of the protein.
A considerable number of kinetic investigations of the reaction
catalysed by pig heart glutamic-aspartic transaminase have been
reported, the majority of which are based on ambiguous met
measurement of reaction rates. Unambiguous assay conditio
now been established" and used in a recent and complete
gation4'. The results are consistent with the binary mechanism
9) rather than the ternary mechanism (Figure 10). The eq
constants associated with all six steps have been evaluat
conventional studies, for this type of system, of the way in W
velocities of forward and reverse reactions depend on substrate
centrations, it is normally possible to obtain eight ind
variable parameters, each of which is a function of
individual rate constants. However, in this parti
tional information can be obtained from the effects, on meas
velocities, of deuterium substitution in the a-position of the
acid substrates. I t is possible to predict which o f t
will be affected by deuterium substitution. The scheme i

,

A

Eal -l-G*

k'l,

,k*
ia

G

FIGURE
1 1.

illustrates the situation for tran
a-deuteroglutamate. If, as is known to be the ca
system, a-deuteration of the amino acids affects on1
slowest steps in transamin
intermediates, and not the
parameters containing k,, (k
affected in the presence of a-de
of a-deuteroaspartate). Using the results obtained
a-deutero amino acid substrates, values have been assigned to k3 an

-
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kg ( 400 sec - l ) and k4 and klo ( 1000 sec -l). Corresponding values
in the model system are k3 = 1.6 X 10-'j sec-l, k, = 1.75 X 10-"
sec-1 and klo = 0.82 X 10-6 sec-l. The presence of the enzyme
therefore increases the rate of transamination by a factor of 10'-109,
which is some 103 times higher than the estimated figure quoted by
Meister a4 in his recent review.
The above values of certain rate constants are at variance with
those quoted by Hammes and Fa~ella'~.These workers used the
temperature-jump technique to determine the relaxation times
associated with intermediates believed to be formed in the course of
transamination, but the assignment of the observed phenomena to
particular intermediates is somewhat arbitrary. The main source of
error in applying this relatively new method to enzyme-catalysed
reactions lies in the very high protein concentrations (greater than
1 0 - 5 ~ )required. I t is quite possible that, under these conditions,
enzyme-substrate complexes which do not lie on the normal reaction
path may be present in significant amounts.
Enzymes catalysing transamination reactions are clearly of importance in controlling the distribution of amino groups in biological
systems. From the mechanistic point of view, transamination is better
understood than many other enzyme-catalysed reactions, largely
because of the involvement of a well-defined cofactor. If, as seems
reasonable, catalysis involves the cofactor directly, it is possible, as
here, to design and study model systems from which the enzyme is
absent. However, the mechanism of catalysis of transarnination is as
obscure as for other enzyme-catalysed reactions, but at least the
magnitude of the problem is now well defined.
3. Formation of individual amino acids
I t is clearly not possible to discuss here at any length, the metabolism
of individual amino acids. I n addition, the details of the biosynthesis
and catabolism of amino acids, well reviewed in Volume I1 of Meister's
recent book46, are concerned more with the formation and breakdown
of the carbon skeleton than with the introduction or loss of the amino
group. Modifications of some of the twenty amino acids normally
found in proteins have been detected in some protein hydrolysates,
e.g. iodinated tyrosine, phosphoserine and hydroxylysine. I n some
cases the modification appears to be made before the amino acid is
incorporated into protein (e.g. iodination of tyrosine) while in other
cases modification is believed to occur when the amino acid is already
present in proteins (e.g. hydroxylation of lysine, and in some cases, of
18+ C.A.G.
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proline). In addition to these less common amino acid residues in
proteins, many non-protein amino acids are known to exist, but the
functions of these are, in general, obscure. None of the less common
amino acids are considered here but reviews are a ~ a i l a b l e ~The
~.~~.
suspected origins of the amino groups of the common a-L-amino acids
are summarised in Table 3. Transamination, commonly from glutaTABLE3.
Amino acid
Glutamic acid
Aspartic acid

Origins of amino groups of the common a-L-amino acids.

NH4
(a) Glutamate
(b) NH, ?
(a) Glutamate
(b) Aspartate
(c) NH, ?
+

+

Alanine

+

Glycine
Serine
Cysteine
Methionine
Valine
Leucine
i-Leucine
Phenylalanine
Tyrosine
Threonine
Histidine
Tryptophane
Arginine
a-NH,
w-NH,
Ornithine
a-NH,
w-NH,
Citrulline
a-NH2
w-NH,
Lysine
a-NH,
6-NH,

Type of reaction

Principal origin of NH,

(a) Glutamate
(b) Serine
(a) Alanine
(b) Glycine
Serine
Cysteine
Homocysteine
(NH, from asp.)
Glutamate ?
Glutamate
Glutamate ?
Glutamate
Glutamate
Aspartate
Glutamate
Serine
Ornithine
Aspartate, NH,

Reductive amination of a-keto acid
Transamination
Direct amination of fumarate?
Transamination
p-Decarboxylation (bacteria)
Reductive amination of pyruvate
(bacteria)
Transamination
Dehydroxymethylation
Transamination
Hydroxymethylation
(a) Trans-sulphuration from homocysteine
(b) Direct sulphuration (bacteria)

I

See 3.3 c (iii)

Krebs-Hensleit cycle

Glutamate
Glutamate
Alanine

mate or aspartate, to a-keto acids is the final step in many cases.
Apart from reductive aminations of the type discussed in section IV.B,
in which ammonia is incorporated into a-keto acids, the main exceptions to terminal transamination are listed below:
(i) The formation of histidine. The a-amino group of histidine is
apparently introduced before the carboxylic acid group is formed. The
proposed sequence of reactions, deduced from studies of mutants of
Escherichia coli and Neurospora crassa, is illustrated in Figure 12. The
enzyme catalysing transamination between glutamate and imidazolylacetol phosphate has been partly purified from Neurospora ~ r a r r a ~ ~
and shown not to be entirely specific for these substrates.
H

H
HC -N,

HC-N,
C-N

1

H-C-OH

-

H

C-N

C-N

1

CH2

imidazolylglycerol
phosphate

Glutamate

imidazolylacetole
phosphate

l

+

5%

Reduction of w-COOH
Transamination

Ornithine
NH3

Krebs-Hensleit cycle

Aspartate or glutamate
Glutamate

Transamination

-

L-histidinol
phosphate
H

Transamination
Transamination
Transamination
Transamination
Transamination
Reduction and isomerisation
Transamination
Conjugation with indole

+
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H/-iN:H

//

C-N
l

I

CHzOH
L-histidinol

"f

H
C
'-H //

C-N

I

l
COOH
L- histidine

FIGURE12. Formation of histidine from imidazolylglycerol phosphate.

(ii) Formation of serine and glycine from each other by transhydr~x~methylation,
mediated by tetrahydrofolic acid (FH,) (Figure
13). The overall reaction is represented by equation (20).

~OOH

serine

glycine
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(iii) Formation of the sulphur-containing amino acids, cysteine
and methionine, which are interconvertible by the reactions given in
Figure 14.
(iv) Formation of tryptophane from serine and indole (or indolyl-3glycerolphosphate) according to equation (2 1).
0

II

~H,(COOH)

(CH(OH)CH(OH)CH~OP-OH)
1

FIGURE13. Tetrahydrofolic acid (FH,).

0H
CH,

+ HOCH2CH-COOH
I
NH2

serine

li

I

S

CH&H

l

HOCH,

I

CH,

1

CH,

l
CHNH,
l
COOH

I
l

CH2

-

CHNH,
I
cooH
I

CHNH,
COOH
k\ine

H

hornocysteine

tryptophane

rnethionine

I

CH2

CHNHa

CHNH,

!OOH

l

(v) Formation of threonine from aspartate summarised in Figure
15.

l

ll

COOP-OH

COOH

CH0

CHaOH

CH,OH

l
I
CHNH,
l
CH,

l

CHNH,

l

COOH

COOH

l
c=o
I
COOH

p-aspartyl
phosphate

aspartate
p-semialdehyde

cysteine

homoserine

l
CH2

aspartate

homoserine

II

-

a-ketobutyric acid

l
> CH,
CHNH,
l
I

COOH
a-aminobutyric acid

FIGUKF14. Interconversion of cysteine and methioninc.

threonine

0-phosphohomoserine

FIGURE15. Formation of threonine from aspartate.
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(iv) Formation of arginine, ornithine and citrulLine, all of which
-are involved in the production of urea, which will be considered in
section V1.B.
-

V. FORMATION O F A M I N O C O M P O U N D S OTHER
T H A N a-L-AMINO ACIDS
A. D-Amino Acids

In referring earlier to amino acids of the L configuration as the
'natural' amino acids, no account was taken of the known existence, in
biological systems, of D-amino acids. There is no conclusive evidence
for the occurrence of D-amino acids in the proteins of plants or higher
animals but the possibility of their existence, in trace amounts, is
hard to exclude. Total acid hydrolysis of proteins may result in
racemisation of the amino acids. Hydrolysis catalysed by enzymes
specific for peptide bonds between L-amino acids would be less
ambiguous but very much more tedious and so the controversy on
this subject remains u n r e s ~ l v e d ~It~ .is~ now
~ . well established that
peptide-linked, D-amino acids do occur, to a significant extent, in
bacteria, particularly in association with the mucopeptide components of bacterial cell walls. In cell-wall hydrolysates of some bacteria
50 to 100% of particular amino acids (e.g. alanine, aspartate, glutamate in some lactic acid bacteria) may be of the D configuration 52. The
presence of the 'unnatural' isomers may well confer a biological
advantage since one would predict that microorganisms so endowed
would be resistant to attack by plant or mammalian peptidases
which are specific for peptide links between L-amino acids. Destruction of bacteria by protease or peptidase action is one method by
which bacterial infections are resisted naturally. A modern method of
assisting the natural processes is based on the observation that some
microorganisms produce antibiotics which are toxic to other microorganisms. Interestingly enough, a number of these antibiotics are
polypeptides containing D-aminoacids (e.g. Gramicidin-S, Figure 16).
The toxicity of these therapeutic agents may be due to interference
with cell-wall synthesis in those bacteria normally associated with
D-amino acids.
The production of D-aminoacids is clearly relevant in the metabolism
of microorganisms. In plants and higher animals the main problem is
not so much the production of D-amino acids but the removal or
utilisation of the 'unnatural' isomers, inevitably present because of the
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ubiquity of microorganisms. It is known from nutritional studies that
some of the essential L-amino acids can be replaced in the diet by the
D-isomers (e.g. methionine and phenylalanine in manJ3) without ill
effects, implying that a route exists for inversion of amino acid
configuration. (The low concentration of free amino acids, of either
configuration, in the waste products of animals also leads to the conclusion that animals have some mechanism for destroying D-amino
acids).

The two types of reaction by which D-amino acids may be formed
in vivo are dealt with in this section. The mechanisms by which Damino acids are incorporated into cell-wall mucopeptides and bacterial
antibiotics are not well understood but will be mentioned briefly in
section V.E.
I. Racemisation

Enzymes catalysing the racemisation of some amino acids have been
partly purified only from bacterial sources (e.g. alanine racemase
from Streptococcur faecalis, methionine racemase from strains of Pseudorn0na.1~~').No direct evidence for their existence in animals is available.
Pyridoxal is known to catalyse racemisation of amino acids in the
model systems studied by Snell and c o ~ o r k e r but
s ~ ~the evidence for
involvement of pyridoxal-5'-phosphate in the enzyme-catalysed
reaction is indirect. Nutritional studies on S.faecalisJ5 have shown that
this microorganism has a growth requirement for D-alanine, and that
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neither L-alanine nor the a-keto analogue, pyruvate, can replace
D-alanine. The vitamin B, content of these microorganisms is low.
Purified glutamic acid racemase from Lactobacillus a r a b i n o s ~ sis~ ~
reported to be inhibited by hydroxylamine, consistent with involvement of an aldehyde group, but there are conflicting reports on activaIn no case
tion of the enzyme by added pyrido~al-5'-phosphate~~.
has a racemase been shown, in vitro, to require pyridoxal-5'-phosphate
as a cofactor.
A possible mechanism of racemisation, in the model system, is
included in Figure 6. Some doubt is cast on the exact relevance of this
scheme, to the enzyme-catalysed reaction, by recent reports that a
reduced flavin cofactor may also be involved57. Enzyme-catalysed
racemisation is not considered to be of great- importance in the
metabolism of D-amino acids.
2. D-Amino acid oxidase

Enzymes catalysing the oxidative deamination of D-amino acids are
widespread (microorganisms, mammalian liver and kidney etc.). The
overall reaction, given in equation (22) is alleged24to occur in two
steps, through an imine intermediate, but no imine has so far been
identified. There is an apparent analogy with the reverse of reductive
amination as catalysed by glutamic dehydrogenase (section 1V.B) but
there is also an important difference. The amino acid oxidases are all
flavoproteins, the flavin cofactor being most commonly FAD (Figure
2c and d), and no pyridine nucleotide cofactor is involved. Reoxidation of the reduced flavoprotein (see Figure 3) by molecular oxygen
produces hydrogen peroxide which is, in turn, destroyed by the exceptionally efficient enzyme catalase. Equations (23-26) summarise

the reactions involved. In the absence of molecular oxygen, that is,
under anaerobic conditions, reactions (25) and (26) cannot
The reduced flavoprotein resulting by reactions (23) and (24) fiom
one D-amino acid can then be used to catalyse reductive amination of
a-keto acids to form other D-amino acids.
There is no certain evidence for the existence of specific D-amino
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acid oxidases. The highly purified, crystalline e n ~ y m e from
~ ~ .hog
~ ~
or sheep kidney oxidises most D-amino acids, attacking tyrosine,
proline and methionine more rapidly than other s u b s t r a t e ~ ~ ~ ~ ~ ~ .
The enzyme forms complexes with benzoic acid, which are more
resistant to denaturation than is the native protein. Use is made of
this fact in purifying the enzyme. This particular flavoprotein is
relatively easily resolved (e.g. by dialysis" or dilution61) into apoenzyme and FAD. Reported estimates of the size and composition
of the active enzyme are at variance, partly because the protein tends
to polymerise. The values given by M a s ~ e y(mol.
~ ~ wt. 182,000,
4 FAD/mole) and by Yagi63 (mol. wt. 115,000, 2 FAD/mole) are
based on ultracentrifuge data and spectrophotometric estimation of
FAD concentrations. The apparent discrepancy is discussed by
C h a r l ~ o o din~ terms
~
of the effects, on sedimentation constants, of
changes in shape as well as in size. The most recent value of the
minimum molecular weight, quoted by DixonG1, is 54,000 g/mole
FAD. This estimate is based on a polarographic study of the resolution
of the holoenzyme on dilution.
Inhibition of the enzyme by reagents combining with sulphydryl
groups is consistent with the involvement of a sulphydryl group in the
active site of the protein. The rate of inhibition by one of these reagents (p-chloromercuribenzoate) has recently been shown to be the
same as the rate of loss of FAD from the holoenzyrne. The susceptible
sulphydryl group may, therefore, be concerned only with binding the
cofactor to the protein and not with the mechanism of action of the
enzyme. The kinetics of action of the enzyme and inhibition of
activity by straight-chain fatty acids has led DixonG1to propose that
substrates are bound to the holoenzyme by the carboxylic acid group
and up to five carbons of the amino acid side-chain. Little can be
concluded with safety from spectrophotometric studies because these
require very high protein concentrations, (see section IV.C), but some
such studies have been reported. The holoenzyme is normally yellow
but addition of amino acid substrates, under anaerobic conditions,
causes a shift in the absorption maximum, a red-coloured intermediate
being formed.
No firm conclusions can be drawn so far concerning the mechanism
of action of this enzyme, in spite of its availability in crystalline form
and its apparent importance in the metabolism of D-amino acids. The
reactions catalysed by D-amino acid oxidase probably account for the
production of D-amino acids by microorganisms and also for the
removal of D-amino acids from higher animals.
18'
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B. L-Amino Acid Amides
This book is not concerned with the behaviour of acid amides but
brief mention must be made in this section of two naturally occurring
amides of L-amino acids, glutamine and asparagine, both of which
occur in proteins. Glutamine is of particular importance because of
its involvement in many metabolic processes of the type given in
equation (27), where the carbon to which the hydroxyl group is

ioNH2
+
COOH

( HJ2

LNH,

,
\

-C-OH

l

5

LOOH
glutam~ne

glutamate

attached may be part of the ring of a sugar, a purine or a pyrimidine.
This is an over-simplification of the situation since a phosphate ester,
adenosine triphosphate (ATP, Figure 17) is also commonly involved

0
HO-

II

0

II
P-0-P-0-P-0

I

OH

I

OH

0

ll

I

OH

FIGURE17. Adenosine triphosphate (ATP).

in this type of reaction. The same ester is also involved in the sequence
of reactions leading to the formation of glutamine (equation 28).
COOH

I
(CH&
I

CHNH,

CONH,

+ NH3 + ATP

CooH
glutamate

l
l

(CH,),
CHNH,

+ ADP + H,P04

cI o o H
glutam~ne

Glutamine synthetase, the enzyme catalysing this reaction, has been
purified from sheep brains5. The possible mechanism of its action has
been reviewed by MeisterZ4, but none of the intermediate steps,
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proposed on the basis of isotope effects, substrate specificity or catalysis
of possible intermediate reactions, have been confirmed. The apparent
coupling of synthetic reactions with the formation of ADP and inorganic phosphate from ATP has long been recognised and gave rise
to the curious myth that 'energy', derived from catabolic reactions,
was somehow stored in ATP. Subsequent hydrolysis of ATP was then
thought to release the stored 'energy' which could then be used to
drive anabolic processes. I t is now abundantly clear66 that the one
reaction which must not occur, if there is to be a link between degradative and synthetic processes, is the hydrolysis of ATP. Metabolic
reactions involving ATP and other phosphate esters appear now to
occur by transphosphorylation, and the coupling of metabolic processes
is best discussed in terms of the presence of enzymes catalysing phosphate group transfer reactions. Enzymes catalysing the hydrolytic
reactions are localised, within cells, in regions of low metabolic activity
(e.g. in association with cell membranes, and the structural protein of
muscle). Synthesis of glutamine may well involve the formation of a
phosphorylated derivative of glutamate. The failure to identify such
an intermediate may be explained if the phosphorylated intermediate
is not released from the surface of the enzyme.
The presence of glutamine synthetase in mammalian brain is
interesting in view of the account already given (section 11) of differences between animals and microorganisms in their tolerance of
ammonia. Since ammonia is toxic to higher animals, apparently
acting on the central nervous system, the presence of glutamine
synthetase in central nervous tissue confers a two-fold advantage.
Firstly, given an adequate supply of glutamic acid, ammonia can be
converted to and stored as glutamine, which is non-toxic, and secondly,
the glutamine so formed can replace ammonia as a source of amino
groups.
The function of asparagine is obscure. It can be identified in most
living tissues and occurs at high concentrations in some higher plants
in which it may replace glutamine as a non-toxic source of available
nitrogen. Asparagine and glutamine are interconvertible by transarnidation (equation 29). Direct formation of asparagine from ammonia
CONH,

COOH

COOH

I
COOH

I
COOH

COOH

glutamine

aspartate

glutamate

I

CONHz
I

~OOH
asparagine
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and aspartate may occur by a reaction analogous to that given
for glutamine (equation 28) but a recent report suggests that the
products of ATP cleavage may in this case be AMP and inorganic
pyrophosphate 67.
Glutamine (and probably asparagine) can be destroyed by two
independent routes. The enzyme catalysing direct deamidation to
glutamate is activated by phosphate, suggesting a mechanism related
to that of glutamine synthetase. The second path involves transamination (equation 30) and subsequent deamidation (equation 31) of
a-ketoglutaramic acid. The two reactions are catalysed by separate
enzymes
CONH,

CONH,

(f~a)a

(6~a)a

I

CHNH,

I

+ RCOCOOH

I

I

CO

I

COOH
glutamine

+ RCH-COOH
I

(30)

NH,

COOH
a-ketoglutaramate
CONH,

COOH

~OOH

a-ketoglutarate

C. Amines
I. General

The importance of amines in biological systems is undoubted, but
they are the hardest to discuss under the heading of this chapter. One
reason for this is that different life forms show remarkable differences
in relation both to the formation and function of amines. I n general,
the words 'amine' and 'detoxication' are closely linked in the minds
of most biochemists, implying that amines are undesirable metabolites
which should be removed forthwith. Putrefaction of organic matter
(spoilage of foodstuffs) is largely due to the formation of amines with
familiar, offensive smells. The agents primarily responsible for this
type of amine formation are microorganisms which contain a range of
enzymes catalysing the decarboxylation of amino acids. The toxicity
to mammals of amines produced by bacterial decay may be due to
effects on blood pressure. Certain amines found normally in mammals
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(carried in the blood stream and so classified as hormones) are known,
among other actions, to affect indirectly the size of certain blood
vessels, causing them to constrict (vasopressors) or expand (vasodilators), so increasing or decreasing arterial blood pressure. The
specific effects of particular arnines depend on the site of action and
on the level of concentration so no general statement can be made
about their mode of action. In addition, in common with most
biological control systems, other factors are involved in the overall
control of blood pressure and all the types ofcon trol are interdependent.
It appears, from the preceeding paragraph, that in mammals as
well as in bacteria there must be a mechanism for the production of at
least some amines. The route is now known to be formally the same as
that in bacteria, i.e. decarboxylation of amino acids, but a distinction
must be made between the bacterial and mammalian enzymes, not
only on the grounds of differences in the physiological function of the
products, but also because of differences in the substrate specificities
of enzymes from the two sources.
Plants can use urea and a variety of relatively simple amines as a
source of nitrogen. The first step in the metabolism of amines is
probably oxidation to the corresponding aldehyde and ammonia (see
section V.A). The arnines occurring naturally in plants include
methylamine, isoamylamine and other volatile amines, which are
found in some flowering species. The route to these amines is not
thought to involve decarboxylation of amino acids, but little is yet
known with certainty about the metabolism of amines in plants.
Glutamic decarboxylase activity has been detected in a wide variety
of higher plants, consistent with the widespread distribution of the
product of decarboxylation, yaminobutyric acid.
2. Mechanism of a-decarboxylation

A number of enzymes catalysing decarboxylation of amino acids,
and showing substrate specificity, have been isolated from bacteria
and well c h a r a c t e r i ~ e d ~I~n. ~all
~ .cases, pyridoxal phosphate was
found to be a cofactor. The mammalian decarboxylases are less well
characterised but in common with the plant glutamic decarboxylase
they also require pyridoxal phosphate for activity. The possible
mechanism of decarboxylation is illustrated in Figure 1871. Data
obtained by Mandeles and c o w o r k e r ~on
~ ~the decarboxylation of
a-amino acids in D,O are consistent with this mechanism, the product
amine containing only one deuterium atom attached to the a-carbon
of the substrate. An earlier proposal, that loss of hydrogen from the
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deuterotyramine and a-deuterotyrosine was decarboxylated in H 2 0
to give S-a-deuterotyramine. The configurations of the products were
assigned by comparison of the rates of enzyme-catalysed oxidation (also
stereospecific, see section V1.A) of the two isomers with those for
oxidation of isomers prepared by unambiguous synthesis73.

H

I

R- C-COO1

R-C-

I
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coo-

3. Distribution and specificity of a-decarboxylases

Decarboxylases isolated from bacteria act on the amino acids listed
in Table 4. Each enzyme appears to be substrate specific and the
TABLE4.

I

Common amino acids decarboxylated
by microorganisms.

Amino acid

Product

R-C-H

FIGURE18. Mechanism of a-decarboxylation of amino acids.

a-carbon of the substrate preceeded decarboxylation, is disproved by
this experiment, since such a mechanism would require that two
deuterium atoms be incorporated into the amine from the solvent. The
amine produced by enzyme-catalysed decarboxylation of L-glutamic
acid in D 2 0 is asymmetric about the a-carbon atom (equation 32).
COOH
I

(CH212
H-

l

COOH

,

l

I

-NH2

(CH212

+ D20 eH-C-NH2

+ CO,

I

The enantiomorph of this deuteroamine, prepared by decarboxylation of a-deuteroglutamate in water, does not exchange deuterium
with the solvent, under the same conditions. (a-Deuteroglutamate is
prepared by enzyme-catalysed racemisation of D- or L-glutamate in
deuterium oxide). Additional support for the stereospecificity of
enzyme-catalysed decarboxylation of amino acids comes from experiments in which tyrosine was decarboxylated in D 2 0 to give R-a-

Arginine
Aspartic acid
Cysteic acid
Glutamic acid
Histidine
i-Leucine
Leucine
Lysine
Ornithine
Phenylalanine
Tyrosine
Valine

Agmatine
L-Alanine or p-alanine
Taurine
y-Aminobutyric acid
Histamine
(2-Methy1)butylamine
(3-Methyl)butylamine
Cadaverine
Putrescine
(2-Pheny1)ethylamine
Tyramine
(2-Methy1)propylamine

substrates are in general those found in protein hydrolysates. There is
so far no conclusive evidence for decarboxylation of such common
amino acids as glycine, serine, alanine, threonine, proline or hydroxyproline, the sulphur-containing acids or the common acid amides.
In animals, decarboxylation of glutamic acid, histidine, tyrosine,
phenylalanine and tryptophane and hydroxy derivatives of the
aromatic amino acids is reasonably well established. The enzymes
catalysing decarboxylation of glutamic acid and of histidine are substrate specific but there is no certain evidence for the existence of
specific aromatic amino acid decarboxylases.
a. Glutamic decarboxylase. The activity of this enzymye has been
demonstrated in the brain74.The decarboxylation product (yaminobutyric acid) is known to reduce the excitability of nerve cells and has
been tentatively identified as the central nervous inhibitor in lobster
brain75, and as the peripheral inhibitor in crustacean muscle.
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b. Histidine decarboxylase. This catalyses the formation of histamine
which is liberated when cells are damaged and which has p o w e a
physiological effects. Although histamine causes contraction of the
smooth muscle present in the walls of large blood vessels and one
would predict a consequent rise in blood pressure, it also causes
dilation of the minute peripheral blood capillaries. The overall affect
of administration of histamine is a fall in blood pressure with attendant
side effects. The enzyme is present in special components of the blood
called mast cells.
c. The aromatic amino acid decarboxylase. This catalyses a number of
reactions leading to physiologically important amines. Some of these
reactions are given in Figures 19a and b. The enzyme has been partly
purified from pig kidneyT6and identified in liverT7. I t shows a constant ratio of activities, with respect to decarboxylation of tyrosine,
tryptophane and phenylalanine, 3,4-dihydroxyphenylalanine and
5-hydroxytryptophane, up to one hundred-fold purification. Histidine
is also decarboxylated by the same enzyme but not as efficiently as by
the specific histidine decarboxylase of mast cells.
The specific action of serotonin, the amine produced by decarboxylation of 5-hydroxytryptophane, in stimulating cerebral activity, suggests that a specific decarboxylase for this substrate may be present in
brain tissue. The amine itself cannot pass the so-called blood-brain
barrier, so must be formed in situ. A deficiency of serotonin results in
mental depression. The serotonin produced by the kidney decarboxylase and carried in the blood may be concerned with control of blood
pressure since it is a powerful vasoconstrictor. The two amines
tyramine and tryptamine are both vasopressors.
Norepinephrine, (Figure 19a) and its N-methyl derivative epinephrine (adrenalin) are examples of so-called 'chemical transmitters'
which are substances released at the end of nerve fibres in response to
electrical impulses passing down the fibres. (Electrical impulses, at any
rate in the peripheral nervous system, pass down nerves by transverse
migration of ions across the nerve membrane.) Their function is to
excite neighbouring cells. Where the neighbouring cell is another nerve
cell, the junction is called a synapse; where the neighbouring cell is a
muscle cell, a neuro-muscular junction is said to be formed. Norepinephrine and epinephrine are the transmitters at most of the endings of
nerve fibres belonging to the sympathetic system affecting smooth and
cardiac muscle and glands and, as such, have diverse physiological
effects, e.g. increase in rate and force of heart beat, dilation of the
bronchi, constriction of peripheral vessels etc. In addition, the same
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COOH

I

CHNHz

COOH

I
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COOH

I

CHNHz
I

OH

phenylalanine
t y rosine

tyramine

3,4 dihydroxyphenylalanine (DOPA)

dopamine

l

OH
norepinephrine

two substances are produced in the medullary cells of the adrenal
glands, again in response to nervous stimulation, and are carried
in the blood stream (hence the classification as hormones) to sites
at which they reinforce the effect of direct nervous stimulation of
effector organs. Epinephrine also affects carbohydrate metabolism in
the liver. I t is possible that both these substances are also central
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5- hydroxytryptophane

tryptophane

H

tryptamine

19b.
FIGURE

nervous transmitters but the role of chemical transmitters in th
central nervous system is by no means as well elucidated as it is a
peripheral junctions.
d. Decarboxylation of serine. It was stated at the beginning of
section that there is no conclusive evidence for the existence o
decarboxylase acting on serine. Howev
tion of this amino acid, ethanolamine, i
in particular in association with phosp
are derivatives of phosphatidic acid (Fi

549

base, is itself derived from ethanolamine, and the acetyl derivative of
choline is independently important because it is the chemical transmitter involved in synaptic transmission of nerve impulses in both the
ic
and is the post ganglionic
sympathetic and ~ a r a s ~ m p a t h e tsystems,
transmitter for parasympathetic nerves and for some sympathetic
nerves. It is also the transmitter at the neuro-muscular junction of the
somatic (voluntary) system. Acetylcholine acts at those junctions outside the central nervous system which do not respond to epinephrine
or norepinephrine.
Recent work in the general field of lipid biochemistry has revealed
that although the carbon skeleton of serine is extensively used in the
biosynthesis of ethanolamine (and hence choline and acetylcholine),
decarboxylation of free serine does not occur78*79, nor is the ethanolamine formed from serine found free. It appears that the hydroxyl
group of serine is first esterified with phosphatidic acid by reaction
with cytidine diphosphate diglyceride (Figure 2 1). Phosphatidyl

CH2-0-CO-R

FIGURE
2 1. Cytidine diphosphate diglyceride.
L-a-phosphat~d~c
ac~d

P-phosphat~d~c
ac~d

FIGURE
20.

group is esterified with ethanolamine. The lecithins have the same
general structure as the cephalins but the phosphate group is esterified
with choline in place of ethanolamine. Choline, a quaternary nitrogen

serine is then d e c a r b o ~ ~ l a t e dto~ phosphatidyl
~.~~
ethanolamine,
methylation of which produces phosphatidyl choline (a lecithin) and
choline is eventually released by enzyme-catalysed hydrolysis. The
reactions are summarised in Figure 22, with the steps involved in
reconversion of choline to serine through a betaine which is successively demethylated to glycine and the glycine hydroxymethylated to
serine.
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(CH~)~~CH~CHO
betaine aldehyde

\

(CH~)~~CH~COOH

choline

betaine

.F

I

I

J.

(CH3)2NCH2COOH
dimethylglycine

I

phosphatidyl choline (lecithin)

t
phosphatidyl dimethylethanolamine

t
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ing of living organisms as are the amino acids. The relevance of these
compounds to the present discussion is two-fold. Firstly, three of the
five most common nucleotides have amino substituents in the purine
or pyrimidine rings (Figure 23), the amino groups coming from the
arnide group of glutamine or possibly from ammonia, and secondly,
the nitrogen atoms of the heterocyclic purine and pyrimidine bases
originate variously from aspartate, ammonia (in the form of carbamyl phosphate, see section V1.B) and again the amide group of
glutamhe. Much information was obtained, in the years 1950-59,
concerning the biosynthetic routes to the nucleotides, largely from the
results of isotope studies. The fact that purines and pyrimidines are
not essential constituents of the diet and, moreover, that dietary
purines and pyrimidines are not, in general, incorporated into tissue
nucleic acids, suggests immediately that biosynthesis of these compounds may not occur through the free bases. I t is now well established
that the two types of hetero rings are made at the nucleotide level.
Both purine nucleotides originate in inosinic acid, the nucleotide of
6-hydroxypurine, and the pyrimidines originate in uridine-5'-phosphate, a nucleotide of 2,6-dihydroxypyrimidine.

1

II

R-0-P-0-CHaCH2NHCH3

NHaCHaCOOH
glycine

AH
phosphatidyl methylethanolamine

t

I

NH~

OH
I

uracil

thyrnine

cytosine

J.

HOCH2CHNHpCOOH
serine

/

phosphatidyl ethanolamine

/

OH
guanine
I

OH
phosphatidyl serine

FIGURE
22. Interconversion o f serine a n d choline.

D. Purines and Pyrimidines
I. General

The purine and pyrimidine nucleotides, which are the basic units
of the macromolecular nucleic acids, are as important to the function-

NH2
adenine

FIGURE
23. C o m m o n p u r i n e a n d p y r i m i d i n e bases.

Although the origin of each atom in the two ring systems is now
known (Figure 24) the postulated routes are not unequivocally
established. This is hardly surprising in view of the number of steps
apparently involved and the inherent instability of some of the postulated intermediates. The problem of isolating and characterising the
enzymes involved is immense and the frequency with which the
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FIGURE
24. Origins of purine and pyrimidine ring systems.

o=c,
ubiquitous nucleotide ATP (see s
with intermediate reactions sugges
the detailed mechanism of purine
stood.
In view of the t
mostly arising from
made here to give a detailed acco
pyrimidines. The subject has be
Meister's book-Biochemistry of the Amino Acids46,and more extensively
reviewed at an earlier datee2.
The two schemes illustrated in Figures 25 and 26 are very much
simplified but include the principal reactions currently believed to be
involved.

orotic acid

LHCOOH

NH
dihydroorotic acid

i1.'
bH

OH

5-phosphoribosyl pyrophosphate

2. Biosynthesis of pyrimidine nucleotides (Figure 25)

Enzymes catalysing reactions Ie3and IIIe4have been crystallised
from bacterial sources. The dihydroorotic dehydrogenase is a flavoprotein which is reoxidised by NAD+. Reaction IV involving inversion of configuration at the C,,, atom of the ribose sugar, has been
studied extensively by Kornberg and associatese5.
Substitution of an amino group for the 6-hydroxyl group of uracil
to form cytosine apparently occurs when the base is present as a
nucleoside triphosphate. There is some argument as to whether the
amino group originates in ammoniae6 or glutarninee7. The introduction of a methyl group in the C,,, position of the base to form thymine
occurs at the nucleotide level, that is after reduction of the sugar ring
to form 2-deoxyribose, the sugar found in thymidylic acid.
3. Biosynthesis of purine nucleotides (Figure 26a)
~

The purine ring system is built, stepwise, onto the C(,, atom of
ribose-5-phosphate. Reaction I presumably involves inversion of

-R-@=

/3 link t o C,,

of ribose
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a See Figure 25.
Cl fragment carried on tetrahydrofolic acid (Figure 13) strictly N(,,N(lo,
methenyl T H F (Figure 37), not N(lo, formyl THE as is involved at (C).
FIGURE26a.

Guanosine triphosphate.
FIGURE26b. Conversion of inosinic acid to adenylic and guanylic
acids.

configuration at the C,,, atom, but the ribosylamine intermediate has
not been isolated, probably because of its chemical reactivity. Synthetic 5-phosphoribosylamine is converted to the second intermediate
(reaction 11) in the presence of glycine, ATP and an enzyme isolated
from pigeon livera8. Enzymes catalysing reactions 111, IV and V
have been partly purified from l i ~ e r ~ ~Carboxylation
.~O.
of 5-aminoimidazole ribonucleotide (reaction VI) occurs in the presence of high
concentrations of bicarbonate buffer. The reaction is strongly inhibited by the productg1. Reaction V11 is blocked in sulphonamideinhibited cultures of Eschiarischia coli and the 5-amino-4-irnidazole
carboxamide ribonucleotide accumulates under these conditionsg2.
The purine-N3 is introduced by a condensation reaction with aspartate
(reaction VII) presumably to form an imine which undergoes prototropic rearrangement to the N-succinyl compound shown. The same
type of reaction is involved in the conversion of inosinic acid to adenylic
acid (see below). Cleavage of the N-succinyl compound releasing
fumaric acid (reaction VIII) is apparently catalysed by an enzyme
(adenylosuccinase) which has been partly purified from yeaste3. The
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enzymes catalysing reactions IX and X have not been separated no
has the formamido intermediate been identified with certainty. H
ever, the synthetic formamido compound is rapidly cyclised to inos
acid by enzymes present in liver 94.
I n the conversion of inosinic acid to adenylic acid (Figure 26b)
amino group is introduced by condensation of the 6-hydroxyl gr
with aspartate to form adenylosuccinic acid (cf. reactions V11 an
VIII, Figure 26a). The overall reaction, catalysed by an enzym
isolated from E. colig5 is alleged to involve the purine nucleosid
triphosphate GTP. Conversion of inosinic acid to guanylic acid in
volves first oxidation to xanthilic acid, catalysed by an NAD-depend
dehydrogenase, and then amination of the xanthine base, at
2-position, by glutamine in the presence of ATP.

I

D-alanine

E. Amino Sugars

N-acetylmuramyl
peptide

I. General
A number of amino sugars and N-acyl derivatives of amino suga
occur widelyg6*97 in mucopolysaccharides, e.g. in bacterial cell walls
the skeletal structure of arthropods (chitin), animal cartilage a
bone, in bacterial antibioticsg8and on the exterior of red blood ce
where they are concerned with the antigen-antibody reactions, on th
basis of which individuals are classified into blood groups. T h
mucopolysaccharides are crosslinked polymers containing more th
one sugar derivative and frequently occurring in association wi
protein and polypeptide material. Hyaluronic acid, for exampl
found in skin and bone, is a crosslinked polymer of glucuronic aci
and N-acetylglucosamine; cartilage contains chondroitin, a p01
of glucuronic acid and N-acetylgalactosamine sulphate. Some
terial cell walls contain crosslinked polymers of N-acetylglucosamm
alternate carbohydrate units having a lactyl side-chain substituted on
the C,,, of the ring (N-acetylmurarnic acid), and such cell walls are
attacked by the enzyme lysozyme, mentioned in section IV. T h
lactyl side-chain of N-acetylmuramic acid is frequently linked to a
peptide chain commonly containing both D- and L-alanine, D-glutamic
acid and L-lysine99 (Figure 27).
A group of compounds, called the sialic acids, are N- and 0-acyl
derivatives of neuraminic acid, itself a derivative of D-mannosamine
(Figure 28). The sialic 99 acids are widely distributed (e.g. in egg yolk,
human semen and in blood serum) both free and bound to the
polysaccharide part of most, if not all, mucoproteins. They are closely
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N-acetylglucosamine

FIGURE27. Type of polysaccharide structure found in some
bacterial cell walls.
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concerned with preventing agglutination of blood cells, (the response
to bacterial or virus infection or the introduction of any foreign
material which produces an antigen-antibody reaction). There is now
evidence that neuraminic acid derivatives also occur in association
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with some enzymes, e.g. placental alkaline phosphatase and prostatic
acid phosphatase.

esters of N-acetylgalactosamine or N-acetylmannosamine, have been
reported lol- lo3.
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2. Biosynthesis of amino sugars
The most common amino sugars, glucosamine, galactosamine and
mannosamine, have a common
intermediates of the main glycolys
carbon dioxide and water). The a
amide group of glutamine. The re
and glutamine (equation 33) is 'unusual' in th
ATP (see section V.B). Enzymes catalysing this reaction hav

yOy;yH

@OH~C

R = H, coenzyme A

OH
8-D-fructofuranose-6-phosphate

R = CH3C0, acetyl coenzyme A

FIGURE
29.

D-glucosamine

isolated from Neurospora crassa, E. coli
that glucosamine was form
glutamine are presumably
isomerase in the crude bacterial extr
The amino sugar is acetylated in the presence of acetyl coenz
A (Figure 29), the most common biological acetylating agent.
The reactions by which glucosamine (or N-acetylglucosamine)
converted to galactosamine, by inversion at C,,,, or mannosamine,
inversion at C,,,, are complex. Epimerisation does not occur at
simple hexosamine phosphate level
at the C,,, position of the
triphosphate (uridine or thy
diphosphoamino (or N-acylamino)
catalysing epimerisation of uridine (
of glucosamine, to form the nucleos
amine, or of N-acetylglucosamine, to form the nucleoside diphosphate

FIGURE
30. Uridine diphosphoglucosamine.

Recent work on the structure and biosynthesis of bacterial cell walls
has given some indication of the way in which the crosslinked polysaccharide components are formed. There are several justifications
for including here a brief account of work in this field. Firstly, certain
antibiotics (e.g. the penicillins, bacitracin A, novabiocin) are known
specifically to inhibit bacterial cell-wall synthesis. If, as seems likely, the
inhibition is of an enzyme-catalysed reaction, a knowledge of the
particular substrates involved might lead to the design of more
powerful bactericidal agents. Secondly, the particular type of cell
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wall to be described is the substrate for the enzyme lysozyme already
discussed in section 2. Thirdly, the enzymes catalysing certain of the
steps to be outlined below are of considerable interest from a mechanistic point of view. They show a high degree of substrate specificiv
and the substrates are chemically more complex than those discussed
in previous sections. The mechanisms of catalysis by such enzymes may
well be analogous to the hydrolytic reaction catalysed by lysozyme,
the protein providing an extensive environment within which correct
orientation of the substrates is a stringent prerequisite for reaction to
occur.
The cell wall of Staphylococcus aureus contains the alternate
acetylglucosamine, N-acetylmuramyl peptide structure illustrated
Figure 27.* Studies of the biosynthesis of this
are largely due to Strominger and his collabo
considerable insight into the steps involve
glucosamine is formed as a hexose-6-phosphat
derivative is not a substrate for enzymes ca
thesis. The hexose unit is incorporated into
uridine diphosphate ester of N-acetylglucosa
diphosphate esters of glucosamine or N-acetylglucosamine (Figure 30)
are formed by reaction between uridine triph
l-phosphates which must, in turn, be formed
hexose-6-phosphates (cf. equations 33 and 34).

catalysing each addition have been partly purified104.105.Only the
completed nucleoside diphospho-N-acetylmuramylpentapeptide acts
as a substrate for cell-wall synthesis. Particulate, cell-free preparations
from Staphylococcus aureus which catalyse a reaction between the
nucleoside diphosphate esters of N-acetylglucosamine and N-acetylmuramyl pentapeptide to form 'cell-wall-like' material have been
obtainedlo6.
The metabolism of N-acetylmannosamine and its relation to the
formation of the sialic acids (derivatives of neuraminic acid) are not
well understood. The subject has been reviewed by Rosemanlo7.
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F. Miscellaneous Amino Compounds and Derivatives
There are a number of amino compounds, of immense biological
importance, which cannot be classified with the compounds so far
discussed. I t is intended, in this section, to discuss the possible origins
of some of these compounds and also to give a brief account of the
biosynthesis of certain important heterocyclic systems which are
derived from the simple amino compounds already discussed.
I. VitaminsloB

Hexosamine-I -phosphate + UTP _'
Uridine diphosphohexosamine + Pyrophosphate (34)

The second hexose unit, muramic acid, is apparently formed at the
nucleoside diphosphate ester level but the course of this reaction is not
well understood. The lactyl side-chain may well be introduced by
condensation of uridine diphospho-N-acetylglucosamine and phosphoenol pyruvate, liberating inorganic phosphate. The pentapeptide
side-chain of the muramyl peptide unit is formed by stepwise addition
of the first three amino acids, to uridine diphospho-N-acetylmuramic
acid, in the presence of ATP and either magnesium or manganese
ions, one mole each of ADP and inorganic phosphate being formed for
each amino acid added, and final addition of the dipeptide D-alanylD-alanine, again in the presence of ATP. The separate enzymes
*

*

*

* The figure illustrates a P 1 : 4 glycosidic link between successive hexose
units but it is possible that 1 :6 links are also present in cell-wall material from
different microorganisms.

II
v

The familiar word vitamin derives from 'vital amine', the term
being introduced in 1912 following the recognition that certain
diseases could be prevented by addition to the diet of some compounds
originally believed to be amines. Later it was revealed that not only
are these compounds not all amines but some contain no nitrogen at
all, such as the 'fat-soluble' A, D, K and E groups and vitamin C.
The water-soluble vitamins (B group), all contain nitrogen, and
appear to function, in more or less well-understood ways, as cofactors
for enzyme-catalysed metabolic reactions, hence the limitation of the
present discussion to members of this group and their derivatives.
a. Vitamin B, (thiamine). (Figure 3 1a). The pyrimidine and thiazole rings of thiamin are formed separately but the origins of the two
rings are not yet known. I t is presumed that the pyrimidine ring is
formed from orotic acid but no information is yet available concerning
the introduction of the 4-amino group. Two possible routes to the
thiazole ring are given in Figure 3 lb. The two ring systems are linked
by a reaction between the pyrimidine pyrophosphate and the thiazole
monophosphate. The product is hydrolysed to free thiamine before
conversion to a pyrophosphate, in which form vitamin B, is a cofactor
for an enzyme catalysing the reversible decarboxylation of pyruvate.
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Imine formation between pyruvate and the amino substituent in the
pyrimidine ring was at one time suggested as a possible step in decarboxylation but this idea has since been abandoned. The reaction is
now believed to involve nucleophilic attack o
pyruvate by an anion formed by loss of a pro
in the thiazole ring. Details of the mechanism need not concern
since no amino group is involved in either the substrate or the cofactor.

b. Vitamin B, (ribojavine). The two nitrogen-containing rings of the
isoalloxazine system of riboflavine (Figure 32) are derived from
adenine. The routes to the dimethylbenzo ring and the ribityl sidechain are unknown. The two derivatives of riboflavine (Figure 2c)
which occur as the cofactors in flavoprotein enzymes catalysing
oxidation-reduction reactions (e.g. amino acid oxidases) act as
hydrogen acceptors. The addition of two hydrogen atoms across the
conjugated double bonds between N,,, and N(lo, gives the reduced
flavin ring shown in Figure 2d.
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FIGURE
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FIGURE
32. Riboflavine.
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c. Vitamin B, (pyridoxine). (Figure 5a). No information is yet
available on the biosynthesis of pyridoxine. The phosphorylated
derivatives of pyridoxine (see Figures 5b and c) which act as cofactors
for enzymes catalysing certain reactions of a-amino acids, have already been discussed (sections 1V.C and V.C).
d. Vitamin B,, (cyanocobalamin). The somewhat formidable structure
of Vitamin B is given in Figure 33. The 5 :6 dimethylbenzimidazole
l2
nucleotide unit is probably joined, through the l-amino-2-propanol
bridge formed by decarboxylation of threonine, to the preformed
corrin nucleus. The corrin nucleus is itself a modification of the
porphyrin ring system which occurs commonly, for example in
haemoglobin, chlorophyll and in the cytochromes. Compounds
containing the tetrapyrrole ring system probably have a common
origin (see section V.F.2). The acid amide groups in the corrin sidechains may be formed by transamidation between glutamine and the
19
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intermediate and that the side-chain originates in pimelic acid.
Biotin is involved in certain decarboxylation reactions and in the
deamination of some amino acids, e.g. aspartate, serine and threonine.

FIGURE34. Biotin.

FIGURE33. Vitamin B,,.

acetic acid and propionic acid side-chainswhich are correctly arranged
about the porphyrin rings of uroporphyrin I11 (Figure 39).
Vitamin B,, was first identified as the antipernicious anaemia
factor, present in whole liver. Only recently has it been shown that,
in common with other members of the B group of vitamins, a derivative of cyanocobalamin (having the cyanide group replaced by
adenosine) is a cofactor for certain enzymes, in particular, those
catalysing the isomerisation of glutamate to 8-methyl aspartateloB
(bacteria) and of the methylmalonyl derivative of coenzyme A
(Figure 29) to succinyl CoA1lOJ1l. It has been suggested that both
isomerisations involve cyclic intermediates and that the enzymecofactor complexes may stabilise carbanions formed on cleavage of the
rings in these intermediates.
e. Vitamin H (biotin). The biosynthetic route to bio tin (Figure 34) is
unknown, but there is indirect evidence that desthiobiotin is an

f. Vitamin B, (pantothenic acid). The precursors of pantothenic acid
(Figure 35) are pantoic acid (from or-ketovaleric acid) and 8-alanine
(a decarboxylation product of aspartate). A bacterial enzyme112,
pantothenic acid synthetase, catalyses the condensation of these two
compounds to form pantothenic acid.
Pantothenic acid is a constituent of the CoA molecule (Figure 29),
the biosynthesis of which is summarised in Figure 35. Only the
sulphydryl group of CoA is known to be directly involved in transacetylation reactions. The function of the remainder of the molecule
is obscure.
g. Folic acid. The structure of folic acid is given in Figure 13. The
compound is formed by condensation between p-aminobenzoic acid
and glutamic acid followed by a second condensation reaction with a
substituted pteridine. The pteridine nucleus appears to originate from
the purine ring system, probably by a route related to that involved
in the formation of the isoalloxazine ring system of riboflavin.
A reduced form of folic acid (tetrahydrofolic acid, FH,) is active
in so-called one-carbon metabolism. A formyl group may be substituted on NC5,or NClo, and the N,5,-N,10, methenyl derivative
(Figure 36) is also active. Reactions involving the introduction of
one-carbon fragments include the conversion of glycine to serine
(Section V.C.3), ethanolamine to choline (Section V.C.3) and the
introduction of C,,, of the purine nucleus (Section V.D.3).
h. Nicotinamide. The route to the precursor of nicotinamide,
nicotinic acid, is different in animals and bacteria. In animals (see
Figure 37) tryptophane is converted to nicotinic acid by a series of
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reactions in which first the five-membered ring is opened, the resulting
carbon side-chain in the six-membered ring is oxidised and fragmented;
the six-membered ring is then opened and reformed to give a quinolinic
acid. In bacteria, the carbon skeleton of nicotinic acid is formed from
a three-carbon unit (e.g. glycerol) and a four-carbon dicarboxylic
acid113.
The formation of nicotinamide from nicotinic acid occurs at the
nucleotide leve1114. Nicotinic acid first reacts with phosphoribosyl
pyrophosphate to form nicotinic acid mononucleotide and inorganic
pyrophosphate. The mononucleotide then reacts with ATP to form a

~

NH&OOH

NH2
kynurenine

3-hydroxyanthranilic acid

- HO
,!

COOH

..

nicotinic acid

COOH
quinolinic acid

FIGURE37. Biosynthesis of nicotinic acid (animals).
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dinucleotide (and pyrophosphate) and the nicotinic acid-adenine
dinucleotide then reacts with glutamine (and ATP) to give nicotinamide-adenine dinucleotide. Nicotinamide-adenine dinucleotides
(Figure 2a) are the cofactors for many enzymes.
Addition of hydrogen to the oxidised form of NAD (or NADP)
occurs at the 4-position of the pyridine ring (Figure 2b). It is known,
from deuterium isotope studies, that the reduction is stereospecific,
implying that the link between enzyme protein and cofactor is such
that free rotation about the pyridine nitrogen nucleotide bond is
prevented. Dehydrogenases can be classified into two groups showing
different stereospecificity with respect to reduction of the nicotinamide ring.

tive of coenzyme A which condense to form a-amino-p-ketoadipic
acid. This undergoes a-decarboxylation to form 8-aminolaevulinic
acid, two molecules of which condense to give a pyrrole ring which
already carries the acetic and propionic acid side-chains found in the
uroporphyrins (Figure 39). Subsequent polymerisation of four-substituted pyrroles with the loss of ammonia from the methylamine
side-chains gives the reduced precursor of the uroporphyrins. The
methyl and vinyl side-chains of copro- and protoporphyrins are formed
by decarboxylation of acetic acid side-chains and oxidation and
decarboxylation of propionic acid side-chains respectively. The metal
ion present in haem compounds and in cytochromes (iron), in chlorophylls (magnesium), and in cyanocobalamine (cobalt), is apparently
introduced after the porphyrin (or corrin) nucleus has been formed.

2. Pyrrole-containing compounds

A number of biologically important compounds contain substituted
pyrroles in cyclic or linear array. With the exception of the corrin
nucleus of vitamin B,, in which one methylene bridge is missing, the
cyclic tetrapyrroles can be regarded as derivatives of the parent
porphin, the structure of which is given in Figure 38. The porphyrins

FIGURE
38. Porphin.

3. Plant alkaloids

are classified in terms of the types of substituents on the pyrrole rings
(positions 1 to 8). For example, the coproporphyrins have one methyl
and one propionic acid group on each ring; the uroporphyrins (Figure
39) have the methyl groups replaced by acetic acid groups and in
protoporphyrins (in haem, and modified in chlorophyll) the groups
are variously acetic acid, propionic acid, methyl and vinyl. The linear,
bile pigments are breakdown products of porphyrins.
All pyrrole-containing compounds have a common origin, the
pyrrole ring itself being formed from glycine and the succinyl deriva-

The biosynthesis of plant alkaloids has recently been well reviewed
by Bu'Lock115 and will therefore be considered very briefly. It is not
possible to make general statements about the mechanism of biosynthesis of this large and varied class of compounds, partly because of the
incomplete state of knowledge of any individual routes. Tracer
studies have contributed much information in this field but perhaps
more has resulted from hypotheses, based on inductive reasoning,
resulting from the observation that certain common units occur
within complex organic structures. The alkaloids appear to be derived
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largely from only a small number of amino acids. For example,
ornithine contributes the C,N unit to the pyrrolidine alkaloids such
as hyoscyamine (Figure 40a) while lysine contributes the C,N units
to the piperidine alkaloids such as lupinine (Figure 40b). Alkaloids
such as morphine (Figure 40c) and belladine, contain C, C, N (phenylethylamine units) derived from the aromatic amino acids, phenylalanine and tyrosine. The fifth amino acid to contribute significantly to
alkaloid biosynthesis is tryptophane, from which are derived the
so-called indole alkaloids such as strychnine and yohimbine.

main route by which D-amino acids are broken down in animals.
Apart from the routes which have already been discussed, two main
types of reaction lead to the production of ammonia.
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FIGURE
40a. Hyoscyamine.

FIGURE
40b. Lupinine.

RGURE4 0 ~ .Morphine.

VI. T H E F O R M A T I O N O F N I T R O G E N - C O N T A I N I N G
WASTE PRODUCTS

The reactions of amino compounds, considered so far, have been
largely concerned with the production of essential cell constituents
from ingested material. The remaining section is concerned with
those reactions by which excess amino compounds are converted first
to ammonia and then to common excretion products. The division
between biosynthetic and degradative reactions is not clear cut as
can be seen from the fact that the reaction catalysed by the enzyme
glutamic dehydrogenase produces ammonia and has already been
discussed in sections I1 and 1V.B. Oxidative deamination of the
D-amino acids has also been discussed (section V.A) because the
reverse of this reaction appears to be the main route bv which D-amino
acids are formed in mi&iorganisms but it is also believed to be the

A. Production of Ammonia
I. L-Amino acid oxidases

The original observation by Krebs116, that homogenates of mammalian liver and kidney catalysed the oxidation of both D- and Lamino acids, was followed by a number ofattempts to purify individual
amino acid oxidases. Although a crystalline, non-specific D-amino
acid oxidase has been isolated from kidney, the only evidence for the
existence, in mammals, of a single enzyme catalysing the oxidative
deamination of L-amino acids, comes from an early report by Blanchard
and coworkers117. This particular flavoprotein, isolated from rat
kidney, is odd for two reasons: (a) it shows a higher oxidative activity
towards some a-hydroxy acids (e.g. L-lactic acid) than to L-amino
acids and (b) the catalytic activity is very low compared with most
other enzymes. The amounts of this enzyme in kidney homogenates
are certainly too small to account for Krebs' original observations of
the oxidation of L-amino acids. I t is now generally believed that
L-amino acid oxidation by mammalian tissue homogenates is due to
the coupling of two enzyme-catalysed reactions, the first a transamination between the L-amino acid substrates and a-ketoglutaric
acid and the second, deamination of the resulting glutamic acid,
catalysed by glutamic dehydrogenase (Section 1V.B). This is probably
the principal route, in mammals, to the production of ammonia from
excess amino acids.
The highest L-amino acid oxidase activity is found in the venoms of
a variety of snakes, the enzyme being present to the extent of up to 3%
of dried, whole venom in some species. Crystalline enzymes (both
flavoproteins) have been isolated from the venoms of water moccasin 118 (Ancistrodon piscivorus) and rattle snake llg (Crotalus adamanteus)
and shown to be similar with respect to molecular weight (130,000)
and flavin content (2 moles FAD/mole protein). The enzymes are not
substrate-specific but are more active with the L-isomersof methionine,
leucine, tryptophan, phenylalanine and tyrosine than with other
L-amino acids. The reactions catalysed by L-amino acid oxidase are
formally the same as those discussed in section V.A (reactions 23-26)
but, as is the case for the D-amino acid oxidase, the mechanism of
19*
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oxidative deamination remains obscure. The function of large quantities of L-amino acid oxidase in snake venom is quite unknown.
L-Amino acid oxidase activity has been detected in a variety of
moulds, yeasts and bacteria, but the enzymes from these sources have
not been well characterised. A partly purified enzyme from Proteus
vulgaris laOis curious in that it does not apparently produce hydrogen
peroxide in the presence of molecular oxygen (equations 22-26) and
absence of catalase.

enzyme were notably different from those of the mitochondrial
enzymes, both in regard to substrate specificity and cofactor requirement. The beef plasma enzyme, although classified as a monoamine
oxidase, does act on certain diamines, in particular spermine and
spermidine, (amines found in seminal fluid and apparently derived
from putrescine, the decarboxylation product of ornithine). The
oxidation products from spermine and spermidine are a dialdehyde
and a monoaldehyde respectivelyla5 (equations 36 and 37). The en-
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2. Amine oxidases2*

The enzymes catalysing the oxidation of naturally occurring amines,
according to equation (35), found in both plants and animals, were
RCHzNHz

+ Oa + HzO

RCHO

+ NH3 + H20

(35)

originally classed as monoamine oxidases and diamine oxidases.
Recent work has shown that, although there are two separate types of
enzymes, the difference between them does not Lie in the number of
amino groups in the substrates. The substrate specificities are, in
both cases, more complex. There are two main types of monoamine
oxidases, the intracellular, mitochondrial enzyme (present to a
significant extent in liver tissue) and the extracellular, soluble enzymes
present in the blood serum, particularly that of ruminants. The
former are poorly characterised as proteins because of the common
problem of solubilising normally particulate enzymes. (A fifty-eight
fold purification of the beef mitochondrial enzyme was recently
reported121.) The enzyme acts on simple aliphatic amines (with the
exception of methylamine and ethylamine) according to equation (35)
and catalyses the oxidation of such physiologically important amines
as serotonin, tyramine and norepinephrine (section V.C). I t also
oxidises secondary and tertiary N-methyl derivatives of amines, e.g.
epinephrine and N,N-dimethyltryptamine, producing methylamine
and dimethylamine in place of ammonia, and slowly attacks such
diamines as cadaverine (formed by decarboxylation of lysine) and
some long-chain diamines (Cl4, Cl, and Cl,). Histamine is also oxidised slowly in the presence of the mitochondrial monoamine oxidase.
The enzyme is believed to contain functional copper and also, possibly,
~ ~ . decision on these points must await further
a flavin c ~ f a c t o r l Final
purification of the enzyme. The activity of 'monoamine oxidase' is
unaffected by reagents known to inhibit pyridoxal phosphate-dependent, enzyme-catalysed reactions.
Soluble amine oxidases have been crystallised from the blood serum
of beef123 and pigs124. I n both cases the properties of the purified

zyme crystallised from pig plasma has been called ' benzylamine
oxidase' 12*in spite of the fact that it acts equally well with mescaline
(2,3,4-trimethoxyphenyl ethylamine) and also oxidises histamine (at
approximately half the rate). The enzyme from beef plasma acts on
the same monoamine substrates. Unlike the mitochondrial enzymes,
neither plasma enzyme will oxidise N-methyl derivatives of amines
and this is consistent with the recent finding that the plasma amine
oxidases contain tightly bound pyridoxal-5'-phosphate. (The suggestion that pyridoxal phosphate might be involved in amine oxidation
was made as long ago as 19491a6.) I t is an unusual finding, in that
other pyridoxal phosphate-dependent enzymes catalyse reactions of
amino acids, rather than amines.* It is now suggested that the reactions catalysed by plasma amine oxidases occur by Schiff's base
formation between primary amino groups in the substrates and the
aldehyde group of pyridoxal phosphate. The involvement of a
pyridoxal cofactor could explain the known sensitivity of plasma
amine oxidases to carbonyl reagents such as cyanide. The plasma
oxidase is also believed to contain copper (3 g atoms per mole of
protein, mol. wt. .~200,000.)An amine oxidase present in pea
seedlings also contains copperla7 and is sensitive to carbonyl reagents,
but there is no direct evidence for the presence of bound pyridoxal
phosphate.
The enzymic activity originally attributed to a diamine oxidase was
first observed in pig kidney and later shown to be fairly widespread in
animals, plants and microorganisms. The enzyme catalyses the

* The exception being muscle phosphorylase which contains pyridoxal
phosphate, the function of which remains obscure.
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oxidation of the diamine decarboxylation products from arginine,
(agmatine), lysine, (cadaverine) and ornithine, (putrescine) and the
more complex diamines spermine and spermidine. The oxidation
products are amine aldehydes which might be expected to cyclise.
The amine aldehyde from cadaverine would cyclise to an oxidised
precursor of piperidine (equation 38). The enzyme appears to be
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CH

CH-CH-COOH

l
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5 CH,=CH-CH-COOH

H NH,
(39)

threonine

NH3 + CH3-CH2-C-COOH

II

0

+

H10
tCH3-CHa-C-COOH

I1

NH

a-ketobutyrate

are said to
present in Neurospora c r m ~ a lE.
~ ~~, o l iand
l ~ sheep
~
liver
be pyridoxal phosphate dependent. A recent report 134 suggests that
the threonine dehydrase of sheep liver may normally be present to
variable extents as an inactive complex with serine. Threonine
dehydrase activity could be demonstrated after heat treatment to
remove serine.
b. Typtophanme. The breakdown of tryptophane to indole, pyruvate and ammonia, is catalysed by a bacterial enzyme which requires
pyridoxal phosphate as a cofactor (equation 40).
mitochondrial but is more readily solubilised than the mitochondrial
monoamine oxidase. The recent report lZ8of a substantial purification
(1000-fold) of the enzyme from pig kidney suggests also that the
enzyme contains both copper and firmly bound pyridoxal phosphate.
There has been some controversy regarding the possible identity of
the diamine oxidase with histaminase, the enzyme catalysing the
oxidation of histamine to irnidazole acetaldehydelZ9. (It should be
noted that histamine is not a diamine, a fact which underlines the
unsatisfactory nature of the original classification of amine oxidases.)
The most recent datalZ8shows that the ratio of the activities with
respect to diamine substrates and histamine, remains constant throughout the purification of the pig kidney ' diamine oxidase'.
3. Miscellaneous reactions
The production of ammonia by non-oxidative processes is of less
general importance. Enzymes catalysing non-oxidative deamination
are relatively substrate-specific.
a. Amino acid dehydrmes. The two hydroxyamino acids, serine and
threonine, are both dehydrated and deaminated in the presence of
specific dehydrases. I t has been suggested130 that the reaction may
involve dehydration, to give a, /3- or /3,y-unsaturated amino acids,
followed by rearrangement, to the corresponding imino acids, and
hydrolysis to an a-keto acid and amonia (equation 39). The dehydrases

c. Cysteine de~ulphydrrrrel~~.
Removal of hydrogen sulphide from
cysteine is accompanied by non-oxidative deamination (equation 4 1).
The reaction is analogous to the dehydration and deamination of the
hydroxy amino acids and is catalysed by pyridoxal phosphate-dependent enzymes present in some mammalian tissues and some microorganisms.

d. Deamination of purines andpyrimidines. The amino substituents in the
purines, guanine and adenine, and the pyrimidine, cytosine, are not
apparently lost by deamination of the free bases. Enzymes catalysing
non-oxidative deamination of the corresponding nucleosides have been
demonstrated in liver and other tissues, while the enzyme adenylic
deaminase, present in muscle, converts the nucleotide adenylic acid
to the deaminated analogue, inosinic acid.
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B. Formation of Excretory Products

The discussion in this last section is limited to the fate of the
ammonia, produced by deamination of amino compounds, in animals.
Excretion is a function not normally attributed to plants or to microorganisms, a fact which may reflect the greater economy of these
simpler life forms in regard to the utilisation of ingested nitrogen
compounds. I n animals, the general efficiency with which ingested
nitrogenous materials are used to maintain a healthy state of existence
is relatively low. I n addition, the turnover of such essential nitrogenous
compounds as proteins and nucleic acids is relatively rapid. The main
problem is the efficient conversion of excess amino compounds to
non-toxic products excreted in the urine. The toxicity of ammonia,
particularly in the central nervous system of higher animals, has
already been noted and it has long been recognised that the level of
free ammonia in the tissues, in blood and in urine, is only significant in
certain cases of metabolic disorder.
The principal nitrogenous excretion product is urea in mammals
and most aquatic species, and uric acid in birds and reptiles. There
are, of course, a number of exceptions to this generalisation. The
Dalmation dog, for example, excretes significant quantities of uric
acid while spiders excrete guanine in place of uric acid. Other species
are known to show different behaviour in the course of their development, e.g. tadpoles and chicken embryos form ammonia, while frogs
and hens produce urea and uric acid respectively. Certain lower
aquatic species lose ammonia directly, a simple diffusion process
replacing the complex excretory systems of higher animals.
The main routes by which surplus amino compounds are converted
to urea and uric acid, are considered below.
I. Urea formation
I t was suggested, by Krebs and Henseleit 1 3 more
~
than thirty years
ago, that urea is formed (primarily in liver tissue), by a cycle of
reactions between the basic amino acids, ornithine, citrulline and
arginine. The original scheme, given in Figure 41, is now known to
be oversimplified. Other intermediates are involved, and enzymes
catalysing the individual steps in the reaction have been purified and
partly characterised. The reactions involved are as follows:
(a) Formation of carbamyl phosphate from ammonia, carbon
dioxide and adenosine triphosphate (ATP). The reaction is catalysed
by carbamyl phosphate synthetase which requires two cofactors, i.e.

I

COOH

~ H N H ~
l

COOH

ornithinet-

citrulline

FIGURE41.

I

~OOH

arginine

I

Formation of urea.

magnesium ions and an N-acyl derivative of glutamate. Two moles of
ATP are broken down in the course of the reaction (equation 42).
Equilibrium lies towards carbamyl phosphate formation. The mechanism of the reaction is obscure.
CO2 + NH3 + 2 ATP

+NH2C(=O)OP03H2 + 2 ADP + H3P0,

(42)

(b) Elimination of inorganic phosphate between carbamyl phosphate and ornithine to give citrulline. The reaction (equation 43) is
catalysed by ornithine transcarbamylase which has been purified from
liver tissue of rat and ox.

I

COOH
ornithine

LoOH
citrulline

(C) The formation of arginine from citrulline can be represented
formally by equation (44). However, the reaction neither occurs in
one step nor involves free ammonia. Ratnerl3' and her colleagues
have shown that arginine formation requires the presence of both
aspartate and ATP and that reaction occurs through the intermediate
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~HNH,

CHNH,

CooH

CooH

citrulline
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arginine

argininosuccinate, (see also section V.D). The formation of the
intermediate involves the production of adenosine monophosphate
and inorganic pyrophosphate (equation 45). The enzyme catalysing
NHa

\
C=O
/

NH

l

CHa

+

COOH

\\c - N H - L

COOH
NHa-CH

/

NH

+ ATP + 1

I

2. U r i c acid formation

CooH

Although uric acid is known to be the main nitrogenous excretion
product in birds and in reptiles, the route by which it is formed from
excess amino compounds is not well understood. Uric acid is also the
end product of purine breakdown in man and is excreted as such,
while in subprimate mammals, the purine ring is further oxidised
to produce first, allantoin and, in some species, eventually urea.
The interrelationship between these compounds is illustrated in Figure
42.

CHNH,
COOH
I

~OOH
aspartate

argininosuccinate

this reaction (argininosuccinate synthetase) is inhibited by inorganic
pyrophosphate. The presence, in liver, of an inorganic pyrophosphatase is presumed to prevent inhibition, under physiological conditions. Cleavage of argininosuccinate to produce arginine and
fumaric acid (equation 46) is catalysed by a second enzyme, argininosuccinase.
NH

\
/C-NH-CH
NH

I

(CH213

l
l

cHNHa
COOH

COOH

I
I
CH,
I

COOH

A

C-NH2

/

NH

I

(CH213
CHNH,

I

Adenine
Guanine

NH

\

Although the present discussion is limited to reactions catalysed by
liver enzymes, it may be noted that analogous enzymic activities
have been demonstrated in both plants and microorganisms.

CH,

I

~OOH

citrulline
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COOH
arginine

N

COOH

OH

I

xanthine

OH
uric acid

+
cI o o H
fumarate

(d) Arginine is hydrolysed to produce urea and regenerate ornithine
(equation 47). The enzyme catalysing this reaction (arginase) is
activated by some divalent metal ions, e.g. Ni2+,Co2+,Mn2+.

+

CH0

I

H

H

urea

I

COOH
glyoxylic acid

allantoic acid

FIGURE
4

al lantoin
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VII. GLOSSARY O F ABBREVIATIONS

NAD +,NADH
,ADP+, N m P H
FP, FPH,

Pal, Pam
FH4
ATP
GTP
COA

Refer to the oxidised and reduced forms of the
} nicotinamide-adenine
dinucleotide cofactors of

certain enzymes (see Figures 2a, b) .
Refer to flavoprotein enzymes in which the flavin
may be flavin mononucleotide (FMN) or flavinadenine dinucleotide (FAD) (see Figures 2c, d).
Refer to the aldehyde and amine derivatives of
pyridoxine (vitamin B,) (see Figures 5a, by c).
Tetrahydrofolic acid (Figure 13).
Adenosine triphosphate (Figure 17).
Guanosine triphosphate.
Coenzyme A (Figure 29).

In Figures 1 and 16, names of amino acids are indicated by the first
three letters only. Thus glu represents glutarnic acid and phe represents
phenylalanine.
he nomenclature used in this chapter for metabolites which contain carboxylic acid groups and for phosphate esters is imprecise
since the relevant ionisation states in vivo are, in general, ill-defined.
a-Keto acids and acidic amino acids are, therefore, referred to as
a-ketoglutarate, aspartate etc., but it is not intended to imply that all
carboxylic acid groups are necessarily fully ionised under all conditions. In the text, esters of orthosphosphoric acid, orthophosphoric
acid itself and pyrophosphoric acid are referred to simply as phosphates (e.g. adenosine triphosphate), inorganic phosphate and inorganic pyrophosphate respectively, whereas in the figures, phosphate
groups are generally shown, incorrectly, as being unionised (e.g. as
X-OPO,H,).
In no case can the cation associated with an ionised
group be specified.
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The title reactions can be grouped into several classes depending
on the existence, and nature, of intermediates. The following sections
summarise the most important examples, but the extent of the literature precludes an exhaustive treatment. Often, especially for minor
topics, questions of historicity and priority will be ignored and
citation will be made to articles containing discussion of earlier work.
I. REARRANGEMENTS ACCOMPANYING D E A M l N A T l O N
A. Ionic Intermediates
In the generally accepted mechanism for deamination of primary
alkylamines with nitrosating agents, the transiently formed diazonium
ion loses nitrogen, with neither solvent nor neighbouring groupJ
assistance to give an unsolvated carbonium ion which is negligibly
encumbered by the departing molecule and has no counter ion in the
vicinity1. This high-energy or 'hot' ion differs from the formally
identical but solvated species typically generated in an SN1reaction by
undergoing a wider spectrum of reactions, some of which, however, are
attendant on partial or almost complete s ~ l v a t i o n ~Other
- ~ . interpretations require the intervention of diazoalkanesa or diazohydroxides2*
or the direct decomposition at the diazonium ion stage
to productsl1,l2; but the last two distinctions may be semantic, for
the energy profiles for the different mechanisms (exhibiting shallow
minima for the various intermediates), must be almost indistinguishable; especiallywhen smoothed out by the thermal energy of the system.
Nevertheless, the carbonium ion mechanism is usually considered to
accommodate the data most satisfactorily1.
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Much of the evidence for hot ions has been adduced from the study
of rearrangements accompanying deamination, and in this review we
will assume the existence of such intermediates. Classical ions, which
can be represented by one or a series of equilibrating structures in
which the charge is largely localised on one carbon and the normal
covalencies occur, and also non-classical ions with charge delocalisation and partial bonding are both believed to exist in deamination.
The existence of the latter in reactions generally, has been disputed 13,
but there is considerable stereochemical evidence, particularly for
bridged substrates, that cannot be convincingly interpreted on the
classical model14; although in many cases a decision as to whether
the non-classical species are intermediates or merely transition states
is difficult. Unfortunately, kinetic evidence for mesomeric cations,
perhaps the best criterion15, is unavailable because deamination
occurs after the rate-determining step of the reaction sequence, but
we will follow the literature and often assign non-classical intermediates, on admittedly, minimal evidence, and will represent them
using the partial-bond symbolism, despite recent objections to this 16.
Deaminations have usually been conducted in acetous or aqueous
media, at 0 to 30°, yielding olefins and either acetates or alcohols
respectively. For uniformity, all reactions forming acetates will be
referred to alcohol products in the following sections, and the reaction
conditions will only be mentioned when mechanistically significant.

B. Acyclic Amines
Deamination of short-chain primary alkylamines with nitrous acid
has long been known to give not only an enhanced (25-30%) yield of
olefin compared with the analogous SN1reactions of halides, but also
rearranged products absent from the latter. The proportion of rearranged alcohols falls with increasing h o m o l ~ g y l ~
(Table
- ~ ~ 1) and
TABLE1.

Rearranged products from nitrous deamination of alkylamines17-19.

R in RNHz
7,
Rearranged ROH
Isomer formed

n-Pr

58

n-Bu
34

is0

S

i-Bu

n-Oct

75,25
4

5

J

S

n-Non
0
-

n-Dec
0
-

(conditions: aqueous or aqueous-acetic acids)

competition of the 1,2-methyl and hydride shifts responsible for the
rearrangement with direct SN1 and E l is very dependent on conditions: e.g. the proportion of rearranged product from n-propylamine
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falls from 58y0 in totally aqueous solvent to 31y0 in aqueous dimethylformamide6*7. Later it was appreciated that the driving force of these
Wagner-Meerwein-like isomerisations (which can also involve aryl
shifts) was the tendency, usually only capable of fruition in hot ions,
of the initially formed ion to rearrange to a more stable secondary or
tertiary ion. Thus normal and iso substrates yield secondary and
tertiary products respectively, whereas secondary substrates never
form normal productsz0. Sometimes the hot-ion model seems inadequate 20-iso :S: t product from isobutylamine changes from 10 :19: 71
in water to 23:21:56 in 7 N aqueous sodium thiocyanate, and the
ratio of alkyl thiocyanate and isothiocyanate products also suggests
that the anion participates in C-N cleavage to some extent.
Analogous rearrangements accompany related deaminations (reaction l ) , in which the similarity of products under comparable
conditions suggests a common intermediate 6 * 7. 21* zz; the slight
differences being attributable to the (necessarily) different reaction

Tracer studies have shown that a proportion of the apparently
unrearranged product can result from 1,2-shifts (Table 2). About goy0
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n-PrNH, 1 -

TABLE
2.

Rearrangement in deamination of p-substituted ethylamines.

,

,

(4

(B)

(C* represents 14C)
R

70B

References

H
1.5
24

Ph
27
25, 26

p-MeOCBH4 p-HOCHzCH,0CaH4
45
25,26

40
27

of the p-anisyl compound must have reacted through the bridged ion
or transition state 1,whereas such a route was much less favoured for
hydrogen migration. Early investigations of n-propylamine z8. 29*30

HNO,, 0"

temperatures. Only about 1% isoalcohol results from decomposition
of diazopropane in ethereal acid 7, probably owing to the formation
of specifically orientated ion pairs in these non-solvating conditions
(e.g. R$,OAC, when acetic acid was the catalyst) which inhibit
rearrangement. I n more polar media, ion dissociation simulates the
situation in nitrous deamination and permits extensive rearrangement. I t is interesting that at the other end of the solvation scale, the
nitrous deamination, under completely aqueous conditions, of substrates that initially form stabilised carbonium ions (e.g. t-amines)
gives little rearrangement117. Here the relatively stable ion initially
formed may solvate to form a 'cold' ion before rearrangement can
occur; or it may orientate an incipient hydroxide ion from the solvent
shell to act as a counter ion at the diazonium-forming stage.
The pyrolyses of N-nitroso-N-acetylamines also probably generate
ion pairs in the usual non-polar reaction media, e.g. p-cymene, for
Diazoalkanes, formed by eliminalittle rearrangement is reported
tion from diazohydroxides, are unlikely intermediates in nitrous
deamination, for neither ethylamine nor isobutylamine gives labelled
products when the reaction is conducted in deuterated media: these
observations also exclude n-complex intermediates lg.24.
z3n64.

reported 9% rearrangement of 14C tracer from C,,, exclusively to
C,,, and so excluded methyl shifts in favour of 1,3- or successive 1,2hydride migrations. An n.m.r. study31 of products from deuterated
substrate indicated 1,3-migration (reaction 2) and was considered to

rule out the intermediacy of equilibrating cyclopropanes (2)3z. The
existence of the latter are also inconsistent with the 14C studies, but
r e i n ~ e s t i g a t i o nhas
~ ~ led to a reappraisal in that not only a lower
proportion (about 4%) of tracer rearrangement, but also nearly equal
migration to C,,, and C,,,, was demonstrated. These, and concurrent
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studies on deuterated and tritiated substrates34, are inconsistent with
the 1,3-shift occurring entirely through open classical ions, and favour
2 as specific intermediates (rather than transition states) which can
give up to 10% cyclopropane in addition to the usual products35.
Isolation of cyclopropane-d2 and -d, in comparable amounts from
decomposition of ytrideuterated n-propylamine supports this view 36.
Certain other alkylamines give up to 15y0 cyclopropanes under conditions not favourable to diazoalkane formation and its subsequent
carbenoid decomposition, and presumably in all cases proton loss
from bridged ions similar to 2 leads to products, but it is difficult to
rationalise the relative ease of cyclisation and 1,2- and 1,3-shifts in
these compounds in any convincing manner3?.
Reactions of neo-pentyl derivatives, based on a skeleton well kno
for rearrangement tendencies in SN1, are summarised in Table 3.

L

yoRearrangement

Migrating group

r*

c-c-c-c

C. Semipinucols
1$2-Aminoalcohols(semipinacols) undergo aryl, alkyl, and hydride
shifts on treatment with nitrosating agents, and 1,2-diamines behave
a n a l o g ~ u s l yThe
~ ~ . former class gives similar products to those of the
corresponding pinacol rearrangement (reaction 4), but with the

TABLE
3. Deamination of neo-pentyl-like structures.
Compound
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Referen

\C

Me3CCH2NH, (3)
Me3CCHPhNH2 (4)
Et3CCHPhNH2 (5)
RaCPhCHPhNH2 (6)
(fi-MeOC6H,)3CCH2NH,(7)
Ph3CCH2NH2(8)

expected, 3 gives products derived from a tertiary ion, but the firstformed ion from 4 is stabilised by the phenyl group. Such a substituent
cannot prevent rearrangement when steric congestion at Cc2)is relieved in so doing, as in 5, or when phenyl migration is possible as in 6.
The size and relative order of rearrangement in 7 and 8 is also surprising. 14C Labelling of the l-position of 3 leads to f-pentanol with
indicating a 1,2-methyl shift rather than
tracer solely located at C(B)40,
hydride migration via open ions or protonated cyclopropanes, in
contrast with the situation for n-propylamine (reaction 3). Other
differences between the two substrates are that 3 yields no cyclopropane, but gives larger quantities of rearranged olefins41. Other
tracer studies of alkylamines have demonstrated similar skeletal
migrations 42* 43.

C

/

I

2

l
+Rl-C-C-R4

l

R2

etc.

II
0

OH

"

R1

R3

\

C-C

w"J

OH

R1

C
/ S \
I\R4

NH,

/R3

C

"R4

4
R=--C-

i

II I

-R3

etc.

0 R4

H

v

important modification of hot-ion formation; although the product
distribution from particular substrates in the two reactions may be
identical if the hot ion can be solvated before it reacts further4=,and
here glycols and epoxides may p r e d ~ m i n a t e ~1,3-,
~ . 1,4-, and some
1,2-aminoalcohols give up to 20y0 fragmentation (reaction 5), even
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when phenyl migration is occurring at the same time46; and such
cleavage may follow hydride migration (reaction 6) 47. Poorly solvating

19)
88%

Glycol

media, e.g. dioxan, inhibit rearrangement, even when phenyl migration is possible 48. 49 ; presumably ionic aggregation here, occurs even
for nitrous deamination (see section I.B), facilitated by the low
dielectric constant and the orientating effect on the solvation sheath
caused by the neighbouring hydroxyl group.

D. Stereochemistry
The fragmentary data50 available for normal and semipinacolic
deamination was once held to indicate strictly stereospecific migration
that was synchronous with, or followed shortly after, C-N fission to
give inversion at the terminus. More recent work has modified this
conclusion, although the stereochemical consequences at the migrating
group and the migration origin have still remained largely unelucidated.
A reexamination of the original data indicates up to 12y0 retention
of configuration accompanying inversion, and a brilliant radio- and
stereochemical study with specific 14C labelling showed that the
labelled group migrated exclusively with inversion, whereas a second,
identical but unlabelled group migrated with retention (reaction
7) 52. These results were convincingly interpreted, as shown, on the
basis of classical carbonium ions which rearranged to products before
complete rotation around the central C-C bond could be achieved,
and non-classical intermediates or rearrangement synchronous with
nitrogen loss were excluded. The anti-periplanar* relationship between
the migrating and leaving groups implied by this scheme is certainly
consistent with the last mechanism, but the consensus of opinion, here
and in other examples, is that the anti relationship enables maximum
overlap between the bond electrons of the migrating group and the

Ph*

(inverted)

(retained)

freshly formed emptyp orbital on C(,,. Rotation of the ion into other
conformations than those shown would have given retention with the
labelled phenyl having migrated.
Earlier 14C studies (reaction 8) had demonstrated that the ap-
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(8)

(10)

Ph migration and
""rearranged

(

I
A?

* For the purpose of this review, anti-periplanar, syn-periplanar, and syn-clid
relationships between two bonds linked to adjacent atoms refer to conformations
with dihedral angles of 180°, 0 to 15", and 15 to 90° respectively. For more
complete definitions see reference 398.

I

)

(H migration)

(CH, migration)

parently unrearranged product 10 had tracer distributed equally
between the two carbons indicated53, and although this was consistent with phenyl migration through a non-classical intermediate
similar to 1, the initial formation of a classical ion was preferred for
such an exothermic process as deamination, with (presumed) lack of
neighbouring group participation. Much evidence for non-classical
phenonium ions is available in SN154, but stereospecific 'equilibrating'
rearrangement of the above type is necessary, although not sufficient,
evidence for proving such intermediates in deamination.
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Extensive tracer and stereochemical studies on deaminations, or
semipinacolic rearrangements, and on thermal decompositions of the
N-nitroso-N-acetyl derivatives, of 1,2-, 2,2-, and 1,2,2-polyarylalkylamines are all consistent with schemes similar to (7), involving classical
ions which largely invert their configuration at the terminus owing to:
(a) steric shielding of the positive centre and (b) the similar rates of
migration and rotation about the central bond55-58.The schemes in
general, and factor (b) in particular have been criticised59as being
based on an incorrect ground-state conformation, but computer
analysis of the data from several reactions supports the o
proposal^^^*^^, and indicates rate ratios (see reaction 7) : k,/k,
to 1.8; kJk, = 1.1 to 2.3. As the energy barrier62 for step
about 0.006 to 1.15 kcal/mole, the rate of migration can be rea
estimated.
Extension of these conclusions to non-arylated substrates is un
certain as the classical ion may be especially stabilised in these ra
unusual structures, and the route utilised may well depend on
reaction conditions. Deamination of 2-amino-3-phenylbutan
results in stereospecific migration of phenyl with inversion at the
origin and terminus (owing to the symmetry of the molecule this
rearrangement could only be detected by optical analysis), but the
accompanying methyl shift resulted in only about 16y0 inversion at
the migration origin63. A bridged ion 12 (reaction 9) was proposed

possible between the two mechanisms, although 12, in contradistinction to phenonium ions, seems more likely as a transition state than an
intermediate. Less ambiguous was the observation that threo-l1 gave
32% methyl, 24% phenyl, and 24% hydrogen migration, whereas
the eythro isomer gave 6, 68, and 207, respectively. These values are
in excellent accord with the calculated conformational populations of
the substrates, (reaction 10) and with the proposal that an anti-

here, and also for the phenyl shift, which in the former, but not latter
case, either reacted with inversion at the migration origin to give
products, or first formed a new classical ion which gave racemic
products. It was also recognised that the partial stereospecificity of the
methyl shift may result from predominant attack on a classical ion
from the less sterically hindered side. At present a decision is not
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periplanar relationship between migrating and leaving groups is
required. Although this is again consistent with a mechanism where
migration is synchronous with nitrogen loss from the diazonium ion,
the consensus of opinion again is that it refers to a carbonium ion
mechanism in which the migration rate is considerably greater than
the rate of rotation about the central bond, i.e. analogous to reaction (7), with no rotation of the first-formed ion.

E. Migratory Aptitudes
The ease of migration of groups in the pinacol rearrangement varies
in a consistent and interpretable manner over a several hundred-fold
range, but little selectivity is shown in migration to a hot ionic centre.
Accordingly, the relative migratory aptitude (determined by product
analyses of substrates carrying groups to be compared in equivalent
positions) for p-anisy1:phenyl falls from about 500:l in the former
reaction, to 1.6: 1 in semipinacolic deamination, and such values are
typical forp-substituted aryl groups, irrespective of the polarity of the
para s u b s t i t ~ e n t ~ .Discrimination
~~.
between possible migrating
groups is also negligible in deamination of 2,2-diarylethylamine~~~.
and N-nitroso-N-acetylamines ';for example ratios for o-, m-, or p-tolyl
~O+C.A.G.
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to phenyl are all 1.2 :1. Phenyl has a very much greater migratory
tendency in SN1than have methyl or hydride ions, in fact the latter
have been rarely observed to shift, but in certain deaminations the
phenyl :methyl migratory aptitude is only about 6, and phenyl :hydride
about 1825326.Alkyl groups also probably have similar aptitudes in
deamination; e.g. PhCH2=CH, = 2 :166. AH* for hydride shift in
isobutylamine is 2.5 kcal/mole less than that for methyl shiftlQ,but
the AS* factor favours the latter process by some 5 kcal/mole. The
latter factor probably illustrates the small tendency of hydrogen to be
situated anti periplanar to the leaving group in the ground-state
conformations : a much bulkier group usually occupies this position.
In all these compounds, ground-state conformations are equally
probable with either of the competing and compared migrating
groups in the favourable anti-periplanar orientation to the amino
group, but in certain diastereoisomers cis interactions between bulky
non-migrating groups attached to the two asymmetric carbons cause
different groups in each isomer to be favourably oriented in the
ground state and the closely related (both electronically and structurally) transition state. Thus migration occurs predominantly as
shown in 13 and 14 (p-An = p-Anisyl), (reaction 1l), such that any

F. Cycloalkylamines :Ring Expansion
Alicyclic analogues of the above reactions were discovered in 1901
(Demjanov rearrangement of amines) and 1937 (Tiffeneau rearrangement of aminoalcohols), but although scores of examples have been
recordedT1, few mechanistic studies are available. These reactions,
shown in (12) and (13), usually give good (30-607J and sometimes
excellent ( > 80%) yields of rearranged alcohols or ketones and
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olefins, accompanied by unrearranged products, and three- to twelvemembered carbocyclic rings have been thus expanded: maximum
rearrangement occurring with the five to seven m e m b e ~ - e d ~ lAs
- ~ a~ .
carbon<arbon (ring) bond will predominantly be anti periplanar to
the leaving group in the substrate, the hindered rearrangement of the
larger rings probably reflects an unfavourable entropy factor in the
actual migration step, caused by the need to change the conformation
of the original ring, when its span is flexed to a new terminus.
The Tiffeneau reaction possesses two properties favouring ring
expansion :
(i) No hydrogen is available at C(2, to compete with migration of
ring-bond electrons.

)c-OH,

'cis effect' of neighbouring aryl and methyl is eliminatedG7.Other
unusual relative aptitudes, e.g. Ph > a-TolylG8, Ph > NaphthylGg,
and t-Bu
PhTO,also reflect the favoured ground-state conformation
rather than inherent migrational ability, and again indicate (on the
basis of the carbonium ion model) the preference for migration within,
rather than rotation of, the initially formed ion.

-
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(ii) A protonated carbonyl group,
is formed on ring
expansion which is a comparatively stable carbonium ion.
Consequently expansion is usually more complete, with less
olefinic by-products, than in the Demjanov process. In synthesis,
the Tiffeneau method is especially valuable for ring enlargement
of ketones (see reaction 13).
These rearrangements are again manifestations of the tendency to
form a more stable carbonium ion. Both ring-bond and hydride shifts
(in Demjanov conditions) can occur (reaction 14) T4, but the latter are
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usually unimportant as they require an unfavourable ground-state
conformation, even though they lead to a tertiary ion. Nevertheless up
to 20% tertiary alcohol results from l-cyclopentylethylamine15, and
hydride shift can be readily demonstrated in non-rearranged products
by tracer studies; for example l-14C-cyclohexylamine gives a mixture
of 1-14C- and 2-14C-cyclohexano176.Methyl and phenyl substituents
at C,,) can migrate more efficiently than hydrogen in competition
with ring expansion, as their greater size ensures a greater proportion
of the ground state having these groups anti to the amino group. Thus
15 (R = CH,) gives 2-methylcycloheptano1 (67y0) and l-ethylcyclohexanol ( l l %) ; the latter derived from methyl shift71917; whereas
15 (R = Ph) gives only products of phenyl migration78. A C(1,attached alkyl or phenyl group stabilises the ion initially formed in

electronegative substituents (2- and 4-Cl, F, and COOEt) inhibit
perhaps
ring expansion in six- and even four-membered rings ll.
by favouring direct decomposition in the diazonium ion stage.
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G. Cycloalkylamines:Ring Contraction

Demjanov deamination and so inhibits ring expansion, even in small
rings where strain is released by the latter p r o ~ e s s ~ ~An* ~
in-~ , ~ ~ .
tervening methylene group between the ring and the ionic centre (in
3-cycloalkylpropylamines) has the same effect ll. Tiffeneau reactions
are much less affected by such factors, having stronger driving
forces, and 16 gives over 50% ring expansion, and the corresponding
I-methylated amine of the cyclohexane series even more71.83.Bulky
alkyl groups at
or the axiallequatorial nature of the aminoethyl
group (in conformationally fixed 4-t-butyl-l -hydroxy-l-methylaminocyclohexanes) do not prevent up to 8 0 x ring e ~ p a n s i o n ~ ~ .
Asymmetrically substituted rings can expand in two ways to give
position isomers, the proportions of which can usually be rationalised
by conformational considerations as to which ring bond is suitably
placed for migration (however, see reaction 15)11. DemjanovTiffeneau reactions can be applied to bicyclics (reaction

Reaction (16) is a general route applicable to the c-D rings of stero i d ~ ~and
~ , to N-, 0-, and S-heterocyclicsn. 85. However, certain

In a few structures, the most stable ion results from ring contraction,
rather than expansion. Cleavage of the strained ion from cyclopropylamineS8is a particular case, and 14C labelling has elucidated
the mechanism (reaction 17) 89. The bicyclic (17) reacts analogously to

~~0:'
(C*

= '4C)

give 2-hydroxycycloheptenegO,but the ion derived from cyclopropylmethylamine is much more stable (see section I), and the strained 18
gives little rearranged product gl.
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True contraction is stimulated by a 2-phenyl substituent in cyclohexylamine (reaction 18), which enables a benzyl cation to be formed,
but not by 4-phenyl, 4- or 2-alkyl groups79. It leads to the major product from 1,2-aminoalcohols in which the amino group is fixed
equatorially either by incorporation into a tram-decalin skeletong2or
by the use of a t-butyl conformational-holdinggroup in cyclohexanes1°.
The latter reactions are the consequences of the combination of a
suitably orientated CorC(c3, bond, and the possibility of forming a
protonated carbonyl group (reaction 19) ; when the amino group was

formed by direct rearrangement of the ketone hydrate (reaction 21)
but a Favorskii-type mechanism (reaction 22) was excluded by the
fixed axially no contraction took place. tram-2-Hydroxycyclohexylamine (OH, NH, both equatorial in the ground state) gives almost
exclusively the ring-contracted aldehyde for the same reason^^^.^^^,
but the cis isomer (with a major proportion of NH, equatorial) gives
70y0 contracted and 30% unrearranged p r o d ~ c t s ~Originally
~ - ~ ~ . it
was believed that these last products corresponded to the conformational populations of the cis starting material, but recent work1°
refutes this and interprets products in terms of the equilibrium
conformations of diazohydroxides which are supposed to decompose
directly to a carbonium ion and to by-pass the diazonium ion. It is
not yet clear how general this mechanism is in aliphatic deamination.

The usual deamination mechanism is considered 97 to be energetically unfavourable for these substrates, as it would generate a positive
centre adjacent to the positive end of the carbonyl dipole, and rearrangement synchronous with nitrogen loss from the diazonium ion is
suggested, to allow incipient charge on C(,, to be delocalised. A
detailed product study of 19 delineates three types of bond rearrangement (reaction 20) 97. The cyclopentane carboxylic acid may also be

COOH

observation that 2-amino-6,6-dimethylcyclohexanoneand 19 both
give similar products. 1,3-Transannular elimination of hydrogen
to form the bicyclic ketone as in reaction (20), was also demonstrate@
in a reinvestigation of products from cyclohexylamine which revealed
2y0 (3.1 .O)-bicyclohexaneg7.133. This may indicate that part, at.
least, of this substrate decomposes via the diazonium ion with no
formation of the hot carbonium ion, as the 2-methyl derivative of 19,
which might be expected to be able to react by the carbonium ion
mechanism, gives only unrearranged productsg8.
Straight-chain a-aminoketones rearrange analogously to alkylamines by means of methyl shiftsg8,but 20 does not undergo 2,6hydride shift similar to that occurring in the bornylamines (see
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section 1.J). The ring opens to a classical ion 21 with good charge
separation, and some 1,3-hydrogen elimination takes place (reaction
23) 07. Similar reactions are reported for other bicyclicsQ9.

(4870)
(figures give

I. Non-classical Ions from Monocyclic Amines

As outlined in section I.D, there is no compelling evidence for nonclassical intermediates in the deamination of acyclic amines, but a
series of tracer and stereochemical studies have led many workers to
postulate their existence in the alicyclic field loo.129. In forming
mesomeric cations monocyclic, and especially bicyclic, ions have
important advantages over open-chain compounds as the latter must
sustain a large entropy loss in order to achieve the restricted orientation for electron delocalisation.
Cyclopropylmethylamine (22) would either be expected to undergo
ring expansion to cyclobutyl derivatives or cleavage to allylic products
in order to gain advantage from secondary or mesomeric ion formation,
but the situation is much more complex. Reaction (24) shows products and tracer distribution from I-14C-labelled substratelOl. It is
interesting that cyclobutylamine gives the same proportions of products although the equilibrium position of 23 and 24 is nearly 100%
in favour of the latterlOl,and that 2-phenylated 22 gives 97% ring
expansion via a benzylic ionlo2. A simple view of the expansion is
that the p orbital of C,,, in the carbonium ion overlaps with one of the
'banana' orbitals of the three-membered ring (reaction 25) such that
C,,, of 22 becomes C(=,of 24, but the tracer distribution shows that an
intermediate must intervene in which C(2,,C,,,, and C(4,of 24 become

(47%)
Y0 distribution oftracer)
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nearly, but not exactly, geometrically equivalent, as must C,,,, C,,,,
and C,,, of 23. No classical species fulfills the role, but a scheme of
rapidly, but not instantaneously interconverting non-classical ions
was proposed (reaction 26). It is important to appreciate that 25,

An interesting product from 2-cyclopropylethylamine is cyclopentanol, which is believed to result from irreversible migration of the
ring to C,,, (reaction 28), although the reactions are complicated by
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much isotope scrambling from C,,, and probably proceed through
non-classical intermediateslo5.
1

for example, is shorthand notation for a complicated orbital diagram:
the geometry of this ion is probably 26, wherein the 2p orbitals of
C,,,, C,,,, and C,,, overlap to form a bonding molecular orbital
(containing two electrons) and two vacant antibonding orbitals 1°l.
Symmetrical ions such as 27 are believed to play a minor role as
intermediates, except possibly in the interconversions of 25 and its
two isomers. Deamination (and S,]) of other cyclopropyl derivatives
have been similarly interpreted lo3,although in some structures tracer
work indicates little scrambling from C,,,, and an almost classical ion,
with a nearly localised charge, is likely (reaction 27) lo4.
I

1. Non-classical Ions from

Bicyclic Amines

Solvolyses and deaminations of exo- and endo-norbornyl (28) and
norbornenyl derivatives labelled with 14C at C,,, and C,3, have been
held to indicate non-classical intermediates (reaction 29) l o 6 v 1 07. If 29

was the sole intermediate, tracer would appear at C,,, and C,7, in the
product, but substantial, although not equivalent amounts were found
at all positions except C,,,. This distribution was accommodated by
postulating a 2,6-hydride shift linking non-classical ions 29 and 30,
via the special non-classical symmetrical species 31 (reaction 30), and
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so achieving a system whereby partial or total equilibration of tracer
in all positions except C(4,could be realised, before destruction of the
intermediates by solvolysis. However, there is no evidence that 31
is anything but a transition state in the equilibration of 29 and 30,
which could both be classical. The above scheme would yield racemic
products, and a claim to optically active products led to the proposal
of equilibrating classical ions lo8,but this work has been validly criticised on both experimental and theoretical grounds log,and the consensus of opinion favours non-classical intermediates, although not
necessarily the existence of 31100.
More recently, analyses of tracer distribution or optical activity,
and geometric structure (i.e. end0 or exo) of products from various
bicyclic amines have presented evidence for non-classical intermediateslo0.113. A typical example is shown in reaction (31) llO.In
both non-solvating (to carbonium ions) acetic acid and solvating
aqueous conditions, only exo product could be detected and such
stereospecificity is difficult to interpret on a classical mechanism loo,
wherein 32 is directly destroyed by solvolysis. Optical examination of

products was not made but a non-classical ion would lead to active exo
product whereas the endo-exomixture from 32 would be racernic. For
other systems it has been adduced that both classical and non-classical
ions act as precursors of products: for example 33 gives optically active
products and this rules out the symmetrical 34 as sole intermediate.
Detailed analysis suggests reaction (32) ll1. The epimeric exo-amine,
although forming a formally identical carbonium ion, utilises a
different sequence of classical and non-classical intermediates which
are only converted into those of reaction (32) with difficulty, and
which lead to entirely different products112.
Particularly well studied is the bornylamine system. Both bornylamine (35), and its epimer (36), give camphene (37) and tricyclene
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(38) on dearnination in aqueous or acetous ~ o l v e n t s l l ~and
* ~ ~the
~,
former is optically pure, i.e. there is no evidence for Nametkin or
2,6-hydride shifts. However, 35 gives up to 10% of monocyclic products
39, whereas its epimer gives none (reaction 33). The corresponding

fencyhlamines behave similarly l16. I t is unlikely that the ring opening
occurs by a synchronous elimination-type mechanism in the ion 40,
for as the preferred dihedral angle of either 0" or 180" between the
participating bonds cannot be achieved (owing to the rigid geometry)
in either the end0 or exo isomer, each isomer should behave similarly.
Also, perfect eclipsing (dihedral angle 0) of the leaving group and a

-
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p-hydrogen on C(3, takes place, but no bornene (43) is formed.
Intervention of 41 is also unlikely, for such ions almost certainly
mediate in the acid-catalysed rearrangement of a-pinene and largely
partition to isoborneol (42), which again is absent from deaminationlOO. I t seems more likely that 35 forms a hot carbonium ion but the
orientation of the developingp orbital on C(,, is unfavourable for such
participation of the C(1,-C(6, bond as would lead directly to a nonclassical ion, 44, that would in turn lead to 37 and 38. Rather, a
proportion of the initially formed classical ion partitions to 39 before

motion towards formation of 46. Valence rearrangement is also not
detected in systems with the cyclopropyl and ionic centre held in
rigid, non-orthogonal positions (reaction 34) 120.
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being converted into 44, and thence to 37 and 38. In contrast, the
incipient carbonium ion from 36 is perfectly orientated for C(1,-C(6,
bond participation and a smooth transition to products via 44 bypasses any ring opening. The stereo requirements of the neighbouring
group participation are thus identical with those in the well-known
solvolyses of bornyl and isobornyl chloride loo;although ring opening
is not reported from the latter. Another interesting feature of the bornyl
system is that decomposition of N-nitroso-N-acetylbornylamines,acid
treatment of the diazoalkanes, and nitrous deamination of amines, all
give different proportions of products115 (see section 1.B). Although
acetic acid was the solvent in all cases, apparently different degrees of
ion aggregation took place.
Although non-classical intermediates are likely in the above
bicyclics, comparison with solvolyses of corresponding halides and
tosylates indicates generally less skeletal rearrangement, for example in
norbornyl, endo- and exo-norbornenyl, and norcamphenylamines
With less rigid substrates, non-classical behaviour may be less important. Deuterium labelling of cis- and tram45 indicated that only
unrearranged products and products of 1,2-hydride shift occurred,
and that 1,3-valence rearrangement to give 46 was not detectedllg.
Classical ions which react sufficiently rapidly to be encumbered by
departing nitrogen account for the non-stereospecificity of products.
Here, as opposed to the previously considered bicyclics, the low free
energy of decomposition of the classical ion severely limits the time
available for acquisition of vibrational energy in the mode producing

Unrearranged

+

K. Allylamines
Products of nitrous deamination of allylamines in acetic acidlZ1
indicate that the mesomeric ion found in SN1for analogous halides is
not generated. Thus primary alcohols are formed rather than the
secondary or tertiary isomers expected fro- facile double-bond
rearrangement. Apparently, the hot ion has its p orbital at C(1,
orientated at a dihedral angle > 0°, and probably 90" with the rr
orbital of the double bond, and solvolysis is more rapid than alignment to ensure overlap. In more aqueous media such alignment,
permitted by partial or entire solvation of the carbonium centre, is
allowed and products typical of SN1are obtained122.
Ring size controls the dihedral angle in cyclic allylamines. 47
is held with the orbitals overlapping and extensive ring enlargement caused by an allyl-type shift resultslZ3 (reaction 35); but the

-

cis and t r a m

(71 777,)
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cyclohexyl analogue is more flexible, little overlap is possible in the
incipient ion, and only 5y0 ring expansion is foundlZ4. Similar
rigidity and overlap occurs in bicyclics and 48 undergoes formal
expansion of a double bond to a 3-membered ring (reaction 36) lZ5,

nitrogen from glutamine on treatment with nitrous acid (reaction
39) lZ8.In the latter example cyclisation is faster than solvolysis of
but the more flexible homologue 49 does not thus react, no doubt
owing to the smaller dihedral angle between the bridge bond that
migrates and the p orbital on C(,, permitting non-classical ion formation (reaction 37) loo.lZ5.

COOH

$OOH

I

NH2
COOH
I

COOH

l

L. Transannular Migration
1,3- and 2,6-hydride shifts have already been mentioned as occurring
when bicyclic, or occasionally monocyclic, systems allow close
approach of non-bonded atoms to an ionic centre. Puckering in
rings larger than those previously considered allows stable conformations to have the same proximity relations and 1,5- and 1,6-hydride
shifts have been demonstrated by tracer studies in the deamination of
cyclononyl- and cyclodecyla&nes126. Similar shifts have been
detected in SN1 of tosylates, under suitable conditions, and here
more migration occurs than in deamination. Also there is less rearrangement in olefin products than in the alcohol products of deamination. All attempts to detect alkyl or phenyl shifts in dearnination
have failed, and it is believed that 'hydrogen bonding' across the
ring to the positive centre is the prerequisite of migration.
Similar shifts occur in polycyclics (reaction 38)lZ7,and another
type of transannular interaction is responsible for the loss of all

the first-formed ion because a suitable conformation is held in the
substrate by hydrogen bonding between carbonyl oxygen and amino
hydrogen, and deamination and cyclisation is more rapid than adoption of another conformation from the original.

M. Aromatic Diazonium Compounds
Aromatic diazonium ions are stabilised by resonance and do not
show the exotic behaviour of their aliphatic counterparts, but they
are intermediates in a group of cyclisations, known as Pschorr
reactions, that result in skeletal rearrangement.
The prototype reaction-(40), in which decomposition of the
diazonium salt is catalysed by copper powder in strong acid, is almost
certainly a radical process. Other cyclisations, induced by heat
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H

treatment probably proceed via aryl c a t i ~ n s l ~ Another
~ . ~ ~ ~ in.
teresting rearrangement is the 15N scrambling detected during
solvolysis of diazonium ions132 (reaction 41). This is some 30- to

s t ~ d i e s l ~(mainly
~ - l ~ ~in aqueous media) demonstrated the necessity
for proton loss to form a mesomeric carbanion incorporating a
carbonyl or allyl group, (see (44)); and the reaction was extended to
X = acetonyl, phenacyl, allyl;

R
I

Y,&-CHX

+-

100-fold slower than solvolysis, and probably involves the quinonoid
intermediate shown.

II. REARRANGEMENTS OF QUATERNARY COMPOUNDS
T O AMINES

A. Stevens Rearrangement

i

R = alkyl, I-phenylethyl, benzyl, phenacyl;

(44)

Y = alkyl, Y, = (CH,),

sulphonium compounds. The aptitudes of different migrating groups
and termini 140, the influence of unsaturated side-chains 141, and the
nature of by-products of elimination and f r a g m e n t a t i ~ n l ~have
~,
recently been delineated. Strongly basic or abrotic media, e.g. fused
sodamide or phenyllithium in ether139*143,
can readily induce even
the usually sluggish methyl migration in the absence of an activating
carbonyl group (reaction 45) and a unique method of generating a
carbanion is shown in reaction (46) 144. Polycyclics readily rearrange

The base-promoted migration of a side-chain of an 'onium compound to what is now recognised as an adjacent carbanionic site was
discovered by Stevens in 1928 on attempted Hofmann degradation of
50 (Ar = Arl = Ph) (reaction 42) 136, although a closely related
process (reaction 43) had been recorded earlier135. Subsequent

R1
R2CN,

Ether

y

R&:

RINMez

I
Me,N-CR,
+

-

+Products

(46)

under such forcing conditions (reaction 47) 145, 146,and ring contraction can be achieved (reaction 48) 147 although in certain strained
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The mechanism is supported by much data:
(i) Rate is proportional to base concentration in aqueous media149,
although the rough kinetics require repetition as the observation
of a limiting rate at high basicities is difficult to reconcile with
what should be (in aqueous media) a preequilibrium proton
transfer.
(ii) Colours characteristic of carbanions develop during reaction 148.
(iii) Corearrangement of two approximately equally reactive substrates with different migrating groups produces no cross-over
p r o d u ~ t s nor
l ~ intermolecular
~ ~ ~ ~ ~
transfer of 14C tracer when
one group was labelled153.
(iv) l-Phenylethyl and certain substituted ally1 groups migrate with
> 970j, preservation of optical activity 154 and retention of con156.
figuration
(v) Substituents in the migrating group of 50 increase the rate in the
order: m,p-OMe < H, Me < Cl, Br < NO,, but a weaker and
almost reverse order applies to substituents on the phenacyl
group. This is consistent with the main effect of substitution being
on the migration, rather than on the proton abstraction13'.

substrates rearrangement may be evaded (reaction 49) 145*146. e.
most stable carbanionic centre is involved in all these reactions.

1559

An early mechanism (reaction 50), which is a limiting case of S,i
The carbanion or ylide mechanism143can be regarded as electrophilic migration to a negative centre analogous to the WagnerMeenvein shift in carbonium ions137,but an equivalent and possibly
more enlightening view is to consider the reaction as an internal
nucleophilic substitution, S,i (cf. 51) 148. Such mechanisms were once
considered operative in the decompositions of alkyl chlorosulphites, but
although an ion-pair mechanism is now preferred for these Drocesses 160.

ion pair

in that bond fission is completed before the onset of bond making,
accommodates most of these observations, and has been reproposed to
account for the 1,2- and 1,4-migrations with the optical consequences
shown in reaction (51) 157, and for the dependence of the two routes

the incidence of ck eliminations (cf. 52), especially in aprotic media 151,
shows that the Pauli principle, as applied to the orbitals of the
transacting electrons, need not necessarily forbid an analogous rearrangement mechanism.

(CHa=CHcH~Me2
I
CH,cHPh

CH~=CHCH~$M~~

2

CH,~HP~

'

1

/> 90% retention of\

\

optical activity ) (51)

, ,

CH2CH=CHNMea

I

(* = optically active carbon centre)

170-80% retention)
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on reaction medium. An S,i mechanism with allylic rearrangement
(reaction 52) was rejected for the 1,4-migration as not leading to the
NaNH
2

expected stereospecific inversion, and was also rejected, by analogy,
for the usual 1,2-route.
The validity of these conclusions seems questionable. The original
proposal 139 that an ion-pair mechanism could account for production
of dibenzyl from 50 by dissociation of the ion pair and attack on
unreacted substrate, is unsatisfactory, as toluene formation would
have intervened in the protic media used. The stability of a carbanioncontaining ion pair in aqueous or protic media in general is doubtfd,
and the widely different temperature effects 1513on the rates of 1,2- and
l,4-migrations suggests a difference in activation energies that is too
large for two competing recombinations of an ion pair. A concerted
or step-wise 1,4-shift, mainly with retention (reaction 52) could be
favoured in poorly cation-solvating media by lack of stabilisation of
the C(lrN bond, and cannot be convincingly ruled out on the presently
available data; nor has the possibility of complete or partial racemisation of the substrate before rearrangement been checked. Such racemisation could account for the isolation of inactive products from
migrations involving initially optically active allylic groups15e.
The S,i mechanism seems adequate to account for all the available
data. It is also consistent with the highly stereospecific formation of
optically active products in reaction (53) in which a compound with

analogous formation of a zwitterion in the latter would be unlikely
to result in such stereospecificity.
Transannular Stevens rearrangement is possible 1813,and even specially activated tertiary amines will sometimes undergo a similar
1813.
base-promoted reaction lE7*

B. Sommelet Rearrangement
In 1937, Sommelet found that a mixture of 53 and phosphorus
pentoxide effervesced in sunlight to give a good yield of 541e1, and
ultraviolet irradiation of aqueous substrate later gave the same
result1". However, the absorption properties of the substrate and
glassware suggest that the reaction was thermal, rather than photochemical, and a 'dark' reaction can be achieved at 100-150' under
the conditions of Hofmann d e g r a d a t i ~ n l ~ l *
Wittig143,
~~~.
and
Hauser 165 and their coworkers subsequently carried out similar
dark reactions for many benzylammonium compounds using phenyllithium in ether, or sodamide in liquid ammonia, as catalyst, and
suggested an ylide mechanism (reaction 55). The sodamide method

CHPh

H

an asymmetric carbon atom is formed from one with an asymmetric
nitrogen atom159,and with the similarly stereospecific generation of
the amine centre with preservation of biphenyl asymmetry in reaction
(54)le0. An ion-pair mechanism in the former scheme, and the

(55)

CHzNMez

is especially convenient: typically some 95y0 rearrangement occurs
within one minute at 33".
Remethylation of product, and recycling, permits several methyl
groups to be introduced at adjacent ring positions172, and polyc y c l i ~ s l ~and
~ , ~ring-167
~ ~ , or a-benzyl-substituted substrates1613have

-
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been successfdy studied, but the reaction fails for f e r r o ~ e n e s l ~ ~ . ~ ~ ~
(reaction 56), and a similar chain extension predominates in naphthyl

derivatives with the 2-position blocked171. An interesting ring expansion is shown in reaction (57) lV3.A favourable ground-state

conformation probably ensures that the methylene ylide is in close
proximity to the ring, for comparable open-chain compounds and
the pentacyclic analogue give predominant /l-elimination. The latter
side-reactions, either E2 or a'+ processes on substrates or products of
alkylation (reaction 58) often reduce the yield ofrearranged product 174.

10. Rearrangements Involving Amino Groups
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The ylide mechanism (the transition state of which has been argued
to possess especial stability in view of the delocalisation of electrons
possible in the cyclic transfer)137, has been generally accepted. An
ion-pair mechanism176, similar to that proposed for the Stevens
reaction, seems unlikely as the rotation within the pair necessary to
lead to ortho migration would be expected to produce somepara migration, which has never been observed. When no o-hydrogen is available
and
as in 55, the expected intermediate 56 can be
this breaks down on heating or on acid treatment as shown in reaction (59), but attempts to capture the methylene ylide (57) as a

D. V. Banthorpe

10. Rearrangements Involving Amino Groups

benzophenone adduct have only trapped the more stable benzyl ylide
(58) 178. AStracer studies (reaction 60) and detailed product analysis179

reasonably suggested lsOthat methylene ylides have no independent
existence but that proton loss and bonding to the ortho position of the
aromatic ring are concerted. Product analyses fromp-monosubstituted
benzhydryldimethylammonium compounds also indicate that proton
removal may sometimes determine the direction and rate of rearrangementlsl.
The Stevens and Sommelet reactions both involve similar substrates
and often occur concurrently (reaction 62) 145. The general trend is
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62 1

(Stevens, 56%)

$$-+

lsMe

( P ~ c H ~ ) ~ ~ M ~PhCHNMez
~

(57)

(C* = 14C)

(62)

(Sommelet. 36%)

have shown the latter ylide not to be involved in rearrangement, an
intramolecular interconversion of58 and 57 has been proposed, which
can be prevented by judicious a-substitution of the benzyl group 177.
1,2-Shift to the benzylic carbanion, i.e. the Stevens rearrangement, is
apparently unimportant under these conditions, but the methylene
ylide is not unique in its participation, for migratory aptitudes of
certain groups in competition have been determined175. Thus as
shown in reaction (61), compound 59 (R = vinyl or cyclopropyl)

l

l

gives mainly 60, owing to preferential proton abstraction to give the
more stable carbanion, whereas 59 (R = 8-phenylethyl) gives 61 and
60 in the ratio 2.8:1 in near agreement with the statistical value,
(3 :l), for random a-proton extraction.
In view of the low rate of exchange of a-hydrogens in 'onium salts
in aqueous media (which were considered akin in solvation properties
to the liquid ammonia often used for these rearrangements), it has been

that the former is favoured at higher temperatures, although it also
predominates under mild conditions when the ortho positions are
blocked, when bulky substituents exert steric influences ls2, and when
butyllithium, rather than phenyllithium is the base lsO.The change
from Sommelet to Stevens product as the conditions vary (sodamide
in liquid ammonia, phenyllithium in ether, fused sodamide in refluxing toluene) is probably a temperature effectls3, for a similar
trend occurs on changing from phenyllithium in ethyl ether at 25O, to
the same base in butyl ether at 120°1s4. Although the entropy factor
is more unfavourablk for the Sommelet reaction-a five-membered
transition state freezes rotation about three a bonds whereas only
one rotational degree of freedom is lost about the ylide C,,,-N in
the S,i mechanism of the Stevens reaction-this is counteracted at
low temperatures by a lower heat of activation. The latter is undoubtedly connected with the 10 delocalised .rr electrons in the
transition state as opposed to 4 for the Stevens reaction, which lower
the heat content of the transition state relative to that for the Stevens
process; and also with the higher energy level of the initial state of the
Sommelet process (relative to the Stevens reaction) which is a result
of it being a fully formed or incipient methylene ylide of high instability. The net result is that the Stevens reaction predominates at
higher temperatures. These qualitative arguments are supported by
rough molecular-orbital calculations ls5.

622

C. Rearrangements of t-Amine Oxides

The Meisenheimer reaction189 (reactions 63 and 64), which also

N-oxideszo0. A related, but little studied rearrangement, useful in
alkaloid synthesis, is reaction (67)201.396.

C

CH3
F$+, t a r t r a t e

+/

R2N

\

applies to nitrones202,is probably intramolecular in view of the firstorder (in substrate) kinetics, the lack of cross-over products in COoccurring reactions, and the rearrangement of crotylmethylaniline
oxide with allylic shiftlgO*
lgl. The base prevents hydration masking
the nucleophilic oxygen, although alkaline solutions of tenaciously
hydrated alkyldimethylamine oxides have to be concentrated to a
syrup to effect reaction
lg2.
Compound 63 probably undergoes S,i with allylic shift, but rearrangement of (+)-a-deutero-64 leads to extensive racemisation
(proved to occur during reaction), and the kinetic effects of ring
substituents, e.s.r. measurements, and the photochemical induction of
reaction, support a radical-pair mechanism 193.397. Kinetics of the gasphase reaction have led to similar conclusions194,but it is disturbing
that the activation energy is much lower than the bond energy of
C,,,-N+. These should be approximately equal for a radical non-chain
process.
Treatment of amine oxides containing at least one nitrogen-attached
methyl group with acetic anhydride, results in the Polonovski
reaction (reaction 65) lg5; product studies on which indicate the
involvement of radicals lg6.The reaction is also catalysed by Fe (111)
and by many transition-metal complexes (reaction 66) lg7. These
reactions have been studied as models for the bacterial degradation of
nicotine which involves N-oxidation as the first step lg8.N-Arylamine
oxides give considerable amounts of o-acetylarylamines on treatment
with acetic anhydride, presumably via cyclisation from the N-acetatelg9, and similar migrations are common for heterocyclic
1893
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pH 34

RaNCHaOAc,

> RaNCHaOH 4

RaNH, HCHO

(66)

0-

Ill. REARRANGEMENTS W I T H MIGRATION T O A N
ELECTRON-DEFICIENT NITROGEN

A. Beckmann Rearrangement
The vast literature concerning this reaction has been recently
r e v i e ~ e d ~ O ~and
. ~ Oreferences
~,
to recent work only will be cited. The
rearrangement (reaction 68), is promoted by many Bronsted and Lewis
R'--C-Ra

II

N-OH

Acid

R1-C-R2
N-X

(M)
(65)

acids, and in a few instances by bases or ultraviolet radiation220,but
most studies have used either concentrated sulphuric acid, polyphosphoric acid (PPA), or ethereal phosphorus pentachloride as
catalyst. Most ketoximes, aldoximes, and oxime ethers or esters
rearrange to amides despite occasionally extensive fragmentation and
other side-processes, and cycloalkyl ketoximes give lactams, with a
few examples of transannular migration205.
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Product analyses from ketoximes assigned as anti or syn isomers on
the basis of synthesis or cyclisation have shown an anti-periplanar
requirement between the migrating and leaving groups (reactions
68 and 69), which preserves the familiar Walden-type inversion at the

only rearrange at elevated temperatures, but N-protonation, rather
than O-protonation is almost certain in these, and proton shift may
be necessary to initiate rearrangement; analogies are the BF,- and
SbC1,-catalysed reactions which undergo rate-determining transfer
of catalyst from nitrogen to oxygen. The rate in concentrated sulphuric
acid depends approximately on the h,, or better the j,, acidity
functions, but levels off at high acidities and detailed mechanistic
interpretations vary. An oxime sulphonic acid may form in the ratedetermining step or a second proton may enter the transition state
(cf. 68 and 69). Reactions promoted by hydrochloric, and possibly
hydrofluoric, acid show autocatalysis by the product, and mechanism
(70) is likely. A similar scheme has been proposed for other
catalysts210, but cannot accommodate the generally observed acid
dependence and stereo~hemistry~~~.
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Ph-C-C-P

/I

N

h

II

C-Ph

Ph-C-COPh

II

N-O-COP

-

Ph-C-COPh

h

II

N-OH

1

PCI,,

ether

(69)

migration terminus, and the relative rates of reaction of anti and syn
isomers in one example is at least 140,000:1209.The formation of two
isomeric amides from a particular oxime isomer in rearrangements
catalysed by protic acids is attributable to an equilibration of the
anti and syn forms of substrate before rearrangement. Optically active
migrating groups retain their configuration and 180-tracer studies
demonstrate that oxygen is introduced intermolecularly, as in reaction (68). Species 66 can readily be trapped by addition of a nucleophile, e.g. azide ion or amine.

The early discovery that O-picryl ethers (67) can be rearranged
thermally in the absence of catalyst, and the large and small increases in rate caused by electron-donating X and Y substituents
respectively, indicated the function of the catalyst and the electrophilic nature of the migration terminus212.An analogous intermediate
cannot be isolated for the phosphorus pentachloride-promoted
reaction-the N-chlorimine only rearranges with difficulty on treatment with antimony pentachloride in aprotic media-but
some
variety of chlorophosphite, e.g. RNOPC1, or RNOPCl,, may well
be formed, for RN = CClR presumably derived from this may be
isolated from the reaction mixture. The details of catalysis by Bronsted
acids are obscure. Acid salts of oximes can be readily prepared, but

RaC--NOH

H+

-

+RCONHR +RC=NR
l
OH

RFNR

tl

Oxirne
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HCI

R2C=NOCRFN R
\
2 (RaCONH,)

(70)

An ionic intermediate, 70, was originally proposed, but concerted
fission and rearrangement is necessary to explain the stereochemistry,
and species 65 is generally assumed to be a transition state or intermediate, although products derived from an ion, 70, are obtained if
the normal rearrangement is hindered by structural rigidity (reaction
71)206*241.
A bridged intermediate or transition state, 71, is indicated

by the Hammett p value (-4.1) obtained for a series of m- and
p-substituted anti-acetophenone oxime p i ~ r a t e s ~ O ~ .This
~ O ~is. similar
to the values obtained in aromatic substitution proceeding through a
bridged Wheland intermediate, and is nearer the value obtained for
(p = - 3.0), in which
solvolysis of 2-aryl-2-methyl-l-propylbrosylates
aryl participation is believed to occur, than that for the corresponding reactions of l-aryl-2-methyl-2-propyl chlorides (p = - 1.1) in
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r

1

R=

R'-<-Ra

R2--C-OH

I1

N-OH

lI

Il
Ra-C

anti

/+

R1(73)

/
Ra-CrN

Br
(cis migration)

Br

d'
$

-

Ra--

R'+

R1-N

Br

II

l

R'-NH

mentation and recombination of suitably substituted oximes (reaction 74) has been detected (in strongly acidic media which permit

(anti migration)

which there is no participation. Further evidence for aryl participation is the rate order in reaction (72) of 0, 1, 93,000, and 2 X 106

H3C

P

N-0%

+

'A

H3C\_//N \OH

Pic
I

as n increases from four to seven209.Here, immense strain occurs in
72 for small rings, but is absent for the corresponding syn isomers (in
which the aromatic ring does not migrate) where the rate is almost
independent of ring size. Comparison of rates of relatively strainless
(n = 7) anti and syn isomers reveals migratory aptitudes of aryl and
alkyl groups to be about 15,000 to 1. o-Substituted acetophenone
oximes react rapidly, often during attempted preparation, as steric
inhibition of conjugation of the oxime double bond and the aromatic
ring destabilises the substrate. Studies of salt effects have been held
to indicate the rate-determining formation of an ion pair comprising a cation similar to 71211, but the detailed interpretation of these
kinetics has been disputedzo4.
An interesting adaption of the usual is reaction (73) possessing a
common intermediate, species 73, for rearrangement and the accompanying fragmentation213,which has been isolated as a component
of an ion pair. This may well be a general mechanism. Similar frag-

the existence of carbonium ions) by ccross-over' and stereochemical
studies, and by isolation of free nitrile. Under similar conditions
Ritter condensation of the nitrile with a tertiary carbonium centre
(derived from an alcohol) gives identical p r ~ d u c t s ~ ~ ~ ~ ~ ~ .
Related rearrangements, restricted to substmtes with suitably
placed hydrogen atoms, are reactions (75) (the Neber reaction) 'l6,
(76I2l8.and (77)
, , 219. The intermediate 75 has been isolated in at least
\

I

'

R1CH2-C-R2

I/

N OTs

.E,-

RlCH=C-Ra

1

- N OTs
(74)

R1CH2-CHRZ

I

NH2

R1CH2-CHR2
__f

l

NCla

-

RICH-C-R2

OEt-

\

RICH-CORa

+

1
NHa

(75)

t

(75)

RICHa-C-R2

II

NCI

(76)
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one example217, and the lack of stereospecificity in reaction (75)
where both anti and syn derivatives react, is probably due to the
transient existence of 74. The Tiemann reaction of aldoximes (reaction 78) has been rarely studied, but probably proceeds as sh0wn~~1.
R-C-NHa

II

N-OH

R-C=NH
A
7

I

~hso,~,

HN-OH
RNHCN H03SPh ----+

+

R-C=NH

A

_3

Hd-osoaPh
RNHCONHS02Ph ----t RNHCONH,

(78)

B. Hofmann Rearrangement
The reactions described in this and the following four sections are
closely related in mechanism. All have been recently reviewed.
222. 251
The Hofmann reaction, shown in (79) (discovered 1882)
gives excellent (80-9070) yields with lower alkyl and aryl amides, but
side-reactions intrude with higher homologues. The discoverer
elucidated the mechanism except for the details of the migration. He
isolated 76, showed that the corresponding N-chloro, but not the

Consequently, the reaction may be used to assign configurations to
acids, by conversion into amines of known ~ o n f i g u r a t i o n ~ ~ ~ .
Details of the migration to nitrogen are obscure. Early studies on the
related Curtius rearrangement failed to detect radical intermediates
by trapping techniques, and formation of free carbonium ions is
inconsistent with the lack of Wagner-Meerwein rearrangement in
products from Ph3CCH2CONH,, and similar s u b s t r a t e ~The
~ ~ ~rate
.
acceleration (p = - 2.5) found in substituted benzamides with m- and
p-electron-releasing substituents, and the converse with electronattracting groups, favours migration concerted with loss of halide ion
from 77. A two-step migration with the initial formation of the

204p

RCONH,

a

RCONHBr
(76)

H't RCONB~+RNCO --%-RNH,
H+ H 0

(79)

(77)

N-alkyl, compound would react, and recovered the isocyanate from
reactions in aprotic media and trapped it as a urethane, when
methanol was used as solvent. Subsequently, strict intramolecularity
has been proved by several sets of observations:
(i) Optically active migrating groups, e.g. ( + )- l-phenylethyl, show
96% retention of configuration in products, the loss of activity
being traced to slight racemisation of substrate under the strongly
basic conditions223.
(ii) Bridgehead amides of (2.2.1)-bicycloheptanes readily react when
inversion would be sterically prohibited 204.
(iii) Biphenyl assymetry is preserved during rearrangement (reaction
80) 204.

0

R-

[-N:..

(78)

azene (78) would be expected to be accompanied by formation of
hydroxamic acid resulting from radical attack on water, but this
could not be detected in the Curtius process, even by sensitive
calorimetric techniques226, although analogous radicals from the
decompositionsof hydrazoic acid, phenylazide, and benzenesulphonylazide could be readily demonstrated. Despite these observations, it
has been argued that an azene intermediate cannot be ruled
out 204. 227. 228 in this and the related rearrangements, and obviously
much work on different substrates is necessary before any general,
or even restricted, conclusions can be made.

C. Lossen Rearrangement
Most of the above observations and evidence for mechanism also
apply to this reaction of acylhydroxamic acids (reaction 81)aa0,
RCONHOCOR1

(iv) Concurrent rearrangement of m,m-dideuterobenzamide and
15N-benzamide gives only m,m-dideuteroaniline and 15Naniline 224.
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A

oroH->

RCONOCOR~
---+RNCO ---+ RNHa

(81)

which was discovered in 1872. It is first order, intramolecular, and
shows similar substituent effects in aromatic R (p = -2-6), as the
Hofmann and Beckmann reactions; for the same reasons ortho
substituents facilitate reaction, irrespective of their polarity. An additional datum here, which implicates N--OAc cleavage in the ratedetermining step, is the retardation (p = + 0.87) exhibited by meta or
para electron-releasing groups in R1, and the acceleration promoted
by corresponding groups of opposite polarity.
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D. Curtius Rearrangement

This reaction of acjl azides (reaction 82) (discovered 1890) may be
'

RCONHNH,

"/

RCON,

+ HNO,

RNCO

Urethaner.
amines. etc.

.

--

(82)

ArCONHNH,

+ HlSNO2

-

+

ArCON-Nz?N

ArNHa

+ N=16N

!m1

RNHCHO
R = alkyl, aryl: R1 =
[RNHCOOH]

!

\--I

conducted in aprotic, alcoholic, or aqueous media to give isocyanates,
urethanes, or amines respectively in excellent (often 809,)
yields 204* a51. Benzenesulphonyl azides react similarly on heating
or under ultraviolet irradiation234.
Intramolecularity has been demonstrated as in the previous tw
reactions, but whilst electron-releasing meta substituents in arom
substrates increase the rate of rearrangement, and ortho groups of
polarity behave similarly, a difference is that all para substituents
decrease the rate compared with the unsubstituted
Uniquely here, the substrate is stabilised by considerable
between the aromatic and triazo groups which more than counterac
the migratory ability even of para electron-releasing groupsa31.
details of the migration are again obscure but tracer studies
confirmed the absence of far-spanning migrations (reaction 83)

l

l

(8

U

The ease of rearrangement of acyl azides compared with their a
counterparts may indicate that the former are concerted, for
latter reactions are insensitive to polar influences, and may we
involve an azene intermediate (see section 1113).
Both Bronsted and Lewis acid catalysis have been
and probably coordination to oxygen rather than nitrogen puts a
positive charge on the middle nitrogen of the triad to give a labile
species similar to that in the Schmidt reaction.
E. Schmidt Rearrangement
This is a group of reactions (discovered 1923) resulting from treatment of a carbonyl compound with sodium azide and concentrated
acid, usually in an inert solvent (reaction 84)a04*a3s.a51.
With
RCOR1

H+

OH
1
R-C-R'

OH

l
N3H' R-C-R1

R-C-Rl

j
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l

I

d

RNH.

+ CO2

(85)

carboxylic acids as substrates, amines are formed directly (goy0
yields), although an isocyanate has been isolated in one example236.
No other intermediates have been characterised and the mechanism
has been deduced from secondary evidence and analogy. Although
extensively used in synthesis239,the reaction is less flexible than its
counterparts owing to the forcing conditions necessary, and the
several steps sometimes give good scope for side-reactions. Bonded
nitrogen can migrate to the nitrogen terminus in guanyl a z i d e ~ ~ ~ ~
and phenyl bonded to phosphorus, sulphur, and other metalloids also
migrates238.2,4,6-Trimethylbenzoic acid reacts under much milder
conditions than does benzoic acid, and an acyl ion, RCO+, may be
formed243. It is not possible to decide whether benzoic acid reacts
through a very small concentration of a similar ion or via the more
plentiful but less reactive conjugate acid RC(OH),+.
The reaction is catalysed by protons (h, dependence) and Lewis
acids, and is strictly intramolecular by the criteria of section 1II.B.
Substituent effects are similar to those in the Hofmann and Lossen
processes and a similar concerted mechanism is likely. Despite the
forcing conditions, no Wagner-Meerwein shifts in suitably chosen
migrating groups have been detected by 14C-tracer studiesa4'.
Although 79 could directly form 82, the route shown is necessary to
accommodate (i) the ineffectiveness of alkyl azides as substitutes for
hydrazoic acid, and (ii) the formation of tetrazoles by 1,3-addition of
81 to azide ion, when the latter is in
Use of asymmetric ketones enables the detection of a tram-migratory
requirement as in the Beckmann reaction. Thus the tendency for the
larger group to migrate in such substrates, i.e. Ph > Me, Et > Me,
is a consequence of favoured formation of 80 with the larger group
and the leaving group situated tram, and the same irreversible prerearrangement step accounts for the identical migratory aptitudes
in para-monosubstituted benzophenones, notwithstanding the polarity
of the substituents.
Reaction (86) is related to the Schmidt r e a ~ t i o n ~ ~ ~ . ~ ~ ~ .
Ph2C(N,),

H+
+
Ph,C=N-NZ+

1

.NO2

+PhCONHPh
(86)
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F. h i d e Rearrangements
Adaptions of the previous method are shown in reactions (87) and
(88) 204.246. The rates of these rearrangements follow h, and a concentrated acid is required both to produce carbonium ions necessary to
form organic azides and (as in the Curtius process) to protonate the
latter to initiate reaction. A good Hammett dependence, p = -2.0,
is found for suitable m- and p-substituted aromatic substrates, and
the migration is almost certainly concerted in these examples. Qualitatively similar results are obtained from separately prepared azides and
concentrated mineral acid.

Ethyl azide, formed by any of these techniques, gives products
(CH3NH2 and HCHO) derived from both methyl and hydrogen
migration, but n-hexyl azide and higher homologues only give the
latter type of rearrangement. Product studies from different S-heptyl
azides show the migration tendencies: n-Am > Me, n-Bu > Et, and
I-methylcycloalkyl azides expand the ring to give heterocyclics
rather than undergo methyl shift246.In general, the smallest group
has least tendency to migrate, probably owing to the populations of
the different ground-state conformations controlling the availability
ofmigrating groups in the concerted (or very nearly so) rearrangement,
as in deamination.
Ultraviolet irradiation of alkyl azides induces rearrangements best
accounted for on a radical mechanism (reaction 89) 247. Route (a)

I

I

l
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for racemic products from optically active substrate-an insertion of a
singlet azene into the neighbouring bond was expected to retain
activity in products-but recent studies on other systems have demonstrated active products227,and no universal mechanism seems likely.
Azenes probably also intervene in the silver-catalysed bicyclisation of
N-chloroazacyclononane248.Irradiation of substituted trityl azides
(Ar3CN3)readily gave rearranged products but the rates of rearrangements and migratory aptitudes of various p-substituted aryl groups
were identical. Again a triplet nitrene was postulated as an intermediate which showed negligible selectivity as a migration terminus.
Presumably sufficient activation was achieved by absorption of radiation to eliminate any necessity for aryl participation in a concerted
process of migration and loss of nitrogen249.Considerable evidence for
the intermediacy of such triplet azenes has been presentedzz7and they
can be trapped by dimethylsulphoxide in the ultraviolet-induced
decomposition of benzoyl a ~ i d e ~ ~ O .
In contrast, thermal decomposition of these trityl azides in inert
solvents at 170-190' is sensitive to para substitution, although the
rates of the anisyl and nitro compounds only differ t e n - f ~ l d ~ ~ ~ .
Analysis of the range of AH* and AS* values indicates that inductive
effects cannot be wholly responsible, and a small amount of aryl
participation seems likely, although a singlet nitrene has been proposed204.227that does show some discrimination towards available
j3-linked groups, despite its great electrophilicity.
G. Stieglitz Rearrangements
A group of reactions of trityl derivatives discovered by Stieglitz
Such reactions have
1916) are shown in reactions (90a) to (90c)
not been reported for other classes probably owing to synthetic difficulties; for only in trityl and a few similar types does steric hindrance
( W

Ar,CNHOH

PCI,, ether

+

---+ Ar2C=NAr
A ~ ~ C N O C -----+
O P ~ Ar2C=NAr

(gob)

A ~ , C ~ I

(W

F
Ar,CNHOPCI3

Ar,CNHOCOPh

Ar3CNC12

predominated when the reactive nitrogen and a hydrogen, five atoms
removed, could adopt the conformation shown, and was developed
into an elegant synthetic route, e.g. of proline and connessine (the
Barton reaction). The diradical83 was originally proposed to account
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OH-

-

Ar,C=NAr

(g'-'a)

to the nitrogen atom generate conditions where reaction at the oxygen,
either during rearrangement (90a), or in preparation of substrates
(gob), can predominate. Intermediates have not been isolated,
but the mechanisms are probably as shown. p-Substituted compounds
obey a Hammett relationship (p = - 1.2) similar to that of the thermal
reactions of trityl azides previously discussed, and the reactions are
presumably intramolecular.
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IV. INTERMOLECULAR AROMATIC REARRANGEMENTS

where the base usurps the role of water or ethanol. In aniline as solvent
the rate was always first order in substrate, but with strong acids it
was predominantly first order in acid and with weak acids second
order; the former rate expression follows from reaction (92) in which
aniline (present in large excess) is implicated, and the latter from a
mechanism where the more nucleophilic anion of the acid can intervene to give a diazo compound, RN=NX, in a step with a rate
proportional to [H +][X-], i.e. to [HXI2. Reaction (92) has also been
supported by 15N and product s t u d i e ~ ~but
~ ~the. ~role
~~
of ,covalent
diazo compounds in aqueous media awaits elucidation.
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An important group of acid-catalysed 'rearrangements' involves
fission and intermolecular recombination (reaction 9 l), rather than

o and

p

v

intramolecular migration. A widely applied criterion for intermolecularity has been trapping of the electrophile X with an additive,
e.g. anisole or aniline, but this procedure is valueless as the scavenger
may react with the substrate, with an intermediate of an intramolecular
process, or with side-products accompanying, but quite unrelated
to, rearrangement. Better tests for intermolecularity are the scrambling into product of added X + (or a species convertible into it under
the reaction conditions) containing isotopic tracer, the demonstration
of couplingof the separately prepared fission products to give rearrangement products in the same proportions as obtained from 'rearrangement' under similar conditions, and the predominant formation of
para rather than ortho products. Application of these criteria and
detailed kinetic studies are sadly lacking for the following reactions.
A. Diazoaminobenzene Rearrangement
(reaction 91 ;R = H ; X = N=NAr)
This reaction, promoted by ethanolic hydrochloric acid at 0-20°,
was discovered by Griess and Martius in 1886, and is important in
dyestuffs manufacture252.Little controversy has arisen over mechanism, which has since 1885 been accepted as fission to a diazo compound or diazonium ion (characterised by coupling with scavenger)
and amine (isolable) 253, and recoupling. The marked catalytic effect
of arylamines (in acid media) is attributable to reaction (92)254,

B. Hofmann-Martius Rearrangement
(reaction 91; R

=

akyl, H ; X

=

akyl)

Pyrolyses of N-akylarylamine hydrochlorides at 200-300' lead
mainly to p-akylated derivatives (discovered 1871)271. Reactions of
N-methyl heterocyclics (Ladenburg reaction)257, and Hofmann
degradations of certain ' onium hydroxides 25B give similar products.
Formation of alkyl halide (always with unrearranged carbon skeleton)
and olefins (sometimes rearranged) reduces the yields unless sealed
vessels are used, and these observations coupled with the frequent
formation of products with rearranged akyl substituents (e.g. N-isobutylaniline gives isobutyl bromide, isobutylene, and p-t-butylaniline) suggests nucleophilic attack by halide ion to give alkyl halide
followed by carbonium ion formation (in the polar molten salt) and
para substitution258.
Consistent with this, halides and olefins condense with anilines
under simulated conditions to form para products25e, and 14C-tracer
studies show no hydride shift on migration of straight-chain and
isopropyl groupszB0.(+)-N-l-Phenylethylanilinepossesses a migrating group that is appreciably stable as a cation, and here rearrangement gives quite different isomer ratios from akylation of aniline
Extensive racemisation of
with styrene or l-phenylethylchl~ride~~~.
products eliminates an intramolecular route, and presumably the
normal pathway is employed involving relatively free, non-paired
cations. These product studies and the general dependence of products
on the particular acids ~ s e d ~rule
~ out
~ .a direct
~ ~ ~SN1
, heterolysis of
the protonated substrate and subsequent para coupling261.
Rearrangement is also catalysed by colbalt(11), zinc, and other
metal chlorides2B5,with the important differences that neither olefin,
21*

D.
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alkyl halide nor product with rearranged alkyl group, have been
detected266,and the ortho :gara product ratio differs from that of the
A hiedel-crafts-type process (reaction
amine salt pyrolyses 262.264 T
93) is likely261.
CoClz
PhNHR

CoCl

I

4 Ph- YHR

PhNHR

P~NHSOCI,+ R

An intramolecular T-complex mechanism (see section V.a) has
been proposed for the proton-catalysed reactions 267 to accommodate
the alleged lack of polyalkylation such as was expected in the intermolecular route due to the activating effect of alkyl groups on benzenoid reactivity. In fact, polyalkylation does occur to a small extent 266,
but the previous argument ignores the fact that the most reactive
para position is first blocked, and that the ortho positions, probably for
steric reasons, are much less susceptible to attack. All the available
evidence refutes such a mechanism.

637

10. Rearrangements Involving Amino Groups

D. Orton Rearrangement (reaction 91 ; R

=

COCH,; X

=

Br, Cl)

This rearrangement to mainly para, but often appreciable quantities
( 40%) of ortho products, was discovered by Bender in 1886, but was
chiefly elucidated by O r t ~ n Reactions
~ ~ ~ . of N-chloroacetanilides in
aqueous or ethanolic media are uniquely catalysed by hydrochloric
acid with rates proportional to [HC1I2, i.e. to [H+][Cl-1, although
other halogen acids promote non-isomeric transformations. For example, hydrobromic acid gives o- and p-bromo derivatives; other
mineral acids are largely ineffective. These observations, the isolation
of acetanilides and chlorine from rearranging solutions, the crosschlorination of additives, and the identity of products of rearrangement
and of chlorination of a ~ e t a n i l i d e ssuggests
~ ~ ~ , an initial nucleophilic
attack by chloride ion on the N-bonded chlorine forming fission
products which combine intermolecularly. The formation of
chlorine via hydrolysis to hypochlorous acid is less likely258.This mechanism is consistent with detailed kinetic analysis258and with the
discovery that use of 36Cl-labelledsubstrate or catalysing acid, leads to
products with the chlorine containing approximately the radioactivity
calculated from pooling the organic chloride with inorganic
chloride 273.
Rearrangements catalysed by carboxylic acids in aprotic media,
e.g. chlorobenzene, give mainly para product, but the mechanism is
obscure. An intramolecular process 275, of the T-complex type
280,
was proposed, as free halogen could not be detected in quantities
sufficient to account for reaction; but kinetic evidence for intermolecularity with XOCOR as the halogen carrier has since been
p r e ~ e n t e d ~and
~ ~ the
. ~ ~predictions
~;
of T-complex theory are inconsistent with the ready isomerisations of 2,6-disubstituted Nbromoacetanilides in which extension of the T orbitals to nitrogen
would be sterically i r ~ h i b i t e d ~14C~ ~ .and
~ ~ 82Br-tracer
~.
studies of
concurrent rearrangements of two N-bromoacetanilides, and of the
kinetics of cross-bromination of added anisole, suggest that intra
complex reactions occur in aggregates consisting of brorninating agent,
bromine acceptor, and acid catalyst 281.282. Such aggregates are very
reasonable for polar reactions in non-polar media, and account for
the observed complex kinetics at least qualitatively.
Rearrangements of N-chloroacetanilides induced by ultraviolet
radiation or benzoyl peroxide in carbon tetrachloride involve freeradical intermolecular chlorination 283, as probably do similar reactions
of N-~hloro-N-alk~larylamines~~~
and N-chloroarylsulphanilides 285.
N

2677.

C. Fischer-Hepp Rearrangement (reaction 91; R = alkyl; X = NO)
The rearrangements of N-nitrosoamines catalysed by hydrochloric
or hydrobromic acids usually in aqueous ethanol or acetic acid at
20°, were discovered in 1886. N-nitrosodiphenylamines also react,
especially with Lewis acids (AlCl, etc.) in aprotic media268s26g,
and
N-nitrosotetrahydroquinoline gives migration into the aromatic
ring251. The great catalytic efficiency of halogen acids (compared
with other mineral acids), the facile cross-nitrosation of additives, the
improved yields of products on adding sodium nitrite, and the isolation of halogenated side-products (with chlorine derived from reaction
of nitrous and hydrochloric acids) all support a nucleophilic attack
by halide ion to form nitryl halide (NOHal) which attacks the ring,
but a satisfactory kinetic study is lacking. Nitrosoamines with t-alkyl
or other bulky N-substituents denitrosate to amines on attempted
rea~tion~~O
probably
* ~ ~ l , owing to steric inhibition of the initial SN2
step.
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E. Phenylhydroxylamine Rearrangement
Although formally similar to the previous processes, this reaction
(Bamberger, 1894) which is often carried through in one step by
electrolytic reduction of nitrobenzenes in acid conditions251,involves
nucleophilic attack at the para (or less favourably the ortho) positions
by the solvent (reaction 94). Redox reactions catalysed by oxygen

V. INTRAMOLECULAR AROMATIC REARRANGEMENTS
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lead to azoxy products286,and non-catalytic thermal reactions and
transformations of N- or 0-sulphonic esters290 and N,O-diacetyl
derivatives2g1have been recorded. An interesting unstudied analogue
is the interconversion of phenylhydrazine and p-phenylenediamine
catalysed by hydrochloric acid2g6.
There is no of evidence for a proposed26' intramolecular
T-complex mechanism, and reaction (94) accommodates the dependence of rate on acidity 288, the formation ofp-chloro and p-ethoxy
compounds in the presence of hydrochloric acid and
and the total incorporation of leO from labelled aqueous solvent
A cationic intermediate, rather than concerted fission and para
substitution, is suggested by the non-dependence of rate of formation
of chloro compounds on chloride ion concentration
Interest has recently been stimulated by the discovery that carcinogenic arylamines are degraded in vivo by N-hydroxylation and
rearrangement, and a microsome fraction from rat liver converts
3-aminobiphenyl into 3-amino-4-hydroxybiphenyl via this route

F. Chattaway Rearrangement (reaction 91 ; X = R = acyl)
The interconversion of N, N- and N,p-diacylarylamines was found
(1915) to be promoted by zinc chloride and other Lewis acids, but
has been seldom studied. A Friedel-Crafts type of mechanism is
probable2g3for this and for the related rearrangements of N-aryls u l p h ~ n y l a m i n e s ~N-Acylarylamines
~~.
form the para isomer under
ultraviolet irradiation 2g5, but the proposed intramolecular shift
involving radicals caged in a solvent shell (Frank-Rabinovitch effect)
seems less likely than an intermolecular process.

A. Nitramine Rearrangement
The acid-catalysed rearrangement of N-nitroarylamines (Bamberger, 1893) is formally similar to reaction (91) (R = H, alkyl;
X = NO,), but complete intramolecularity has been demonstrated
for several substrates in the range 0.1 M to 16 M acid in several solvents.
For example :
(i) ortho Products predominate (typically 70-9070) over the whole
range297-2g9
whereas intermolecular nitration would give predominantly para products.
but is attributable
(ii) Nitration of added scavenger is rare
(with 2,4-dinitro and chloro-substituted nitroanilines) to electrophilic attack by protonated substrate 301.
(iii) No tracer enters either ortho or para products when N-nitroaniline
302 or N-nitronaphthylamine~~~~
are rearranged in
the presence of 15N-labelled nitrate or nitrite ion over a large
acidity range; and no cross-transfer of tracer occurs when the
former substrate labelled in the nitro group, and p-methy1-Nnitroaniline are simultaneously rearranged 303. Cross-nitration
during a similar rearrangement of N-methyl-N-nitroaniline and
its labelled p-fluoro derivative304 is inconclusive in the absence
of appropriate controls300.
(iv) Possible products of fission, for example NO, and amine at high
acidities, either do not react under appropriate condition^^^^*^^^
or react but give a different isomer ratio from products of
rearrangement301. The latter observation (see (95)) eliminates
+

Products (%)
amp
Nitration of

P~AH,No,

Rearrangement of PhNHNO,

85%H&O, : H,O at 10"

6

34

59

93

0

7

(95)

both Bamberger's original theory and a recent variant305 that
aromatic C-nitration proceeds via N-nitration and rearrangement, and the absence of meta rearrangement product confirms
that no intermolecular component intrudes.
The dependence of rate on Hammett's h, function and the large
solvent isotope effects (k,zo/k,,o) for several N-nitroaminesZ9'.298.306
suggest preequilibrium protonation of substrate, but details of the
subsequent migration are disputed. What is clear is that some structural
feature denied to other N-substituted amines here permits an intramolecular route. Three mechanisms are extant:
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(i) The a-bond mechanism: A scheme, applicable to intramolecular
sociated species, and the action of radical inhibitors (a-naphthol,
rearrangements in general, has been vigorously but uncritically
hydroquinone)
in diminishing the yield of products by destroy281. 307 (despite its unsatisfactory molecularadvocated 261.
ing the intermolecular component. Tracer evidence for the latter
orbital foundation
307).In this, protonated substrate heterocomponent is illusory (see above) and the inhibitors may also
lyses to NO2+which bonds to the a orbital of its counter-fragment
react with nitrous acid or nitryl chloride (which are known to
and migrates without becoming kinetically free. However,
be present in the reaction products) and so may well suppress
fission in this direction is ruled out at low acidities by the excellent
rearrangements proceeding through N-nitrosation, Fischer-Hepp
Hammett a + - p relationship (p = -3-7) shown by a series of
migration, and oxidation, that involve no radicals. In this
p-substituted N - n i t r ~ a n i l i n e s ~ O ~and
. ~ ~ ~heterolysis
,
to an
mechanism the completely intramolecular reactions, of
aromatic dication and nitrite ion appears universal as indicated
N-nitroaniline for example, would have to show 100yo primary
by the general formation of nitrous acid, diazonium ions,
recombination
of radicals, an efficiency never approached even
quinones, and imines as side-products, and the non-occurrence
for
neutral
species307.
309. Also, product isotope effects cannot
of nitrate ion, derived fiom NO; 297*298. Also the a complex
be
accommodated
for
similar reasons as in the a-bond mechmust collapse to a complexes en route to products, identical
anism,
and
meta
products,
and migration of naphthyl derivatives
with those occurring in aromatic nitration. Consequently
into
either
ring,
neither
of
which are observed, would be prethe theory cannot accommodate the appreciable o- and
dicted.
Furthermore,
electron
spin resonance techniques or tests
p-deuterium isotope effects on products that are observed, for
for
initiation
of
polymerisation
provide
no evidence for radicals 300.
such isotope effects do not occur in nitration p r o c e s s e ~ ~ ~ ~ ~ ~ ~ ~ ,
Reaction
through
an
ion
pair
86,
was
considered unlikely by
and furthermore it predicts migration into either ring of naphthyl
the
proponents
of
this
theory.
derivatives (and perhaps meta and deaminated products) whereas
(iii) The cyclic transition-state mechanism: neither of the above
only the 2- and 4-nitro isomers are formed298.
theories accounts for the different behaviour of N-nitro as com(ii) The caged-radical mechanism: reaction (96) has been propared
with other N-substituted compounds, for, if radicals or a
posed299.306in which caged radicals either recombine intracomplexes
could readily be formed from the former, they should
molecularly to products, or dissociate to allow an intermolecular
equally
well
occur with the latter. This is contrary to experience.
component. The sole evidence was the formation of amine and
A
mechanism,
shown in its latest form298 as reaction (97),
nitrous acid, the former presumably by reduction of the disenvisaging para migration through a reactive a-bonded intermediate 302, accommodates all the presently available data297.298,
and has analogies with the Claisen rearrangement of ally1 aryl
ethers, and the thermal rearrangements of N-allylarnines315.
85 and 87 break down to o- and p-nitro isomers directly, in highly
exothermic processes that by-pass a complexes and so show
product isotope effects; and uncoupling of bond making at C(2)
from the initial bond fission leads to 86 which dissociates to sideproducts297. For some substrates, extensive solvent attack on
85 and 87 results in nitrous acid and tars derived from aminophenols.
Nitramine rearrangements occur in quinoline 310, pyridine 311, and
thiazole312 derivatives, and although migration into both rings is
reported for the first type, 15N studies in the pyridine series indicate
Products (0- and p-nitro isomers,
an intramolecular pathway313.Thermal and photochemical reactions
amlnes + nitrous acid)
of N-nitroanilines and naphthylamines give 30 to 50% yields of
2979
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16Ni
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C

0- andp-Nitro

A

products
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(97)

m tar, nitrous acid mines, etc.

(86)

rearrangement products together with tars, and the lack of evidence
for radicals3" makes cyclic processes, similar to reaction (97), likely.

benzidines) or disproportionate to yield monocyclic amines and azo
c o m p ~ u n d ~The
~ ~ .last
~ ~reaction
~.
predominates with #,p'-disubstituted substrates and is generally favoured by moderate acidities and
elevated temperatures 320.
Most of the early product studies used the convenient reduction of
azo compounds with stannous chloride in acid (although many other
reductants and even halogens can effect reductive rearrangement)
but intrusion of tin complexes cannot be ruled out-although the one
relevant kinetic analysis of reduction by titanous salts indicates
hydrazo intermediates3.1. Reaction of separately prepared substrate
under kinetically controlled conditions is essential for mechanistic
investigations.
Early studies showed that semidines were not intermediates in the
formation of aminobiphenyls for they were stable under the conditions typical for the rearrangement, and no intermediates, except
mono- and possibly diprotonated substrate, have been detected. All rearrangements that have been studied are strictly intramolecular under
all investigated conditions. This is shown by the inability to detect, by
product isolation or by sensitive radiochemical and chromatographic
techniques, any products B.B or A. A from the rearrangement of
unsyrnmetrical substrates A. B, or products A. B from concurrently
performed reactions of A. A and B. B3aa-324.The substrates must
react at comparable rates for the last test to be valid. Specific examples
are the failure to detect tracer-containing 91 in reaction (99).

B. Benzidine Rearrangement

Acid treatment of hydrazobenzene (reaction 98) (Hofmann 1863)
gives almost exclusively the C,4,-C;4,-Linked benzidine (88) and
C(4,-C;,,-linked diphenyline (89); although in conditions where
proton acceptors show low activity, e.g. 40-9097, sulphuric acidwater316 or ethereal hydrogen chloride317, both the parent hydrazo
compound (W)and ring-substituted derivatives may form C(.,-N',
C,,,-N', and C(.,-C;,,-linked products (o- and @-semidines and oPhNHNHPh
(90)

>-
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X

EtOH. 2O0

Concurrent

rearrangements
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I

'C]
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The influence of ring substituents on products is complex and the
150 or so recorded example^^^^.^^^ have only recently been systematised and rationalised325.Ejection of certain groups, e.g. p-COOH,
p-SO,H, and p-Hal, may occur to varying extents but, this aside, the
following statement of orientational principles is possible:
(i) A C(,, substituent leads to C(,,-N' linking if it is strongly electron
donating, and to C(,,-C;,, linkage if it is not.
(ii) A C(,, substituent showing both inductive electron attraction
and mesomeric electron donation (e.g. a halogen) leads to both
of the above modes of linking.
(iii) A C,,, electron-donating substituent orients to C(,,-C;,, linking
with a strength paralleling that of its electron donation, or to
C(,,-C;,, linking if the C;,, position is blocked.
(iv) Substitution at C,,, and/or C(5,, C;,,, and C[,, favours C,,,-C;,,
linkage.
Reaction (100) gives typical examples.

X

(X = Cl, Br, I)

X
(X = OR, CH3)

Recent kinetic studies have proved3,, that although the rate of
reaction of both 90 and many derivatives in aqueous organic solvents is
proportional to [H+], or ho2 at low and high acidities respectively,
hydrazonaphthalenes and certainp-substituted hydrazobenzenes show
first-order dependence on acid, whereas N-naphthyl-NI-phenylhydrazines and 2,2'-dimethylhydrazobenzene exhibit kinetics changing from
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first to second order with increasing acidity and quantitatively obeying
the rate law (equation 101). General acid catalysis is not detected, and

of
is conceptually excluded325,and solvent isotope effects (k,,,/k,,,)
2.3 to 4.8, depending on the order in acid, clearly indicate that either
one or two protons are transferred in preequilibrium.
Several mechanisms have been proposed to account for these, and
other, data. Some3,= completely ignore the stereochemical problem of
bonding the 4,4'-positions (which even in the cis form of substrate are
4.3 ;iapart) without complete N-N fission and geometrical reorganisation leading to intermolecular and disproportionation processes.
Others327cannot account for products and product isotope effects325,
and either are completely u n p h y s i ~ a l ~ ~or~ .are based on fallacious
~ ~ three
. ~ ~ ~can
. be
reasoning concerning rates and e q ~ i l i b r i a ~But
seriously considered as meeting the stereochemical challenge :

(i) The caged-radical mechanism: although often mentioned, the
formation and intramolecular recombination of caged ionradicals (ArNH,+-) from diprotonated substrates has only
recently been seriously advocated as an inconsequential conclusion from certain experimental observations332.Long ago 333 this
theory had been made unlikely by the observation that although
tetraphenylhydrazines would rearrange they did not do so under
conditions where dissociation into radicals occurred; and the
theory, based as it is on the idea of homolysis promoted by
adjacent-charge repulsion, cannot account for the coexistence of,
and steady transition between, one and two proton routes325.
Nor can it account for the widely different products from
different substrates. The reactivity of the fragments should be
largely independent of ring substituents, and semidines would be
always expected to predominate as the odd-electron density is
greatest on the nitrogen atom 281* 281. ,07.
Physical and chemical tests have not detected radicals325,and
the low probability of primary recombination of radical-ions of
like charge would not lead to quantitative and intramolecular
rearrangement. Radical-ions may be formed in certain compounds (e.g. 92, n = 4) when rearrangement (and dissociation)
are structurally inhibited, but with longer internitrogen bridges
a normal type of migration occurs (reaction 102),,,.

D. V. Banthorpe
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(ii) The T-bond mechanism: this theory261,analogous to that proposed for the nitramine rearrangement, has little theoretical
justification 307. 335, but is superficially attractive 336. Unfortunately, except in attenuated form307,it does not fit the observed
facts and has no predicative value 325.
T-Complex formation was initially envisaged to result from a
monoprotonated substrate. The discovery of second-order and
transitional-order kinetics led to an amended mechanism in
which the T complex was broken up with formation of rearrangement products by the attack (which could be rate determining) of
a second proton. However, this required general acid catalysis for
the second step which is not observed, and also a rate law (equation 103) that was found subsequently to be completely at
variance with experiment (cf. equation 101).

(S = substrate;
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(iii) The polar transition-state mechanism: this, the most satisfactory
theory at the present time325,recognises that the transition states
of these rearrangements are unique, on account of the far-reaching structural changes involved, in bearing little electronic or
geometrical resemblance to either reactants or products. The
di- or monoprotonated substrate heterolyses (reactions 104 and
105), such that an incipent dication with one positive change

A, B constants)

In order to accommodate the later kinetic data, T-complex
formation from the diprotonated substrate had to be introduced307, despite a previous theoretical demonstrationZ6lthat
this was improbable. As the earlier versions of the theory also
could not account for the kinetic order of the reaction of hydrazonaphthalene and of semidine- and diphenyline-forming rea r r a n g e m e n t ~or
~ ~for
~ , the products and kinetics for compounds
with bulky para sub~tituents~~",
and furthermore, led to incorrect general rules for products, there seems little justification
for its continued advocacy. The latest version of the theory has
been stripped of its quantitative content, and is little more than a
statement that the reaction is intramolecular and has some kind
of (unspecified) interaction between the different potential
fragments, as they readjust their relative positions.

anchored on nitrogen and the other delocalised to the 2-, and
(chiefly) 4-position of the ring, or a monocation with charge
delocalised similarly, is formed in proximity with an incipient
neutral species capable of undergoing electrophilic attack. The
N-N fission results in lowered force constants for the N-C,,,
and NI--C(,, bonds338,permitting bond angles quite different
from normal, and a concerted movement of the electronically
distinct quasi fragments into coplanarity is accompanied by
weakly directed electrostatic interaction (facilitated by the low
apparent dielectric constant of the medium at these molecular
distances) at the potential bonding sites. This develops into welldirected covalency formation and internal electrophilic substitution. A detailed analysis325,taking into account the polarity
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and steric effects of ring substituents and the possibility of lateral
displacement and rotation of the rings leads to a plausible
rationalisation of all data concerning substituent effects on rate
and products, salt and solvent effects, and kinetic and product
isotope effects. Complete dissociation to an aromatic dication and
amine is feasible when, for example, di-p-substitution inhibits
rearrangement, and the former species may have been detected
as a powerful unidentified oxidising agent formed during rearrangement of p,~'-dimethylhydrazobenzene339.
Heating hydrazobenzene with methyl iodide in the absence of acid
which may be formed either via
gives tetramethylben~idine~~~,
quaternisation of the nitrogen of the substrate or by a purely thermal
rearrangement followed by N-methylation. The thermal route is well
known in a variety of solvents at 60-100°, and kinetic and product
studies341indicate that hydrogen bonding leads to a quasi acidcatalysed intramolecular process in protic media. In aprotic solvents,
semidines often predominate and a caged-radical process, which is
still strictly intramolecular 342, may occur. Thermal rearrangements
are undoubtedly responsible for reactions allegedly promoted by
certain unusual ' catalysts ' at elevated temperatures : e.g. refluxing 90
with phosgene in xylene is reported to induce rearrangement343.
Benzidine-like rearrangements are reported on acid treatment of
suitable imidazoles344, pyridine 345 and thiazole hydrazocompounds346,
but not f e r r ~ c e n ederivatives.
~~~
Related, probably intramolecular,
rearrangements ofp-quinamines348 and 0,N-diarylhydroxylamines349,
(reactions 106 and 107) have been arbitrarily assigned .rr-bond
mechanisms, whereas reactions (108) and (109) are probably intermolecular, although the observed formation of cross-over product.
counts for little251.

R
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C. Chapman and Smiles Rearrangements

The thermal transformation of aryl N-arylbenzimidates into Naroyldiphenylamines (reaction 110), systematically studied by
ArC=NAr

I

OAr

200-300"
PhNOp

Arc-NAr,

II

0

Chapman ( - 1925)
provides an intramolecular (as proved by
lack of cross over in concurrent reactions) route to diphenylamines.
Electron-attracting substituents (NO,, Cl) accelerate the internal
nucleophilic substitution at the aryl ring by the nitrogen. Related
thermal and acid-promoted displacements at an aliphatic centre have
been studied 352.
The Smiles reaction (discovered 1931) (reaction 111) is a similar
3509351,

a,,,
(I'X =

= so2, so, S, 0. SO20;
NR. NOAc. NH. CONH. S02NH)
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intramolecular
with many possible permutations of Y
and X, very few of which have been studied. A few proceed without
activation, but usually an electronegative group is required at the
2- or 4-positions of ring B and a retro process has been characterised at
pH 2 to 6 in some examples. A similar reaction, leading to fragmentation, is (1 12). The mechanism shown is supported by substituent
effects on rate, and the low AS* factor354.

VI. O T H E R R E A R R A N G E M E N T S
A. Rearrangement of Phenylsulphamic Acid and Related
Compounds

At the end of the last century, Bamberger put forward a theory of
'indirect sulphonation' of aniline whereby the 'baking' of aniline
sulphate gave rise to a series of rearrangements that can be dissected
as reaction (1 13). In support he claimed to demonstrate steps I1
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nated. However, treatment, of phenylhydroxylarnine with sulphur
dioxide did yield 94, in addition to 93, and intramolecular ortho
rearrangement similar to that proposed for the nitramine rearrangement of an initially formed sulphitoamine (96) is probable 355.

Tracer studies, using 34S,indicate that the thermal isomerisation of
l-naphthylsulpharnic acid to (mainly) l-aminonaphthalene-2-sulphonic acid is intermolecular in the presence of sulphuric
presumably involving fission to amine and sulphuric acid, and recombination-but
largely intramolecular in its absence 358. The
situation is confused, for example a sequence analogous to 94+93+95
has been demonstrated in the naphthalene series359,and requires
further study. As before, observation of cross-sulphonation of additives
during these reaction^^^^.^^^ has no mechanistic significance.
A sulphamic acid rearrangement has been reported in the thiazole
senes 361, and reactions (114) and (1 15), of unknown mechanism, are
similar 362,383.

CH?

B. Acyl Migrations to and from Nitrogen
An 0 + N acyl shift (reaction 116) was discovered in 1883 and
found not to occur with the acid salt, meta or para isomers, or the
and I11 by treating phenylsulphamic acid (93) at 16' with concentrated sulphuric acid in acetic acid 355. However step I has never been
claimed, and more recent
has failed to accomplish step I1
under any conditions: disproportionation occurred in all solvents
except in dioxan at 100' when the conversion of 93 into 95 predomi-

corresponding a-amino ether. Such reactions have since been found
to be base promoted in contrast to the acid-catalysed reverse N + 0

653

D. V. Banthorpe

10. Rearrangements Involving Amino Groups

shift. Detailed kinetics for these types of catalysis have not been
reported, but two mechanisms, (117) and (118), (for clarity the role
of catalyst is omitted) leading to retention or inversion at the oxygenated carbon are reasonable364. 97, rather than the oxazoline

of inversion to retention increases as the ortho group is made larger.
The retro 0 +- N shift gives retained configurationsin products from
both isomers, under all investigated conditions. cis-N-Acetyl-2aminocyclopentanol, in which the two reacting groups are held
rigidly eclipsed, reacts as in (117) 365.366, but the tram isomer only
undergoes irreversible reaction with inversion under forcing conditions. The benzoates of both cis- and tram-2-aminocyclohexanols
give N +- 0 and 0 -t N acyl shifts with retention, as the flexible
geometry allows either to assume a conformation with the reacting
groups syn-clinal 367.
Similar acyl shifts occur for derivatives of the 8-hydroxyamino
acids, serine and threonine. As incorporation of either of these into a
polypeptide chain is equivalent to forming an N-derivative, it is not
surprising that the amino groups of these acid residues are among the
first to be liberated during mild acid hydrolysis of proteins368.Analogous shifts occur in glucosamines360, steroids370, and particularly
alkaloids. Of interest in the last class is the ready transannular shift
in 100, but not in 101, under specified conditions371 (apparently
reaction 118 is here inapplicable), and the far-reaching reorganisations in jervine acetate (reaction 119)372. S -+ N (reaction 120) and
N +- N acyl shifts have been reported at near neutral pH's in certain
structures 373*374.

derived from it by dehydration, is probably an intermediate 365.
Reaction (117) accounts for the complete retention in configuration
in rearrangements of N-benzoylephedrines, (98) and (99), in dilute
ethanolic acid. 98 reacts some 70-fold faster than its isomer owing to
cis effects in the syn-clinal or syn-periplanar transition states of the
latter364. In more ionising conditions, the N-acetyl analogue of 99

i

,H
H4-tiph
MeN

OH

H3C

..

,.Ph

MeN

OH

o>-~h

o>-ph

utilises reaction (118) to give both inverted and retained products.
The same result is found for o-substituted benzamides when the ratio

R\
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In many cases a primary substrate goes over to a secondary product,
but this is not evidence for opening of the cyclic immonium ion to
give a carbonium ion before product formation, it is merely an
indication of the relative stabilities of product and substrate, and
kinetic analysis and the application of the principle of microscopic
reversibility indicates that the immonium ion is attacked by anion or
solvent in a SN2step378.
Arnides possess feebly nucleophilic nitrogen atoms, but can readily
be activated for cyclisation and rearrangement by base379(reaction
123).

C. Rearrangements Involving SNi Displacements by Amino Groups

PhNH

Solvolysis of X(CH,),NH, ( X = Halogen, n = 2 to 6) under a
variety of conditions is much faster (except for n = 3) than that of
the corresponding alkyl halides, and is unaffected by added base or
silver salts. Amino group participation in the rate-determining step
occurs (reaction 121) to form a cyclic species which, for n = 2 or 3,

rapidly ring opens; although 5- and 6-membered ring compounds
may be isolable as quaternary salts. Many examples exist in the
chemistry of the nitrogen m ~ s t a r d s ~ ~
Formation
~ , ~ ~ ~of- larger
~ ~ ~ .
heterocyclics is governed both by the ring stability and by the probability of intramolecular reaction betweeen terminal groups well
separated by a methylene chain, and cannot usually complete with
direct s o l ~ o l y s i s ~Application
~~.
to cyclic compounds gives ring
expansion (reaction 122)251, but bicyclics, e.g. 102, cannot usually
sustain the strain involved in forming the intermediate and do not
react37B.
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CHClPh

NaNH

.-----%

liq. NH.

PhN-

CHClPh

-

PhN-CHPh

----t

"c6
PhNH-CHPh

I

(123)

Transannular reactions (sometimes followed by ring opening)
(reactions 124, 125, and 126) are well known 380-382. The first type can

~5
9

;
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readily be followed by the disappearance of the carbonyl vibration
in the infrared spectrum and leads to (6.6. O), (6.5. O), and (5.5. O),
but not (7.6.0) or (7.5.0) bicyclics. Many similar cyclisations of biochemical importance have been reviewed 383. An interesting analogous
reaction is the 'amino nitrile' rearrangement (reaction 127)384*385.

(iv) The 'amino ketone' rearrangement (reaction 131) involves
intramolecular 0-migration but intermolecular introduction of
the amine moiety, as shown by 'crossing-over ' of the latter during
simultaneous rearrangement of two s u b s t r a t e ~ ~ ~ ~ .
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CHa=CHCHO

+
CH-CH
+ HaNNHRa
----t 11
11

CH2-CH
tH,

CH1 N

/

\+

N Ra

k
/

CHa-CEN
BL,--NRa

N Ra

A

NH,

+ HCNO +NH=C \/

---t

b

2w
Ar
A~NH;

kHAr

tC

ArkH

H R

I

+A r

NHAr

C\
I
l

(NHz)zCO

C H R

NHAr

+

(127)

D. Miscellaneous Rearrangements
Some of the more important of the remaining reactions that come
within our terms of reference are grouped here. Few have been
adequately studied from the mechanistic viewpoint, and none fall
into the previously considered classes.
(i) Wohler's classical synthesis of urea (reaction 128). The intermolecular mechanism is supported by the isolation of ammonia
and polymers of cyanic acid from the reaction product.
NH,CNO

Arc-CHR

0

ArCHI

!R

(v) The Dimroth reaction (132) is facilitated by electron-withdrawing groups in the nucleus391, and occurs for purines, pyrimidines392, triazoles, and p t e r i d i n e ~ ~ Similar
~l.
ring fission and

(128)

\N Ha

(ii) The Hofmann-Loffler reaction of N-halogenated amines (reaction 129). Abstraction of hydrogen in a 5- or 6-membered
cyclic transition state (for both straight-chain or cyclic compounds) by an amminium radical gives a carbon radical which
cyclises386. 387.

RCHX(CH,),~~H,R~

OH-

RCH(CH,),NR~

recyclisation accounts for the well-known ' hydantoin exchange'
in amino acid derivatives393and the formation of nicotinic acid
in the enzymic degradation of t r y p t ~ p h a n A
~ ~reverse
~.
type of
rearrangement via cyclisation and ring opening is reaction (133)
leading to sequence inversion in pep tide^^^^.^^^. Such a

(129)

(n = 3, 4)

(iii) The Amadori rearrangement of N-glucosamines to fructose
derivatives, (reaction 130) and the related Voigt reaction251,
may involve inter- or intramolecular shifts 388. 389.

(Pro-Gly)

H20 L

'IW

O=C,

I

I

,NH

7

H~NCH~C-N

II

0

(133)

COOH

(Gly-Pro)

I

H-C-OH

I

,

phenomenon has not been demonstrated in the course of the
determination of primary structure of typical polypeptides, but
is well known for simpler peptides.
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(vi) Transpeptidation: a variety of ~eptideshave been shown to
undergo interchange of units on treatment with certain proteolytic enzymes (reaction 134)383.Again, the same phenomenon is
theoretically possible during the degradation of polypeptides
for purposes of sequence determination, but specific examples
have not been recognised to date.
Gly-Val

+ Ala-Leu

'259 pH 7.2 ,G I Y - L ~ u+ A1a-Val
Enzyme
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I. I N T R O D U C T I O N

The amino group undergoes readily oxidation, alkylation, acylation
and a variety of other reactions, so there is a need to protect it while
other parts of the molecule are undergoing chemical changes. This
can be done by converting the amino group to a derivative which is
stable under the reaction conditions to be employed and from which
the amino group can be regenerated without affecting the rest of the
molecule.
The great interest in amino-protecting groups is due mainly to thesignificant developments in peptide syntheses during the last fifteen
years. This chapter is not going to deal with specific aspects and
problems of peptide synthesis (racemization, preferential protection
and selective removal of the protecting groups) nor with any other
specific synthetic problems (like the syntheses of nucleotides, amino
sugars and their derivatives etc.). It will deal only with the formation,
use and removal of various amino-protecting groups.
In recent years a review dealing with amino-protecting groups l and
few articles devoted to the specific problems of the amino-protecting
- ~ been published. We shall try
groups in peptide ~ y n t h e s e s ~have
mainly to concentrate on recent developments and on some aspects
which had not yet received sufficient coverage.
11. ACYL-TYPE PROTECTING GROUPS

The acyl derivatives are formed very easily (usually by reaction of the
amine with the acyl chloride or anhydride, employing the SchottenBaumann procedure6) and a good number of them have been used
to protect various amines. While all of them can be removed with
varying degrees of ease, using acidic or basic hydrolysis, some protecting groups can be removed by other means such as oxidation
(formyl, phlorethyl), reduction (formyl, dibenzylphosphonyl) or
electrolysis (phloretyl, benzoyl) .

A. Formyl Derivatives
The formyl derivatives are obtained from the amines by the action
of a mixture of 98y0formic acid and acetic anhydride7. It seems that
either formic anhydride or a mixed anhydride of formic and acetic
acid is formed as an intermediate and acts as the acylating agent. In
some cases formyl derivatives were prepared via the aminolysis of
ethyl formate8 or P-nitrophenyl formate

11. Protection of the Amino Group

67 1

The formyl group is removed by solvolysis in methanol or in a
1: 1 mixture of dioxane-water containing a small excess of hydrochloric acid7. It can also be removed by oxidation using a two- to
three-fold excess of hydrogen peroxidelO. The reaction proceeds
through the formation of the corresponding carmabic acid derivatives
(reaction l). It is interesting to note that the formyl group is susceptible
HCONHR

HOCONHR

----t

COa

+ RNHa

(1)

to reductive cleavage and could be removed by catalytic hydrogenation using tetrahydrofuran (containing hydrochloric acid) as a solvent ll. Nothing is known, as yet, about the mechanism of the reaction,
but while formylamino acid esters yield the corresponding amino acid
ester hydrochloride quantitatively, no amino acids could be recovered
from the hydrogenolysis of formylamino acids. It has been shown
lately that the formyl group could be removed in 30-70% yield from
various disubstituted formamides by the action of sodium hydride12.
The reaction probably proceeds by a concerted mechanism in which
the hydride ion abstracts the formyl proton while carbon monoxide
is eliminated simultaneously (equation 2).
HCONRR1

+ NaH ---+ RRINNa + CO + Ha

(2)

B. Acetyl and Benzoyl Derivatives
Acetyl and benzoyl derivatives of various amines have been prepared using the acyl chloride or the anhydride as the acylating agent.
Those p u p s are removed usually by acidic or basic hydrolysis.
Compounds of biological importance (peptides, oligosacharides,
nucleotides etc.), are usually destroyed under these conditions.
Recently it has been shown that the benzoyl group can be removed by
electrolytic cleavage13.This is a reductive cleavage, in contrast to the
oxidative electrolytic cleavage of the phlorethyl group (see section
I I J ) . In several cases the acetyl group could be removed from
acylamino sugars by hydrazinolysis without destruction of the
glycosidic linkage (e.g. with derivatives of D-glucosamines14).
The acetyl and benzoyl derivatives have been used as well as the
formyl derivatives in the synthesis of various amino compounds employing acetamido15, benzamido16 and formamido malonate17 respectively. In the synthesis of the 64 possible ribotrinucleotides which
are derived from the four major ribonucleotides, the amino group of
two of the heterocyclic bases, adenine (1) and cytosine (2), was protected by an acetyl or a benzoyl group18. The acyl derivatives in this
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D. Acetoacetyl Derivatives

case are very sensitive toward acidic and basic hydrolysis and can
be removed under mild conditionsi9*zO. The hydrolysis of various.
acylamino derivatives of deoxycytidine-5-phosphate (3) was studied Ig,

The acetoacetyl derivatives are obtained by the reaction of the
amine with diketene z8. In the case of amino acid ester hydrochlorides
the presence of one equivalent of sodium methoxide or of a tertiary
base is necessary. The group is removed by applying the conditions
of the Knorr synthesis of pyrazol derivatives from various /?-keto
esters and their derivativesz9. The protecting group is removed in
acetic acid by using an equimolar amount of phenylhydrazine
(reaction 3).
CsH5

I

NHCOR
I

NH

0

II

CH3CCH2CONHR

(3)

(R = P-CH@C6H4, C6H5,CH,)

and it was found that the time which is required for 50% removal of
the protecting group varies with each acyl group, the order being:
p-methoxybenzoyl > benzoyl > acetyl. The acetyl group is removed
very easily by treatment with aqueous ammonia for a few minutes.

N'
C,H,NHNH,

II

CH3CCH2CONHR +

E. Diacetyl Derivatives
Acyclic N,N-diacyl derivatives are hydrolyzed so easily that they
are generally of no practical use, although they have been used very
occa~ionally~~.
In contrast, the cyclic imides, e.g. N-substituted
phthalimides, are very stable and have been widely used.
The phthaloyl group can be introduced by heating an alkyl halide
with potassium phthalimide (4) alone or in a non-polar solvent
(equation 4) 31, or by heating the amine with phthalic a n h ~ d r i d e ~ ~ , ~ ~

C. Trifluoroacetyl Derivatives
The trifluoroacetyl group is obtained by acylation of the amine
with trifluoroacetic anhydridea1 or by the aminolysis of ethyl trifluorothiolacetate (CF3COSEt)z2, phenyl trifluoroacetatez3 or methyl
trifluoroacetatez4. The trifluoroacetyl group can be cleaved easily by
very mild alkaline agents, such as dilute sodium hydroxidez1, dilute
ammonia solutionzi or 0.2 N barium hydroxidez5. The trifluoroacetyl
group is so sensitive toward basic hydrolysis that it can be removed
by using a weakly basic polyamine ion exchange resin (e.g. IR-4B) zz.
In the last two years the trifluoroacetyl group was used as an aminoprotecting group for the synthesis of steroid glycosides of amino
sugars26 and amino sugar nucleosides 27.

or with carbethoxythiobenzoic acid (5) (equation 5) 34. The phthaloyl
derivatives can also be obtained, without heating and under very mild
conditions, by reaction of the amine with N-carbethoxyphthalimide
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(6) at room temperature in aqueous solution (reaction 6 )
The
reaction proceeds by the opening of the five-membered ring of 6 by

in the presence of a tertiary base43. The phthaloyl group can also be
removed by the action of copper acetate-basic copper carbonate in
aqueous solution 42.
The phthaloyl group has been used for a long time as a protecting
group in the course of the synthesis of various amines31. The most
important example of its use is in the synthesis of penicillin V (10)44.

675

C~H~OCH~CONHCH-HC~~\C(CH~)~

I

l

OC-N-CHCOOH

l

F. Amidines
Imidoesters (11) react with various amines in nonaqueous solut i o n ~or~in~ aqueous solution at low temperatures and at pH near
neutrality46 to yield the corresponding amidines (12) (reaction 9).

the amine, as in the conditions of normal alkaline hydrolysis, to give
7. The phthaloyl derivative is formed subsequently by elimination of
urethane from 7.
The removal of the phthaloyl group by acid hydrolysis requires
drastic conditions while under basic conditions the corresponding
o-carboxybenzoyl derivative (8) is formed very easily (reaction 7) 36.

CONHR

The reaction proceeds through a mechanism similar to the aminolysis
of esters. It has been shown that the reaction between glycine and
methyl benzimidate at pH 9.5 in water-dimethylformamide (7: 3)
solution yields benzamidinoacetic acid q ~ a n t i t a t i v e l y ~ ~ .
Amidines react with nucleophiles like ammonia, amines or
hydrazine, in a displacement reaction 45. Application of this reaction
for the removal of the acetamidine group was described in the
l i t e r a t ~ r e ~Side-reactions
~.
are avoided by running the reaction at
room temperature for 8 hours, employing as the nucleophile an
ammonia-ammonium acetate buffer (pH 11.3).

Ring closure of 8 to recover the starting material can be achieved by
treatment with thionyl chloride37 or methanolic HC138. The
phthaloyl group is removed by hydrazinolysis, using hydrazine
hydrate, to yield the amine and phthalhydrazide (9) (equation 8) 39.

Due to the acidic character of 9 the arnine is obtained as its salt, and
can be liberated by the addition of base to the reaction mixture,
followed by extraction40, or the phthalhydrazide can be precipitated
by acidification with dilute hydrochloric acid41 or acetic acid4a. The
hydrazinolysis can also be carried out with excess of phenylhydrazine

jsL
,

'

G. Sulfonyl Derivatives
Aryl- and alkylsulfonyl protecting groups have been used in the
The sulfonyl
synthesis of secondary amines from primary
group increases the acidity of the nitrogen-hydrogen bond so that the
sodium salt of the sulfonyl amide is obtained easily. This salt can be
alkylated in aqueous media to give the secondary amide derivative
which in turn yields the secondary amine on removal of the protecting
group 51.
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The p-toluenesulfonyl (tosyl) group is the best known protecting
group of this class. These derivatives (like all other sulfonyl derivatives)
are obtained easily by reaction ofp-toluenesulfonyl chloride with the
amine in alkaline media
but their removal is not a straightforward
reaction. The most widely used methods for the removal of the ptoluenesulfonyl group are cleavages by sodium in liquid ammonia 537
by sodium in butano150 or amyl
by phosphonium iodide in
hydriodic acidS5.56, by e l e c t r ~ l y s i sand
~ ~ by hydrolysis with 48y0
hydrobromic acid in the presence of
or by 3096 hydrobromic acid in acetic acidS8. Hydrolysis of the p-toluenesulfonyl
group with hydrochloric acid requires high concentration of the acid,
elevated temperatures and long periods of boiling (e.g. with 259,
hydrochloric acid for 12-36 hours) 59. These reactions are neither
simple reductive cleavages nor simple hydrolyses, but involve the
cleavage of the carbon-sulfur and the nitrogen-sulhr bond as well
as various oxidation-reduction reactions of the sulfur-containing
fragments. When the p-toluenesulfonyl group is removed by hydrogen
bromide, in the first stage p-toluenesulfonyl bromide is obtained
(reaction 10) and the latter reacts with excess hydrogen bromide to
yield p-tolyl disulfide and free bromine (reactions I la and l lb) 59.

The benzylsulfonyl group has also been used as a protecting group
in the synthesis of secondary amines from primary ones. The preparation of the benzylsulfonyl derivatives is very similar to that of the
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p-CH3C,H4SOaBr

+ 4 HBr ---,p-CH3CeH4SBr+ 2 H 2 0 + 2 Er2

(Ila)

The bromine which usually reacts with the liberated amine could be
removed from the reaction mixture by adding phenol to it 57. I n the
case of the reductive cleavage the picture is even more complicated.
I t has been shown in the cleavage by means of sodium and alcohol
that reductive cleavage as well as alcoholysis proceeds at the same
time60. Removal of the p-toluenesulfonyl group from p-toluenesulfonyl-L-glutamic acid by means of sodium in liquid ammonia
yields 1 4 4 5 % of p-thiocresol, 70-75% of sulfur dioxide and 86y0
of toluene (reaction 12). I t has been suggested that the reaction
proceeds via two different paths61: path (a) which is the major course
of the reaction involves a carbon-sulfur bond cleavage to yield toluene,
sulfur dioxide and the free amine; path (b) involving the cleavage of a
nitrogen-sulhr bond, gives p-toluenesulfinic acid and the free amine.
The p-toluenesulfinic acid itself reacts with the reductive agent giving
mainly p-thiocresol as well as a small amount of toluene and sulfur
dioxide through carbon-sulfur bond cleavage.

RNHa

+ SOZ+ CeHsCH3

I/
(12)

\

p-CH3CeH4SOZNHR

RNH2

+ p-CH3C,H4SOzH +pCH3CeH4SH

p-toluenesulfonyl derivatives. The benzylsulfonylamides are hydrolyzed
by hydrochloric acid more easily than the corresponding p-toluenesulfonyl derivatives to give the free amine, benzyl chloride and sulfur
dioxide 48. The benzylsulfonyl group, like benzyl derivatives generally,
could be removed relatively easily by reduction. Although the benzylsulfonyl group could not be removed by catalytic hydrogenation in the
presence of platinium oxide6', it can be removed by reduction using
Raney nickel under mild conditions at room temperature and at
atmospheric pressure 62-64.

H. Sulfenyl Derivatives
Various aromatic sulfenyl chlorides, e.g. phenylsulfenyl chloride 65, triphenylmethylsulfenyl chloride and o-nitrophenylsulfenyl
~ h l o r i d e ~react
~ , with amines to yield the corresponding sulfenyl
derivatives (reaction 13). The acylation is carried out under neutral
(13)
RSCl + RINHz ---+ RSNHR1 + HCI
(R = CeHS, (CeH&C, o-NOaCeH4)

conditions or in the presence of triethylamine. Under strongly alkaline conditions no acylation takes place and the corresponding disulfide
and the thio ester of the sulfonic acid are formed, (e.g. in the case of
o-nitrophenylsulfenyl chloride, the disulfide (13) and the thio ester
(14) are obtained 68). The nitrogen-sulfur bond of the sulfenyl amide
is very sensitive toward acidic cleavage and the sulfenyl group can be
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removed by using two equivalents of hydrogen chloride in nonaqueous
mediase. Other means for the removal of the sulfenyl group are
desufirization employing Raney nickeleg, or displacement reaction
with highly polarizable nucleophiles : hydrogen cyanide 70, sulfur
dioxide 70, thioacetamide 70, thiophenol 71 and thioglycolic acid 71.
The use of triphenylmethylsulfenyl, o-nitrophenylsulfenyl and
2,4-dinitrophenylsulfenyl as protecting groups in peptide synthesis,
has been reported r e ~ e n t l y ~ ~ - ~ ~ .

via participation of the carbonyl oxygen by 1,5-interaction to yield
the corresponding iminolactones, which in aqueous solution give the
- ~ O1,5-interaction
.
is known to occur
free amine and the l a c t ~ n e ~ ~This
with other amino derivatives too (e.g. acetylated allylglycine derivatives indole-3-propionyl derivativesa2).
It has been shown that phlorethylglycine or 3,5-dibromophorethylglycine liberate glycine upon the addition of N-bromosuccinimide
(NBS) with the formation of a dibromospirodienone lactone (17)
(reaction 15) The amine could be obtained in over 90% yield by
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I. Phosphonyl Derivatives
Dibenzyl- and p-substituted dibenzylphosphonyl groups have been
used to protect the amino g r o ~ p ~Those
~ 1 ~derivatives
~ .
are obtained
by reaction of the corresponding dibenzylphosphonyl chloride with
the amine in pyridine. The benzyl or p-substituted benzyl groups are
removed by catalytic hydrogenation to yield the corresponding
phosphamic acid which is very acid sensitive. Treating the phosphamic
acid with aqueous solution (pH 4) at 25' results in the formation of
free phosphoric acid and the amine, within five to ten minutes, in
quantitative yield (reaction 14)78. It has been shown that the diP-XCsH4CHa0
\PONHR

/

p-XCsH4CH20

H0

S

\PoNHR

/

mR w a ++ HaPO*
H+. H,o

p)

H0
(X = H, NO,, Br, I)

benzylphosphonyl group could be removed in one step to yield the
free amine by carrying out the catalytic hydrogenation in 80%
methanol in the presence of a small amount of hydrochloric acid7I.

). Phlorethyl and Acetylmethionyl Derivatives
The phlorethyl (8-(p-hydroxypheny1)propionyl15) and the acetylmethionyl (16) protecting groups are both removed in the same way,

(X = H, Br)

using dilute acetic acid as the reaction mediaa3. The reaction proceeds
through the formation of the tribromodienone (18) followed by a
displacement of the C,,,-bromo atom by the carbonyl group to give
the iminolactone (19) which upon hydrolysis yields the amine and the
dibromospirolactone (17) (reaction 16). The phlorethyl group can be
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removed also by electrolytic cleavagea4. To avoid destruction of the
amine formed at the anode, the electrolysis is conducted at the lowest
practical voltage and in moderately acidic medium. Carrying out the
electrolysis of phlorethylglycine at pH 1 to 2 using a voltage of 7
volts yields 70% glycine and spirodienone lactone (20).

and could be removed by means of 50y0 trifluoroacetic acid at room
temperatureaa. I t seems that the reaction proceeds through the formation of the carbonium ion (26a) from which the iminolactone (27)
is obtained by a 1,5-interaction of the carbonyl group with the positive carbon, followed by hydrolysis of the iminolactone (27) to yield
the free amine and the lactone (25) (reaction 18).
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I t is well known that sulfonium salts derived from methionine may
decompose in many ways. Electron-withdrawing groups on the sulfur
atom promote the breakdown of the sulfonium salt by bimolecular or
intramolecular nucleophilic displacement. I n the case of acetylmethionine sulfonium derivatives (21) the displacement reaction takes
place with the participation of the C-carbonyl group via a 1,5interaction, resulting in elimination of the dialkyl sulfide and formation
of homoserine iminolactone (22) which on hydrolysis gives homoserine
lactone (23) (reaction 17)'O. Best results are obtained when the reac-

tion of the acylmethionine derivative is carried out using iodoacetamide75 (giving 21, R = CONH,) or cyanogen bromidea5 (giving
21, R = CN).
The use of the y-hydroxyisocaproyl(24) group as a protecting group
was described recently. The isocaproyl derivatives (26) are obtained
by reaction of the amine with isocaprolactone (25) in molten imidazol
CH,

\
/I

CCHICH&O

K. o-Nitrophenoxyacetyl and Chloroacetyl Derivatives
The observation that o-nitrophenoxyacetamide gives spontaneously
upon reduction with ferrous sulfate the lactam of o-aminophenoxyacetic acid (28) and ammoniaa7 was employed for the use of the
o-nitrophenoxyacetyl group as a protecting group. Removal of the
group is effected by reduction followed by short boiling of the aqueous
solution containing the o-aminophenoxyacetyl derivative to yield the
free amine and the lactam (28) (reaction 19)84.
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Similarly, the chloroacetyl group is cleaved by reaction with ophenylenediamineB8,giving 29 which upon heating yields the lactam
(30) and the free arnine (reaction 20).

Various modified benzyloxycarbonyl groups have been proposed as
amine-protecting groups (p-nitrobenzyloxycarbonyl97*gB, p-chloro99, p-methylbenzyloxycarbonyllOO,
p-bromobenbenzyloxycarbonylg5~
zyloxycarbonyl loo,p-methoxybenzyloxycarbonyllo1.lo2, 3,5-dimeth~xybenzyloxycarbonyl~~~,
l-(naphthylmethyl)oxycarbonyl (33)loo,
p- (p-methoxyphenylazo)benzyloxycarbonyl (34) lo4and benzhydryloxycarbonyl (35) lo5)but none of them was widely used. The synthesis
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NHCH,CONHR

~

/'CH~
N
-l
RNH2
H (20)
HN-CO

of the various modified derivatives is carried out from the amine with
the corresponding chloroformate (ROCOC1) or azidoformate
(ROCON,) employing the Schotten-Baumann procedure. In certain
cases the derivatives are obtained by reaction of the aryl-substituted
alcohol with the isocyanate derived from the corresponding amine
(reaction 22). Unblocking is effected by the same general methods

Ill. URETHANE-TYPE PROTECTING GROUPS
A. Aromatic and Heterocyciic Derivatives

The best known of this class is the benzyloxycarbonyl (carbobenzoxy) group (31) which was first described about 35 years agoa9 and

ArOH

(22)

which are employed for the removal of the benzyloxycarbonyl group.
The cleavage of some of the modified benzyloxycarbonyl groups
lo6.It was known for
could be promoted by ultraviolet irradiation lo3*
some time that the p-nitro- and p-chlorobenzyloxycarbonyl derivatives
are more stable, and p-methoxybenzyloxycarbonyl derivatives are
much less stable, toward acidic cleavage than the corresponding unsubstituted derivatives. This phenomenon which was known qualitatively from preparative studies was recently confirmed quantitatively
loB.
by kinetic studieslo7*
Until recently very little was known about the kinetics and mechanism of the acid-catalyzed fission of the benzyloxycarbonyl group. It
was a c ~ e p t e dthat
~ ~ the
* ~cleavage
~
involved prior protonation of the
carbamate (although the precise site of the protonation was not clear),
followed by fission of the benzyl-xygen bond (reaction 23). Lately

is still widely in use. Its introduction had opened new horizons in the
field of peptide synthesis. The benzyloxycarbonyl derivatives result
from the interaction of benzyloxycarbonyl chloride with the amine in
basic media. The protecting group is sensitive toward reductive and
acid-catalyzedfission. Reductive cleavage may occur either by catalytic
h y d r ~ g e n a t i o n where
~ ~ , the reaction proceeds via the formation of the
carbamic acid (32) (reaction 2 l), or by chemical reduction (e.g. using

sodium in liquid ammonia OO). The benzyloxycarbonyl group is also
cleaved by phosphonium iodideg1, a reaction which was originally
described as a reductive cleavage but today is believed to be an acidcatalyzed oneg2pg3.Among other reagents widely used for the acidcatalyzed fission of the benzyloxycarbonyl derivatives is hydrogen
bromide either in glacial acetic acid93-95or in anhydrous trifluoroacetic acid 96.

+ OCNR ----t ArOCONHR

H
C,H,CH,OCONHR
+

C,H,CH,OCONHR

----t

C,H,CH,Br

+ CO, + RNH,
(23)

.

two studies appeared dealing with the detailed mechanism and the
kinetics of the r e a c t i ~ n l ~The
~ , ~first
~ ~ stage
.
of the cleavage is
A

A
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protonation of the carbonyl oxygen of the carbamate. Depending upon
the acid used and the substituents in the benzyl group the reaction
proceeds either via a SN2 nucleophilic displacement at the benzyl
group (equation 25) or through the formation of a benzylcarbonium
ion (equation 26).

II

R-0-C-NHR1

+R+ + HOOCNHR1

CO,

+ RINH, + RX

(26)

B. Aliphatic and Alicyclic Derivatives
Various aliphatic and alicyclic urethane-type derivatives have been
used to protect the amino group (allyloxycarbonyl (40) "l, cyclopentyloxycarbonyl (41) lol, l-methylcyclopentyloxycarbonyl (42)112,
cyclohexyloxycarbony1 (43) lol, (diisopropyl)methyloxycarbonyl
(44)l 01, t-butyloxycarbonyl(45) l O1. l 13, t-amyloxycarbonyl (46)l l" l 14,
9-methyl-9-fluoronyloxycarbonyl (47) 112 and adamantyloxycarbonyl

The furfuryloxycarbonyl (36) protecting group lo7.log is very

sensitive toward acidic cleavage, its rate of fission (k, = 10-2/sec)
being nearly the same as that of the corresponding p-methoxybenzyloxycarbonyl derivative (k, = 1.5 X 10-2/sec) which is the most
acid-sensitive compound lo7.
The phenyloxycarbonyl and p-tolyloxycarbonyl groups have been
described as amine-protecting groupsg5. Contrary to all other urethane-type derivatives which have been described in this section the
phenyloxy- and p-tolyloxycarbonyl derivatives are stable towards
acidic cleavage. Their acid-catalyzed fission proceeds only using
forced reaction conditions (high temperatures and long times). These
groups can be removed by reductive cleavage using catalytic hydrogenation (which in this case requires a very long reaction time) or by
chemical means, such as treatment with sodium in liquid ammonia.
The 8-quinolyloxycarbony1 (37) protecting group is susceptible
toward metal ion-promoted hydrolysisllO. The group is removed by
Cu2 or Ni2 in neutral solution. The reaction proceeds via the formation of a stable coordination complex 38 which upon hydrolysis yields
the derivative of the oxine anion (39) (reaction 27).
+

+

The best known group of this class is the t-butyloxycarbonyl(t-BOC)
(45). Since its introduction as an amino-protecting group in peptide
synthesis about seven years ago 116 it became second in use only to the
benzyloxycarbonyl group. Due to the instability of t-butylchloroformate the t-butyloxycarbonyl derivatives are obtained by reaction
of the corresponding isocyanate with t-butanol lol or by the action
of the amine with t-butyl-p-nitrophenyl carbonate113, t-butylazidoformate117, t-butylcyan~formate~~~,
t-butyl N-hydroxysuccinimide
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carbonatells or t-butylchloroformate prepared in situ at - 74"120.
The t-BOC protecting group is very sensitive toward acid-catalyzed
cleavage, like all urethane-type derivatives derived from tertiary
alcohols, and is removed by short treatment with trifluoracetic acid.
It was observed that the t-butyloxycarbonyl group from derivatives
of amino acids and peptides could be removed simply by boiling them
in water for an hour or twol2l. Although there is a need for a free
carboxylic group in the molecule, the reaction is not acid catalyzed
(e.g. addition of acetic acid does not have any appreciable effect on
the reaction rate), but may be, at least partially, autocatalytic. The
t-butyloxycarbonyl group could even be removed by heating the
solid derivative for a short time at 150-160" 121.
The t-amyloxycarbonyl derivatives which are obtained by the
reaction of t-amylchloroformate with aminesn4, can be cleaved as
easily as the corresponding t-butyloxycarbonyl derivatives. In contrast
to t-butylchloroformate, t-amylchloroformate is stable and can be
prepared from t-amyl alcohol with phosgene.
Another interesting case is that of the allyloxycarbonyl group;
while all the other aliphatic and alicyclic carbamate derivatives are
resistant to reductive cleavage this group can be removed both by
catalytic or by chemical cleavage. The allyl-oxygen bond is cleaved
quantitatively by using sodium in liquid ammonia, but only to the
extent of 65-7OY0 by catalytic reduction. This is due to a side-reaction
in which the reduction of the double bond yields the corresponding
propyloxycarbonyl derivative which is resistant toward reductive
cleavage 'l1.
All the aliphatic and alicyclic carbamate derivatives (40-48) could
be cleaved by acids to yield the free amines. Some of them (45, 46
and 48) are removed by simple treatment with trifluoroacetic acid,
while others (43 and 44) require prolonged treatment with hydrogen
bromide in acetic acid. Kinetic studies on various alicyclic carbamate
derivatives showed a linear correlation between the logarithms of the
rate constants of the acid fission by means of hydrogen bromide in
acetic acid, and between the solvolysis of the corresponding alicyclic
t ~ s y l a t e s ' ~ It
~ . was concluded that the cleavage of the alicyclic
carbamates proceeds by solvolysis of the protonated compounds.
The ,9-tolylsulphonylethyloxycarbonyl(49) 123 group is sensitive to
alkaline cleavage. The protecting group is introduced by reaction of
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8-tolylsulphonyloxycarbonyl chloride with the arnine and can be
removed by treating it with ethanolic potassium hydroxide. The
mechanism of the removal (reaction 28) is identical with that of the
elimination of arylsulphonyl group from 1,2-diaryls~lphonylalkanes~~~.

C. Thiourethane-type Derivatives

The thiocarbamate derivatives can be obtained by reaction of the
aryl- or alkylthiocarbonyl chloride with two equivalents of an amine
in an organic solvent (equation 29) 125. When the alkylation is carried
RSCOCl

+ 2 H2NR1+RSCONHR1 + RNHa

HCI

(29)

out in aqueous solution, arninolysis of the thioester bond occurs and
the substituted urea derivatives are obtained (reaction 30) 128.
RSCOCl

HINCHRICOO-

> RSCONHCHR1COO-

HINCHRICOO-

-OOCRIHCHNCONHCHRICOO-

+ RSH

(30)

Phenylthiocarbonyl derivatives are stable toward acid hydrolysis
but could be removed easily by basic hydroly~is'~~.
Their cleavage
occurs by the action of lead acetate in methanol or by treating the
thiocarbamate with dilute alkali in the presence of basic lead carbonate
or lead hydroxide127. In the case of various phenylthiocarbonyl
derivatives of dipeptide esters the removal of the protecting group by
means of lead acetate does not yield the desired dipeptide esters, but
hydantoins, in very good yields128. The reaction proceeds with the
elimination of phenylmercaptan and the formation of an isocyanate
which reacts with a neighboring nitrogen to yield the hydantoin
(reaction 31). The thiocarbamate group could be removed by

Y. Wolman
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oxidation with perbenzoic acid when besides the desired amine, carbon
dioxide, sulfonic and sulfinic acids are obtained (reaction 32) 120.

derivatives)136. The stability of o-hydroxybenzylidene derivatives
compared with the corresponding benzylidene derivatives is caused
by the hydrogen bond between the nitrogen and the hydroxylic
group.
Schiff bases derived from ketones have been rarely used; one
described example is the synthesis of cycloserine starting with benzophenone oxime 130.
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Other thiourethane-type derivatives like methyl-, ethyl-, butyl- and
benzylthiocarbonyl have been used, and they too are cleaved by
oxidation with perbenzoic acid126.
IV. ARYLIDENE-TYPE PROTECTING GROUPS

A. Schiff Bases of Aromatic Aldehydes and Ketones
Schiff bases of benzaldehyde have found a very limited use due to
their instability. The benzylidene derivatives of various primary
amines have been used for the synthesis of secondary amines (e.g.
N-methyl-/3-phenylethylamine from &phenylethylamine (reaction
33) 130). Benzylidene derivatives of amino acids 131 are known, but

attempts to use them for the protection of amino groups in peptide
synthesis fail because of their instability 132.133. However, the benzylidene group has been used to protect the E-aminogroup of lysine during
the acylation of the a-amino group134.
Several other aromatic aldehydes form more stable Schiff bases
which have found some use as amino-protecting groups. These Schiff
bases are derived from salicylaldehyde (50) 135, 5-chlorosalicylaldehyde (51) 136, 2-hydroxy-l-naphthaldehyde (52) 136. 137 and
p-methoxysalicylaldehyde (53) 138. These Schiff bases could be
cleaved by treatment with acid but they are resistant toward reductive
cleavage by catalytic hydrogenation (contrary to the benzylidene
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B. Derivatives of Id-Dicarbonyl Compounds
Amines react with /3-dicarbonyl compounds such as acetylacetone,
benzoylacetone or cyclopentan-2-one-l-carboxylic acid ethyl ester to
form enamines. These enamines (54) like the o-hydroxybenzylidene
derivatives are stabilized by hydrogen bonding. The protecting group
is removed by treating the corresponding derivative with dilute acid140.

5,5-Dimethylcyclohexane-1,3-dione (dimedone) (55) reacts with
amines to form enamine derivatives141which are stable toward acids
and bases. Those derivatives are set apart from the enamines which
are obtained by the reaction between amines and other /3-dicarbonyl
compounds since cleavage takes place only after b r ~ m i n a t i o n lor~ ~

690

Y. Wolman

1 1 . Protection of the Amino Group

nitrosation 141.143 at C(2, (reaction 34) ; the azomethine intermediates
(56a, 56b) are hydrolyzed immediately by the acid present to yield
the free amine.

I t is also very sensitive to acids and can he removed under very mild
conditions (15% acetic acid at 30" for 80 minutes) 153. The sensitivity
toward acids is increased by using the mono-p-methoxytriphenylmethyl group, which is removed by treatment with 6% acetic acid at
22" for 60 minutes 154.

V. ALKYL- A N D ARYL-TYPE PROTECTING GROUPS

A. Benzyl and Dibenzyl Derivatives
Mono- and dibenzyl derivatives are obtained easily by reaction of
the amine with benzyl chloride in the presence of base144*145.
The
monobenzyl derivatives can also be obtained by selective hydrogenolysis of the corresponding benzylidene 144 or dibenzyl 146 derivatives.
The benzyl group is removed by reductive cleavage of the benzylnitrogen bond by means of catalytic hydrogenation. While the first
benzyl group is removed from dibenzyl derivatives very easily (using
palladium black or palladium on barium sulfate as a catalyst at 25'
and atmospheric pressure), the ease of removal of the second benzyl
group (or the benzyl group from monobenzyl derivatives) depends
upon the other substituents at the nitrogen atom147. The benzyl
group is removed by a chemical reductive cleavage too, using sodium
in liquid ammonia53.
The benzyl and dibenzyl groups are used mainly as an arninoprotecting group during the synthesis of primary and secondary
amines. It has been shown that the use of N-benzylamino acids or
N-benzylamino acid esters instead of the corresponding amino acids
or amino acid esters, prevents racemization during the coupling stage
in peptide synthesis 148.

C. Dinitrophenyl Derivatives
Amines react readily with 2,4-dinitrofluorobenzene in the presence
of sodium bicarbonate to form the corresponding dinitrophen~l
derivative (equation 35)155. These compounds like most dinitro0

2

N

e

F

1491

+ RNHz

02N

-QNHR

+ HF

(35)

phenyl derivatives are susceptible to nucleophilic displacement reactions which may liberate the free amine. The displacement (in the
case of N-2,4-dinitrophenyl 2'-amino-2'-deoxy sugar derivatives)
could be carried out under very mild conditions using a Dowex l
.
ion-exchange resin in the hydroxyl form as the nucleophile 1 5 ~157.
D . Trialkylsilyl Derivatives
Trialkylsilazanes are obtained by reaction of trialkylchlorosilane
with an amine (reaction 36) (e.g. trimethylchlorosilane with an amino
R3SiCI

B. Triphenylmethyl Derivatives
The triphenylmethyl (trityl) group, due to its exceptionally strong
steric effect, is a very useful protecting group. N-Tritylation does not
only protect the amino group, but to some extent also, other
functional groups a to the amine. Thus hydrolysis of the ester group
of triphenylmethyl amino acid esters, (with the exception of
tritylglycine ethyl ester and tritylalanine methyl ester), proceeds only
150.
under very extreme conditions
Reaction of trityl chloride with an amine in an aqueous+rganic
solvent (e.g. water-diisopropylalcohol) 150 or in a nonaqueous one151J52
in the presence of a suitable base yields the desired product. The
trityl-nitrogen bond (like the benzyl-nitrogen bond) is susceptible to
reductive cleavage and can be removed by catalytic hydrogenation 150.

691

+ RINHa

R,SiNHR1

+ 3 HCI

(36)

acid ester 158). Because of their high sensitivity towards hydrolysis, the
trialkylsilazanes have not yet found practical use as amine-protecting
groups.
VI. PROTECTION BY P R O T O N A T I O N
Protection of the amino group by protonation is of importance only
in very special cases. Some 'activated' amino acids and peptides can
be obtained only as their salts, since the free compounds form diketopiperazines or polymers159. One amino group in diamino monocarboxylic acids can be protected in certain cases by protonation (salt
formation). In neutral solution the amino acids are present as a
Zwitterionic inner salt, therefore reaction of benzyl phenyl carbonate160 or ethyl trifluorothiolacetatezZ with lysine in neutral solution
23+ C.A.G.
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yields the N(,,-acylated derivatives. Reaction of lysine with trifluoroacetic anhydride in presence of trifluoroacetic acid yields the N(,,
derivativelel due to the protonation of the N,,, under the reaction
conditions.
a-Amino alcohols can be oxidized to the corresponding a-amino
acids X the amino group is protonated first (e.g. the oxidation of
2-aminopropanol to alanine by means of potassium permanganate le2).
N-Carboxyanhydrides (57) usually react with amines to give a

with N-carboxyphenylalanine anhydride in dirnethylformamide to
give the corresponding amides in 50-70yo yieldle5. Recently it was
observed that a clean-cut reaction takes place between the anhydride
(57) and any amino acid or peptide when using suitable conditions lee.
It seems that the amino group is protected as the carbamate anion
(-OOCHNR) under the reaction conditions (in a buffer of pH 10
as the solvent at 0').
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VII. PROTECTION BY CHELATE FORMATION

0

4

RCHC

This kind of protection is limited to amino groups which are in the
a- or j3-position to a carboxylic group.
It has been shown that copper ions give complexes with a- or
j3-amino acids. In neutral or basic solution these complexes have a
chelate structure (61) which due to its stability protects the amino

.

i?

NHC

\o
(57)

complex mixture of products (including simple amines, polypeptides,
the amino acid from which the anhydride is derived, as well as
carbamic acids, hydantoins, ureido derivatives etc.) l". A clean-cut
reaction is observed and the corresponding amides are obtained in
60-90% yield when the reaction is carried out between the N-carboxyanhydride and a weakly basic arnine under suitable conditions.
6-Aminopenicillic acid (58) reacts with N-carboxy-D-phenylglycine
anhydride (59) in aqueous solution at pH 4.9 to give the dipeptide
(60) in nearly quantitative yield16*.At this pH half of the 6-aminopenicillic acid (pK2 = 4-92) has its amino group in the form of the
free base and capable of reacting with the anhydride (59) while only

4"
C ~ H ~ C H H\ ~

I

N H\C'

o+

"0
(58)

group 167. Other ions may form a chelate structure too, but the superiority of the cupric ions over others, lies both in the ease of the
complex formation and their removal. Carbamylation, acylation and
guanidization at the N,,, of a, y-diaminobutyric acid, ornithine and
l ~ s i n e l as
~ ~well
, as the acylation of the phenolic hydroxyl group of
tyrosine leg, using the copper complexes, were reported.
It is interesting to note that all attempts to work with the chelate in
nonaqueous media or to protect the a-amino group during alkylation
were unsuccessful.

N H 2 ~ ~ - - ~ ~ x S \ ~ ( ~ ~ 3 ) 2

0

+

I

OC-N-CHCOOH

VIII. A D D E N D U M

(59)

C~H~CHCONHCH-HC/~\C(CH~

I

NH2

I

I

I

CON-CHCOOH
(60)

one molecule out of ten thousand of the hydrolyzed N-carboxy'anhydride (pK2 = 9-03) is in the form of the free base, and the rest of
the molecules are protonated and unavailable for further reaction.
Similarly, the hydrochlorides of p-anisidine and p-chloroaniline react

Since the completion of this chapter some more work of interest
have appeared.
The specific problems of the amino-protecting groups in peptide
syntheses were discussed in a recent book170. Various haloacetyl
groups have been used in order to protect the amino group of cytosine
(2) 171. The ease of removal of the haloacetyl group is: trifluoroacetyl
> trichloroacetyl > dichloroacetyl > chloroacetyl > acetyl. The trifluoroacetyl group could be removed even by treatment with aqueous
bicarbonate solution for a few seconds. A new method for the introduction of the phthaloyl group by reaction of phthalic acid with
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ethoxyacetylene in the presence of the desired amine has been de~ c r i b e d l ~A~ .modified sulfenyl protecting group, 2,3,4-trichlorophenylsulfenyl, that could be removed by treatment with boiling
aqueous acetic acid was reported173.The p-nitrophenylsulfenyl group
could be removed by displacement with various aliphatic thiols:
ethanethiol, propane-2-thiol, butane-2-thiol and hydrogen sulfide 174,175.
The synthesis of benzyloxycarbonyl (31) derivatives by the aminolysis of various active esters of benzyl carbonate has been reported176.
The use of N-hydroxypiperidyl p-methoxybenzyl carbonate and
N-hydroxypiperidyl t-butyl carbonate for the synthesis ofp-methoxybenzyloxycarbonyl and t-butyloxycarbonyl (45) derivatives, respectively, has been described177.The benzhydryloxycarbonyl group
(35) could be removed by the action of boron trifluoride in glacial
acetic acid178.The use of easily cleaved, optically active, protecting
groups of the urethane type for the resolution of raceniic primary
and secondary amines was reported17Q.
The use ofp-methoxy- and 2,4-dimethoxybenzyl as amino-protecting
groups has been describedlsO;these groups could be removed by the
action of trifluoroacetic acid. The trimethylsilyl group was used to
protect the amino group during various organometallic transformations lE1.
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I. INTRODUCTORY NOTE

Tetraaminoethylenes are a particularly fascinating class of amines.
Their double bond bristling with the best (uncharged) electrondonating groups available, these substances in many ways represent
the antithesis of the more familiar tetracyanoethylene. Thus they are
powerful nucleophiles, rr bases, and reducing agents. Were these their
only outstanding properties, they might be viewed merely as ultrapowerful enamines, but another factor non-existent in the chemistry
of simple enamines profoundly influences synthetic approaches to,
and reactions of, peraminoethylenes. This factor is the unusual
70 1
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stability of diaminocarbenes, more accurately described as ylids,
which constitute in a formal sense the two halves of the ethylene.
Hence much of peraminoethylene chemistry is genuinely novel in
character; it is novel in point of time as well, for the field is still in an
early stage of development.
II. M E T H O D S F O R S Y N T H E S I S

A. From a Perhaloethylene
The first tetraaminoethylene (1) was synthesized in 1950 by
Pruett by the reaction of dimethylamine with chlorotrifluoroethylene
in a bomb. Vigorous in its early stages, the reaction requires heating

703

method is clearly very limited in scope, one can hope that it will
succeed with other short-chain secondary diamines.

B. From Dipolar 'Halves'
After Pruett's brief account, the next report concerning a tetraaminoethylene appeared a decade later from the laboratory of
H.-W. Wanzlicksa, who became a major contributor to the field.
Heated in collidine, the condensation product 4 of chloral and N,N1diphenylethylenediamine had yielded a high-melting substance whose
Raman spectrum displayed a strong band at 1640 cm-l (absent in
the infrared spectrum) and whose microanalytical data and chemical

Me,N

8 Me,NH

+ CICFSF, +
Me,N

\

/NMea

/c=c\

+
+ 3 Me,NH,F-

+ M~,&H,cI-

NMe,

(1)

to 70-80" for completion2. This approach fails for the next higher
homolog, tetrakis(diethylamino)ethylene, presumably for steric reasons. The addition-elimination sequence can be accomplished only
twice, giving 2-chloro-1,l-bis(diethy1amino)-2-fluoroethylene.I t has
been reported, in fact, that despite attempts with both cyclic and
acyclic secondary amines, no tetrakis(dialky1amino)ethylene other
than 1 could be synthesized via Pruett's method 3. '. Chlorotrifluoroethylene was apparently the only perhaloolefin used in these experiments.
An exception is the fused bicyclic olefin (2) prepared in low yield
from N, NI-dimethylethylenediamine5. I t is not entirely clear why 2
is preferred over its isomer 3 in this reaction; the result is a fortunate
Me

Me

Me Me

Me

Me

Me

behavior established its structure as 5. A more facile synthesis based
on the same principle soon followed, viz. reaction of the diamine with
ethyl o r t h ~ f o r m a t e ~In
~ . this instance the elements of ethanol,
instead of chloroform, are lost from the intermediate 6 and the resulting ylid (7) is isolated as its dimer. Generated in a different manner,

CHMe (11[XI
NHMe

-k CICF=CFa

+

Me

one, however, because presently available alternative routes to tetraaminoethylenes are well adapted to generating ring systems akin to 3
and incapable of yielding fused systems like 2. Though the Pruett

to be discussed, the methoxy analog of 6 was actually isolated and then
thermally decomposed to 57. The Berlin workers used the ethyl
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orthoformate method to prepare a whole array of tetrakis(aralky1amino)ethylenes8, and a group at duPont synthesized a long series
of tetrakis(dialky1amino)ethylenes using an ingenious variation on
this theme9.10. In this approach the dimethyl acetal of N,N-dimethylformamide is simply heated with a secondary arnine and the methanol
and dimethylamine generated in the resulting series of equilibria
(equations 1-3) are removed by distillation. Secondary arnines with

catalysis. In any event, the notion that a formamidinium ion intervenes
in all of the reactions under discussion points to yet another synthetic
variation, viz. the reaction of a formamidinium salt with a hindered
base. Here the anion Y - is relatively inert, but choice of an external
base which is sufficiently hindered not to add (or at least not to form a
stable adduct) permits proton removal at room temperature or below
(10 + 5)*59 ll.

RzNH

+ Me,NCH(OMe),

R,NCH(OMe),

+ Me,NH

+ RzNH p=?(R,N),CHOMe + MeOH
2 (R,N),CHOMe +(R,N),C=C(NR,),
+ 2 MeOH

R2NCH(0Me),

(1)

(2)
(3)

high basicity and small steric requirements give excellent conversions,
particularly at relatively high temperatures (125-250") with the
amine in generous excess. For such short-chain diamines as N,N1dimethylethylenediamine lower temperatures (80-125") suffice, but
hindered secondary amines have failed to give peraminoethylenes
regardless of reaction conditions.
Formation of the key ylid intermediate in equation (3) can result
from loss of the elements of HCN as well as of R O H or CHCI,, as
illustrated by the pyrolysis of a,a-bis(pyrrolidiny1)acetonitrile (8)

Each of the three kinds of 'leaving molecule' can be represented as
HY, the conjugate acid of a moderately good leaving group; one
may suggest that in each of the syntheses discussed HY is lost via
ionization to a formamidinium salt (9) followed by proton transfer
to the anion. Recently tetrakis(dimethy1amino)ethylene (1)has been
prepared in high yield by pyrolysis of tris(dimethy1amino)methane lob.
Since the dimethylamide ion is a very poor leaving group, trace proton
sources, as provided by a glass surface, may be re 'red. The great
disparity in reaction times (2 hr versus 72) reporte by the two
groups who discovered this process suggests the involvement of

4"b
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Ultimately, then, all of the perarninoethylene syntheses from dipolar
'halves' have depended upon the acidity of the central proton of a
formamidinium ion. Thus all were foreshadowed by the pioneering
work of Breslow on the mechanism of thiamine action 149 l5 and, more
remotely, by Hammick's study of the decarboxylation of certain
heterocyclic acids l"". The Hammick reaction, illustrated in equation
(4), led its discoverer to conclude that decarboxylation yields dipolar

oco2+ PhCOMe

H

(4)

Me V

CPh

I

H

intermediates such as 11 (though he believed that subsequent attack
on a carbonyl compound was effected by the conjugate base of the
ylid) 16b. In the late fifties, Breslow demonstrated that imidazolium
and particularly thiazolium salts (e.g. 12) suffer deuterium exchange
at C,,, under extraordinarily gentle conditions, again via dipolar
intermediates such as 13.

* Tetramethylformamidinium salts are reported not to react even with a
variety of very powerful bases12.13, but solubility problems may be primarily
responsible for this result. With methyllithium fairly high yields of methane,
but very little 1, are obtained 12.

706

David M.Lemal

PhCHZ
via

'jgMe

Although Breslow was able to show that electron-withdrawing
substituents facilitate ylid formation, it was impossible to assess the
relative stabilizing influence of ( l ) coulombic attraction, (2) inductive
electron withdrawal by the ring heteroatoms and substituents, (3) d-o
interaction involving the filled sp2 orbital at C,,, and a vacant d
orbital on sulfur, and (4) resonance involving a carbenoid form.
Olofson and his coworkers' recent thoroughgoing investigation of
deuterium exchange in a wide variety of 5-ring heterocycles has provided some clues to this complex problem 17-,0. Not surprisingly, the
presence of a positive charge in the system undergoing deprotonation
has an enormous influence on the rate of base-catalyzed exchange:
typically ten powers of ten compared to uncharged systems. By virtue
of their electronegativity, both the total number and proximity of
ring heteroatoms is also of prime importance; an a-nitrogen for
example, is capable of accelerating exchange rates by a factor of 105.
Several rate comparisons, among them 14 vs. 15 and H,, vs. H,, of
16 support the view that d-o overlap is a powerful mechanism for
anionic charge stabilization18. The significance of these comparisons

(numbers in parentheses are relative rates of exchange at 3 1 O)

is heightened by the fact that electronegativity, and in the latter
instance, Coulombic considerations, would have predicted slower
exchange for the protons with neighboring sulfur than those with

12. Tetraaminoethylenes
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neighboring nitrogen. Incidentally, similar exchange experiments
with neutral heterocycles have revealed more dramatic rate differences,
again favoring CH's flanked by sulfur over those flanked by niuogenlQ.Hence in anions, where the demand for stabilization is greater,
d-o overlap apparently plays an even more important role than in the
corresponding ylids.
There is evidence that the contribution of carbenoid resonance
forms (cf. 7) in certain heterocyclic ylids is of minor importance at
best 1°. In particular, Hammett rho values for deuterium exchange in
a series of l-aryl-4-ethyltetrazolium salts (17) were found to be rather
small: +0-76 in 3.8 N DC1, + 1-38 in the less polar medium 9.0 N

F,CCO,D. Were 18 an important contributor to the electronic
structure of the ylid intermediate the lone-pair electrons of the aryl
nitrogen should be much more available than in the starting cation
for interaction with the substituent X; i.e. resonance form 19 should
be more significant than the rho values suggest. Moreover, an exchange-rate comparison of triazolium salts (20) and (21) points to

the same c o n c l ~ s i o n It
~ ~will
. be noted that the ability of these structures to stabilize the ylid is closely matched, with the exception that a
carbene contributor can be written for the ylid from 20 but not from
21. The latter salt exchanges only one order of magnitude faster than
the former, an unimpressive enhancement by comparison with those
attributable to Coulombic, inductive and d - u overlap effects. Olofson
is careful to note that the experiments involving 17, 20, and 21 can
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examine only the transition states for ylid formation and that the ylids
themselves may enjoy greater carbenoid character.
These experiments were performed on aromatic heterocycles, whose
cyclic conjugation is interrupted in carbene resonance forms for the
ylids. Carbenoid character may be perceptibly more significant in
non-aromatic analogs of these ylids. Moreover, an ylid's carbenoid
character may be expected to depend heavily on the nature of the
heteroatoms present. I n the sequence N > 0 > S the heteroatom
should assume a smaller net positive charge, and the ylid carbon a
correspondingly smaller negative charge. I t is significant that dithiocarbenes (22), in dramatic contrast to their nucleophilic nitrogen

analogs, possess the ability typical of 'conventional' carbenes to form
~ . ~ ~ . to intercept
cyclopropanes with nucleophilic ~ l e f i n s ~Attempts
dialkoxycarbenes (23) with olefins have been unsuccessful to datez3.
All performed in protic media, the extensive exchange experiments
discussed above carry intriguing implications for aprotic solvents.
Here ylid concentrations are not suppressed no are their dirners
cleaved as a consequence of solvent acidity, so it ould be possible
to prepare a host of yet-unknown heteroatom-substituted ethylenes
by the ylid route. I n addition to the peraminoethylenes synthesized
and
via ylids, in fact, several 1,2-diamin0-1,2-dithioethylenes~~-~~
tetrathioethylenesZ9have already been prepared by deprotonation of
thiazolium and 1,3-dithiolium salts, respectively.

31
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The gentleness of the conditions which suffice for deprotonation of
these salts in aprotic media (rapid reaction with a tertiary amine at
temperatures fi-om 0" to ambient) is made striking by the fact that
triethylamine in aprotic solvents failed to transform 1,3-diphenylimidazolinium perchlorate (10) into 'Wanzlick's dimer' (5) even at
elevated t e m p e r a t u r e ~ ~Attempts
~ ~ ~ ~ ~to. intercept the air-sensitive
dimer with oxygen to give 1,3-diphenyl-2-imidazolidonewere fruitless, so the possibility that dimer was being formed, but reversibly, is
very doubtful. Comparison of l 4 and 15, and similar contrasts, provide
a partial explanation, but deductions about deprotonation rates in
aprotic solvents from exchange rates in protic solvents may be
hazardous. As an illustration, the recalcitrant 10 in DzO solution
suffers instantaneous exchange when a drop ~ f t r i e t h ~ l a m i is
n eadded5b.
The implications are that hydrogen bonding is already present in the
transition state for deprotonation in D z O (24 is a possible representation) and that it greatly stabilizes nitrogen ylids such as 7, species in

P-"

P
X
;,

H....
Base

which much negative charge appears at carbon. Ylids containing other
heteroatoms may prove to be less sensitive to the hydrogen-bonding
capability of the solvent. These ideas definitely require more experimental support, but at the moment it appears that relative exchange
rates in protic solvents provide only a rough (albeit useful) guide for
selecting deprotonating conditions for aprotic media.
Several years ago Balli developed an ingenious method for generating ylids which did not depend at any stage on deprotonation of a
c a t i ~ n ~ Treatment
~ . ~ ~ . of certain azidinium salts with azide ion
yielded 3 moles of nitrogen and an ylid (equation 5 ) which could be

I
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trapped with a variety of electrophiles. No dimers of the ylids have been
obtained in experiments of this type, however. Oxidation of hydrazones such as 25 yields products which have lost the exocyclic nitrogens, and again the ylid, formed via an unstable diazo compound, is
believed to intervene 25b.

TABLE
1. Tetraaminoethylenes.

7 10

M.p. (b.p.)

Method (yield)

Finally, mechanisms for dimer formation from ylids deserve comment. Since Breslow's investigations it has been clear that the kinds
of ylids under discussion are good nucleophiles, so attack of an ylid
on its cationic precursor, followed by proton loss, is an attractive
scheme (path a). I t is not yet known how effectively simple coupling
of pairs of ylids (path b) can compete with path (a) (though work of
Quast and Hiinig (Section III.B.3) has shed much light on this

question for ylids from thiazolium salts). The relatively high reactivity
of these species may maintain their concentrations so low under most
experimental conditions that path (b) is unimportant. The coupling
reaction should be strongly exothermic, as will be discussed, but
whether or not it is characterized by very low~ctivation-energy
barriers is an open question. Coulombic repulsion in the transition
state, particularly in non-polar solvents, may be formidable.
The tetraaminoethylenes which have been prepared to date are
presented in Table 1.

255-257 (dec.)

B

(36)(40)b

Referencesa
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12. Tetraarninoethylenes
M.p. (b.p.)

References'

Method (yield)
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References"

R
57
48
(80-82/0.25)
(108-1 1010.20)
(125-129/0.20)
(185/0-20)
162-164
285(de~.)~
294(de~.)~
230(dec.)
281-282(dec.)d
190(dec.)

-

220(dec.)
290(dec.)

Amine was heated with N,N-dimethylformamide dimethyl acetal.
Amine was treated with hot ethyl orthoformate.
c. Aminal of chloral was heated in collidine.
D. Aminal of glyoxylonitrile was pyrolyzed.
E. Formamidinium salt was deprotonated.
. F. Amiie was allowed to react with chlorotrifluoroethylene.
G. Orthoamide was pyrolyzed.
a For a number of compounds, only selected references dealing with their preparation are cited.
b Sulfuric acid was used as a catalyst here.
M.p. was determined under nitrogen.
* M . p was determined in vacuo.
9 l,l'-Dimethoxy-3,3.dimethyl-A2~~'-bi(benzidazolidine)
has been postulated as an intermediate by S. Takahashi and H. Kano, Tefrahedron Letters, 3789 (1965). Urry and Sheet030 have
proposed that methylaminotris(dimcthylamino)ethylene is an intermediate in certain oxidations
of the fully methylated compound.
Pyrolysis at 300"of 1,3,5-trimethyl-6-methoxyhexahydro-s-triaze-2,4-dione
gave the ethylene
in 38y0 yield, and pyrolysis at 160" of 2,4-dimethoxy-S-triazineyielded the same compound (23y0).
A.

B.

f

244-2 48 (dec.)

Ill. CHEMICAL BEHAVIOR
The reactions of peraminoethylenes can be divided into two main
classes, one in which the polyaminoolefin functions as a nucleophile
and another in which it functions as an electron donor, or reducing
agent. The distinction is by no means clear in all cases, but those
r&ctions which result in covalent bonding between reactants will be
considered under the first category and those which do not under the
second. In order to discuss the first class mechanistically, it is necessary
to face up to the question whether or not tetraaminoethylenes are
capable of fragmenting, as originally suggested by Wanzlicksa, into
the ylid 'halves' from which most of them are synthesized.
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A. The Question of Dissociation
For a variety of reasons, among them the relatively high thermodynamic stability of such ylids and the marked tendency for tetraaminoethylenes to give reaction products derived from only half of the
molecule, the dissociation theme pervades most of the literature on
these compounds in the form either of an assumption or of a question.
Since nearly all of the many transformations of the ' Wanzlick dimer'
(5) have been interpreted in terms of initial dissociation into the

sodium triphenylmethoxide, followed by silver nitrate oxidation)
revealed an additional pair of methylene resonances belonging to 30,
matched in area and centered between the signals for 28 and 29.
Their existence testifies to the remarkable fact that the methylene
protons in one half of the molecule 'feel' the presence or absence of
p-methyl groups in the other half. In contrast to this 'authentic'
mixture of 2830, the mixture of dinitrate salts from the crossover
experiment showed only the signals attributable to 28 and 29.* Thus
a reinterpretation of the chemistry of 5 became necessary.
Seeking to answer the question of dissociation for the more reactive
tetrakis(dimethy1amino)ethylene (l),Wiberg and Buchler studied its
reactions with a variety of Lewis acids39'40. In no case was an adduct
of the ylid 'halves' isolated. Diborane and boron trifluoride yielded
salts with the structure 31. Zinc chloride gave a 1: 1 complex, and
trimethylboron failed to yield any complex at temperatures up to
150". Though the results with the first three Lewis acids are inconclusive with regard to a dissociation equilibrium, the last experiment
certainly inspires serious doubt about its existence even at elevated
temperatures. Powerful evidence to support Wiberg and Buchler's
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reactive fragment 7, a crossover experiment involving 5 and its very
close relative 26 was performed. It was expected that heating an
equimolar mixture of 5 and 26 (refluxing xylene, two hours) would
give the crossed ethylene (27) in yields approaching 50% if dissociation
were occurring. As it was not possible to analyze the insoluble, airsensitive mixture of ethylenes directly, this product was oxidized by
silver nitrate in excellent yield to a mixture of the corresponding
stable, colored dinitrate salts. The n.m.r. singlet corresponding to the

(28) Ar. Arl=Ph

(29) Ar. Arl = p-Tol

(30) Ar =Ph,

Arl = p-Tol

methylene protons of 29 (Y = NO,) was found 5 HZ (at 60 MHZ)
upfield from that of 28 (Y = NO,), and a mixture of28-30 (Y = NO,,
prepared from a mixture of the two imidazolinium perchlorates with
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suspicions was provided by crossover experiments of Winberg and his
coworkersg. Mixtures of 32 and 1 and of 32 and 33 were heated at
175", and no crossed products were detectable by vapor chromatography. Consistent with this result are simple HMO calculations which
suggest that dissociation of 1 would be endothermic by about 80
kcal/mole41.
In recent years dissociation of olefins other than tetraaminoethylenes
into carbenoid 'halves' has repeatedly been suggested or alleged to
Steric hindrance in the olefins and/or unusual ability of the
substituents to stabilize divalent carbon have been offered as explanations for the proposed fragmentations. Though definitive contrary

* Vacuum sublimation at 230' of a mixture of 5 and 26 is claimed to yield a
mixture containing about 5y0 of the crossed product38.
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evidence, such as that which crossover experiments can provide, is
unavailable, these examples should be viewed with scepticism in the
opinion of this reviewer. I t is true that ketenes yield carbenes upon
pyrolysis, but the conditions are violent and one of the divalent carbon
fragments is noted for its stability!
Finally, there is a caveat to be heeded in using crossover experiments as a touchstone for thermal dissociation. If properly conceived
and executed, those which 'fail' are trustworthy, but those which
yield crossed products can be ambiguous. In the 5-26 crossover experiments, for example, highly pure starting materials are required
if crossing over via a catalyzed, not a purely thermal process, is to be
eliminated

B. Nucleophilic Reactivity
Like simple enamines, tetraaminoethylenes might be expected to
display nucleophilic reactivity both at nitrogen and at carbon. Attack
by nitrogen is discernible in a few reactions of the tetrakis(dimethy1amino) compound (l),notably those with BF, and BH,, previously
cited. All other nucleophilic reactions of peraminoethylenes reported
to date are interpretable in terms of attack by carbon. With tetrakis(aralkylamino)ethylenes, cleavage of the central double bond is a
nearly universal characteristic of these transformations, and it is
common among the tetrakis(dialky1amino)ethylenes as well. Since
dissociation of the ethylenes into ylid halves has been ruled out, it is
proposed that such reactions conform, with exceptions to be noted, to
the mechanism presented in equations (6-9) (where E + represents an
electrophile, charged or neutral) ll. Equation (7) finds analom in
Breslow's classic investigation of thiamine, which revealed that ylids
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Stable products.

of the sort under discussion are effective not only as nucleophiles but
also as leaving g ~ - o u p s ~The
~ * relative
~ ~ . importance of the two parts
of equation (8) will depend greatly, of course, on the reactivity of the
electrophile E .
+

I. Attack a t hydrogen

The prototype for equations (6-9) is the cleavage of tetrakis(aralky1amino)ethylenes into formamidinium salts by mineral acids
(E = H ), e.g. 5 + 34". Addition of hot water to a pyridine
+

+

solution of 5 transforms it essentially quantitatively into 2 moles of
N-formyl-N,N1-diphenylethylenediamine
(37)35. I n this instance the
counter ion accompanying the intermediate imidazolinium cation
(35a) is hydroxide, with the result that covalent bonding and ring
opening ensue. With analcohol the final step in this sequence is blocked,
and indeed Wanzlick and Schikora obtained 36b by warming a
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methanolic benzene solution of 544.Formally, the reaction of tetrakis(aralky1amino)ethylenes with mineral acids and with alcohols is
simply their synthesis from ylid halves in reverse.
Carbon acids such as nitro compounds, nitriles, ketones, anhydrides,
esters, and sulfones are alsocapableof protonating and thereby cleaving
these bases with ultimate formation of new carbon-carbon
bonds35.45*46.
AS expected from equation (6), and as suggested
by the variation in reaction conditions used for preparing 38 to 42,
ease of reaction diminishes with decreasing substrate acidity. Whereas

Ph

/Ph
\

COPh

Ph

c~~~~~~
Ph Ph

idines prepared fiom 5 and carbon acids can yield C-formyl compounds
(e.g. equation 10) 35. In some instances, however, hydrolytic cleavage
has occurred in the opposing sense, generating the N-formyl compound (37) and the original active hydrogen compound (e.g. equation l l ) 45b.

Dil. H,SO,

["X"

Moist alumina
or
C H ~ C Q E ~aqueous solvents

+MeCO,Et

(11)

A discussion of the reactions of 5 with proton donors would be
incomplete without mention of its hydrolysis by strong alkali7. In
sharp contrast to cleavage by aqueous pyridine, which yields 2 moles
of the N-formyl compound (37) as noted earlier, the same solvent
containing potassium hydroxide transforms 5 into the amide (44) in
90y0 yield. The weak base-strong base contrast is understandable in
the first part of equation (8), ylid dimerization, must be completely
suppressed in the presence of mineral acid, it may consume much or
all of the ylid formed when the acid is as weak as a nitrile, sulfone, or
ester.
With certain relatively acidic carbon acids, the products which are
isolated result from p-elimination in the initially formed imidazolidines (e.g. 42 from desoxybenzoin)45b.46. The reaction of 5 with
ethyl phenylacetate is freely reversible, reminiscent of the situation
with alcohols. The equilibrium can be driven in high yield either
toward or back from 43 at 130-140°45b.Hydrolysis of the imidazol-

terms of initial protonation by water (equation 6) with subsequent
competition between fragmentation (equation 7) and addition of
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hydroxide ion (equation 12)5.47. The latter process may assume importance only at high hydroxide concentrations. Alternatively, it

may occur even in weakly basic media, provided that it happens
reversibly and that ring opening to 44 proceeds via 45 (thus requiring
a second hydroxide ion). This thought raises the possibility that nucleophilic addition to the cationic intermediate generated in equation (6)
may be a common event, but that it ordinarily escapes detection
because of its reversibility.
Strong parallels exist between the chemistry of 1,2-diamino-1,2dithioethylenes and that of peraminoethylenes. Many cleavage
reactions analogous to equations (6-9) are recognized 24' 25, 27b, but it
is also common for one of the central C-C bonds to remain intact as
in the reaction of 5 with strong alkali. With 2,2-bi(3-methylbenzthiazolidine), for example, ammonium iodide yields the salt 46,
dimethylsulfate yields 47 and methanol (presumably via initialprotonation) gives the adduct 4824. In comparison with this ethylene, the

12. Tetraaminoethylenes
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greater tendency of the crowded peraminoethylene (5) to fragment
may be attributable in part to steric relief and a more favorable
entropy of activation for cleavage.
With the behavior of 5 in mind, one encounters a number of surprises among the reactions of aliphatic peraminoethylene (1) with
proton donors. Hydrolysis in water alone is reported to be slow even
at 160°48.*, due in part presumably to its low solubility. In this
single instance the cleavage products expected by analogy to 5,
N, N-dimethylformamide and dimethylamine, are obtained, and the
mechanism may parallel. that for 5. Though methanolysis has been
claimed to be even more sluggish48,this has been challenged49; in
any event, the products have not been characterized. Reactions of 1
with strong acids do not fit the pattern of equations (&g), and they
are quite complex. Excess dilute hydrochloric acid attacks 1 readily
in the cold, yielding not the formamidinium chloride, but glyoxylic
acid dimethyl amide (49, 47%), octamethyloxamidinium chloride
(50, Y = Cl, isolated as the hexafluorophosphate, 22%), dimethylamine, and other unidentified substances 48. The tremendous difference,

both in rate and products, between 'neutral' and acid hydrolysis
may imply that the latter involves a diprotonated intermediate.
Based on this idea, a mechanism for formation of 49 is suggested in
equation (13). Besides suffering hydrolysis, dication 51 should be

-Me,NH,

49

(13)

NMe,

* The

hydrolysis of 1,l-dipiperidinoethylene, giving piperidine and Nacetylpiperidine, in water at room temperature, makes an interesting comparison 13.
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capable of accepting two electrons from l, thereby accounting for the
oxamidinium salt which is found. An alternative scheme for arriving
at 49 has been postulated by Wiberg and Buchler 48.
Oxamidinium salts are very common by-products when tetraaminoethylenes (even of the aralkyl type) are treated with acids,
Brsnsted or Lewis. With Brsnsted acids, reduction to molecular
hydrogen is feasible thermodynamically, but it has been ruled out in
at least one instance41. The oxidizing agent is air in some reactions
of this type (section III.B.5), but care has been taken to exclude it in
others, for example the reaction of bi(imidazolidine) (5) with boron
trifluoride in methylene chloride5b. Much remains to be learned
about the mechanisms of these processes.

product from the benzaldehyde and furfural reactions, respectively.
These results are reminiscent of Breslow's thiamine studies, wherein
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2. Attack at carbon

Unlike the ketones and esters whose reactions with 5 have already
been considered, aromatic aldehydes lack a-hydrogens; hence they
suffer attack at the carbonyl carbon yielding 2-aroylimidazolidines
(54)7.35*46. 50. Here E of equation (6) becomes the entire aldehyde
molecule, and equation (14) represents the 'general mechanism' as
+

applied to this reaction. Again the ylid fragment which is eliminated
from the initial adduct 52 may revert to dimer, or more likely, attack
aldehyde giving 53. Since yields of 2-aroylimidazolidines (54) can be
excellent (90% for Ar = C6H5),and since these aminals are readily
hydrolyzed to a-keto aldehydes, this two-step pathway has potential
value in synthesis.
Interestingly, small quantities of benzoin and major amounts of
furoin (56, Ar = Ph, C4H30) accompany the ketones (54) in the

a variety of thiazolium and imidazolium ions (acting via their ylids)
were found to catalyze the benzoin condensation 14.The formation of
benzoin and furoin, with 5 as catalyst, indicates that 53 and/or 54
tautomerize to 55, which proceeds to the benzoin A la Breslow
(equation 15).
Acid chlorides react with 5 to yield 2-acylimidazolinium chlori d e ~ ~The
~ " .ethylene is capable of conjugate as well as direct addition
to a carbonyl group, as exemplified by transformation of the a$unsaturated ketone (57) into the furan (58)46. Viewed in terms of the
'general mechanism', this reaction occurs as shown in equation (16).

NHPh
/
'
4
'

PhN
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Winberg and Coffman have recently discovered that aliphatic
perarninoethylenes react with carbon disulfide and with aryl isothiocyanates to yield a new class of 1,3-dipolar species51. Typically,
these addition reactions proceed exothermically and in excellent
yield, e.g. 32 -+ 59. The inner salts are readily S-methylated by methyl
Treatment of 1with methyl iodide is reported to yield octamethyloxarnidinium iodide (50, Y = I ) , tetramethylammonium iodide, and
the iodide of betaine dimethyl amide49.The course of this remarkable
transformation has not been elucidated.

iodide, and those derived from aryl isothiocyanates are quite reactive
toward a variety of 1,3-dipolarophiles, as illustrated for 59
(Y = C,H,N) in equation (17). If alkyl rather than aryl isothiocyanates are combined with an aliphatic A2. 2'-bi(imidazolidine), the
reaction fails to stop at the inner-salt stage and proceeds directly by
1,3-dipolar addition to the spiroheterocyclic. Though Wanzlick's

-

3. Attack at nitrogen

Since the terminal nitrogen atom of electronegatively substituted
azides and diazo compounds displays distinctly electrophilic properties, attack at this site by peraminoethylenes comes as no surprise.
Both W a n z l i ~ kand
~ ~ R e i m l i r ~ g e rhave
~ ~ discovered that 5 reacts
with diazofluorene to give the azine (61).

/
-C

//NPh
\

H C-CHCN

bi(imidazo1idine) (5) behaves sluggishly in reactions of this type, it is
possible to prepare the hydantoin and dithiohydantoin (60, Y = 0, S)
51.
with phenyl isocyanate and isothiocyanate, re~pectively~~,

In order to understand peraminoethylene-azide reactions, it will
be useful to consider first the ingenious work of Quast and Hiinig on
diaminodithioethy1enesz5. Since known cleavage reactions of both
types of ethylene gave products traceable to either the ethylene or its
ylid halves, it had not been possible to evaluate the relative contribution of the two parts of equation (8). The German researchers then
discovered that electrophilic azides yield products with diaminodithioethylenes which differ from those with the corresponding ylids.
As in enamine-azide reactions studied by F U S C Oa~ cyclo
~,
adduct
forms from azide and ethylene and then decomposes to an imine and a
diazo compound (equation 18). In the present instance the labile
diazo compound loses nitrogen (if indeed it has an independent
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tertiary amine at room temperature. With the relatively weak
electrophile tosyl azide in 7-fold excess, the yields of imine were about
60y0 and those of nitrogen slightly higher, but no diazoimine was
detectable. Apparently tosyl azide, even in large excess, cannot
compete with the electrophilic benzthiazolium ion for ylid (63),
which is transformed accordingly into 62 as shown in equation (20).
This rationale accounts for the good yields of imine and nitrogen as
well as the absence of diazoimine. In sharp contrast, the powerfully
existence) to give the familiar ylid; this is intercepted by another
molecule of azide to yield a stable diazoimine (equation 19). A series
of azides, all electrophilic but to a widely varying degree, reacted

with 62 to give in each instance at least one mole of nitrogen and varying yields of imine and diazoimine in harmony with this scheme. The
least electrophilic azide (64) gave no diazoimine, an indication that
dimerization of the ylid competed effectively against its capture by the
azide.
More compelling evidence is provided by experiments in which the
ylid corresponding to 62, viz. 63, was generated in the presence of
azides by deprotonation of an N-methylbenzthiazolium salt with a

electrophilic azide (65) in only 100(7, excess gave 72-78yo diazoimine, little nitrogen, and no imine. Clearly this azide intercepts the
ylid with high efficiency, thus precluding the dimer formation (equation 20) which is a necessary prelude to imine formation (cf. the
earlier-discussed experiments of Balli 31*32).
Side-reactions involving the ylids in Quast and Hunig's experiments
have not been identified, but a major side-reaction of the ethylenes
is oxidation to their radical-cations and/or -dications.
With these experiments as background, the results of Winberg and
Coffman with peraminoethylenes appear clear-cut. Even in the cold
32 reacts with tosyl, diphenylphosphonyl, and p-nitrophenyl azides to
yield the yellow-to-orange diazoiminoimidazolidines (66) 51. The
reaction with tosyl azide also produces the white imino compound

Me
(62)

(69)

(double bond configuration unknown)

(67), which presumably arises via cycloaddition to give 69 followed by
cleavage (equation 2 1). Exclusive operation of this scheme would
require that the yield of imine equal or exceed that of diazoimine, as
it invariably does in Quast and Hunig's reactions of 62 with azides.
If fragmentation of 68, formed en route tolor by ring opening of 69,
also occurs (equation 22), however, this requirement disappears.
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5. Attack at oxygen

The reaction of peraminoethylenes with oxygen has a number of
unusual features, one of which is spectacular as well. In the first
on tetraaminoethylenes, Pruettl noted the brilliant,
prolonged blue-green chemiluminescence which is generated when
air comes in contact with tetrakis(dimethy1amino)ethylene (1) 55.
Winberg's group has found that the phenomenon is rather general
among aliphatic peraminoethylenesg, though there is no report of
oxyluminescence among their aryl-substituted analogs. Before considering further the light-emission process, it is appropriate to turn to
the reaction products. The sole reported products from air oxidation
of peraminoethylenes (5) (in non-hydroxylic solvents) and 32 are the
imidazolidones (71a) and (b), respectively. Though the analogous

Since no imines were reported from the reaction of diphenylphosphony1 and p-nitrophenyl azides with 32, decomposition of 68 apparently predominates over that of 69. In other words, the reaction of
a particular peraminoethylene and azide may conform strictly to the
general mechanism outlined in equations (6-g), but with another pair
of reactants the alternative fragmentation process observed by Quast
and Hiinig may compete with or supersede equation (7).
4. Attack at sulfur

The much-studied tetraaminoethylene (5) is oxidized slowly, but
even at room temperature, by elemental sulfur to yield 1,3-diphenylimidazolidine-2-thione (70a, 85%)45a. 52. The same transformation
has been reported for aliphatic peraminoethylene (32), giving 7Ob
Again the simplest reasonable interpretation ofthese events is expressed
by equations (6-g), where the initial step is nucleophilic attack on the
S, ring, with ring opening. Initiation by electron transfer from the
ethylene to sulfur, however, is also an attractive possibility.

product, tetramethylurea, is obtained in air oxidations of 1 under
certain conditions, one finds in addition a bewildering mixture whose
composition is affected dramatically by the reaction conditions2.36'41.
By far the most complete study of the oxidation products has been
carried out by Urry and sheet^^^, whose major results will be summarized.
When performed neat or in a variety of aprotic solvents, autoxidation of l yields 72-75, and the reaction is strongly catalyzed by hydroxylic compounds. Layered on water or aqueous solutions of inorganic

salts, 1gives the oxamidinium hydroxide hydroperoxide (50, Y = OH,
OOH), which is slowly transformed into 73, 75, 76, formate, and dimethylamine. I n methanol and certain aprotic solvents containing
lithium chloride or water the two reaction pathways exist in competition. With proper choice of medium and counter ion, the dication
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Me2N

NMez

MezN OH N M ~ ~
(76)

(50)

crystallizes as the oxidation progresses. Even aralkyl peraminoethylene (5) yields the corresponding oxamidinium acetate when air
oxidized in acetic acid containing sodium acetate3e. In harmony with
the proposed scheme, octamethyloxamidinium dibromide reacts
with sodium peroxide in aqueous solution to give the same array of
products formed by air oxidation of 1in polar media.
The counterpart of 50 (Y = OH, OOH) in an aprotic medium is
the zwitterion 77 or its cyclic tautomer 78. Precisely how such species
are formed from the weak, brownish charge-transfer complex56 of
molecular oxygen with 1 is a matter for debate. Spin-forbidden as it

is, concerted cycloaddition to yield 78 is not an appealing possibility,
and the rate acceleration of 200 times which accompanies a change in
solvent from decane to dioxane points to a polar transition state36.
This need not imply direct formation of 77 (also spin-forbidden),
however, since initial electron transfer from ethylene to oxygen might
occur, giving a radical-ion pair which could couple subsequently.
Half-wave potentials for reduction of oxygen to superoxide ion
(02:)in dimethyl sulfoxide (-0.73 v) and dimethylformamide
( - 0.80 v) 57 are comparable with the half-wave potential in acetonitrile for one-electron oxidation of 1 (-0.75 v) 58. Polarographic
reduction of oxygen in the presence of hydroxylic compounds is a
two-electron process yielding - 0 O H and - O R and occurring at less
negative potentials, a fact which may underlie the large catalytic
effect of these substances on the oxidation of 1 59.
With regard to the ultimate oxidation products, two molecules of
72 could be formed in aprotic media by fragmentation of 78 as indicated. There is evidence that 73-75 arise via free-radical pathways 49,
but the details are not yet understood. Urry and Sheeto have
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explained formation of oxamide (73) and dimethylamine in aqueous
media by hydrolysis of the oxamidinium dication. The properties of
76, whose structure is supported by considerable evidence, are no less
surprising than its formation. I t is reported to be recovered unchanged
after two days in refluxing 6 N hydrochloric acid. According to Urry
and Sheeto the first step in the sequence leading to 76 is proton loss
from the oxamidinium ion (50) to give immonium ion (79) ;deuterium
exchange experiments support this proposal. Hydrolysis of the

immonium compound would yield formaldehyde (which is oxidized
under the reaction conditions to the observed formate) and a new
tetraaminoethylene (80). The latter could transfer two electrons to
dication 50 to yield 81, a process which could well be exothermic
since coplanarity is more easily achieved in the new dication. Addition
of hydroxide ion to 81 would complete the sequence.
Returning now to the matter of chemiluminescence, the radiating
species appears to be the ethylene itself in the lowest excited singlet
state. This conclusion follows from the near identity of the fluorescence and ~x~luminescence
spectra at room temperature and from
the blue shift which characterizes each when the temperature is
lowerede0. The oxidation kinetics are first order in oxygen and ethylene and variable order in alcohol catalyst due to hydrogen-bonding
association of the latter. The kinetics of luminescence, obtained from
emission intensity measurements as a function of time, are similar,
except that ethylene concentration appears as the second power (and
that quenching terms involving alcohol and oxygen are involved) 59.
The calculated chemical efficiency (efficiency of generating excited 1)
24.
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approximately equals the ethylene molarity except at high concentrations of 1 ( > 0.1 M), where it drops off. Since fluorescence quantum
yields are rather high (0.35 in n-decane), it is clear that emission
quantum yields can also be substantial.
The nature of the step which leads to excited 1 (l*) remains shrouded in mystery, but at least there exists evidence which militates against
attractive possibilities. A recent proposal of Khan and KashaG1has
shed much light on the remarkable fact that most chemiluminescent
reactions involve molecular oxygen. Their work and others' have
established the existence of a number of 'double-molecule' excited
states (2[lAg], [lAg + lCg + l ,211Cg +I) of molecular oxygen which can
arise by collision of the corresponding singlet oxygen molecules
([lAg] or [lCg+]). Such a seemingly improbable event is made feasible
by the extreme forbiddenness of the singlet oxygen-to-ground transition. One or more of the double-molecule excited states are sufficiently far above the ground state (75 kcal/mole for 2[lCg+]) to transfer energy to a wide variety of acceptors, so the Khan-Kasha scheme
should prove to be a broadly applicable explanation for the origins
of chemiluminescence. Applied to tetraaminoethylene oxidation,
however, this mechanism requires that light emission be second order
with respect to oxygen, which it is not 59.
A second tempting possibility is a mechanism which has been
proposed for the chemiluminescent oxidation of certain irnidazoleG2,
acridane 63, and indole 64, derivatives. Its essence is expressed in
equation (23), where a 4-ring peroxide collapses, leaving one of the
fragments in an electronically excited state. This scheme is attractive

because ring strain, the weakness of the 0-0 bond, and the high
resonance energy of carbonyl groups combine to make the fragmentation tremendously exothermic. The selection rules of Woodward and
HoffmannG5notwithstanding, it is difficult to predict whether this
retro '2
2 cycloaddition' should proceed concertedly or via rupture
of the strained 0-0 bond to a discrete diradical, which subsequently
fragments. It is also unclear whether or not excited-state product is
to be expected on theoretical groundsG6.Whatever the details may be,
this chemiluminescence mechanism could be adapted to the autoxidation of 1 simply by postulating electronic energy transfer from

+
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excited tetramethylurea, formed by fragmentation of peroxide (78)
(-AH estimated to be well in excess of 100 kcal/mole), to a molecule
of 1. Unfortunately, Fletcher and Heller found no square quenching
terms for oxygen over a 1500-fold pressure range67. Known to quench
l * efficiently, oxygen should do the same for tetramethylurea in its
lowest singlet excited state, for that state should lie above the lowest
~ . the
excited triplet state of oxygen (ET z 100 k ~ a l / m o l e ) ~Thus
Fletcher-Heller result casts serious doubt on a scheme for chemiluminescence which requires both l * and excited urea. It is reasonable to suppose, nonetheless, that urea formation is intimately related
to light production, not only because of the energy it liberates but also
because oxylurninescence fails to occur under reaction conditions
which do not yield urea, and because imidazolidone (71b) is the only
product reported from the chemiluminescent autoxidation of tetraaminoethylene (32)
Chandross and S ~ n n t a gand
~ ~ also Hercules70 discovered that
electron transfer between two species in solution can yield an electronically excited product, provided of course that the transfer reaction be
sufficiently exothermic. Suppose that a short-lived pair of radicalions, 82 and 83, is generated by electron transfer from 1 to peroxide
Me,N
Me,N

0- NMe,

H

-0NMe,

M e 2 N ~ N M e 2
Me,N
NMe,

(78). Cleavage of the central bond of 82 would yield a molecule of the
urea and one of its 'ketyl', an extremely powerful electron donor.
Electron transfer to the neighboring cation could generate I* ; for that
matter, the transfer might be concerted with collapse of 82. A variant
on this proposal involves covalent-bond formation between radicals
82 and 83, yielding 84 or even 85, followed by concerted fragmentation
into two urea molecules plus l*. The reaction of the oxamidinium ion
(50) with concentrated aqueous base (see Section III.B.G), which may
well proceed via 84 and/or 85, is not reported to be chemiluminescent ;
hence the electron-transfer interpretation is a more inviting, albeit
still highly speculative, possibility. It is noteworthy that the 1,4dioxane, 85, is a very crowded molecule, and the isomeric 1,2dioxane would experience fearful non-bonded repulsions. Formation
of the latter substance, whose fragmentation might well yield l*, is
thus most unlikely.
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Finally, the great reactivity of peraminoethylenes toward oxygen
has suggested a variety of uses for them: scavenging oxygen, as in
gasolines 4. 33, detecting traces of oxygen by chemiluminescence 41,
determining molecular oxygen quantitatively by measuring the
amount of carbonyl compound formed 4* 33, and generating electrical
current in fuel cells, e.g. for space trave171. A more deep-seated reaction of aliphatic peraminoethylenes with oxygen and other powerful
oxidizing agents, namely combustion, also merits attention. These
compounds are useful as high-energy rocket fuels because they combine high heats of combustion ( - 9000 cal/g) for simple A2*2'-bi(imidazolidines) with specific impulses comparable to those of hydrazine and methylhydrazine with dinitrogen tetroxide, nitric acid, and
other rocket motor oxidizing agents 4. 33.
6. Related reactions of oxamidinium ions
In principle, the same kind of intermediate obtained by electrophilic attack on a peraminoethylene is accessible by nucleophilic
attack on the corresponding oxamidinium cation 47 (equations 6
and 24). A single example illustrating this idea has already appeared
in the work of Urry and Sheeto on autoxidation of 1 36. Other reactions
of this type are presented below; a number of them will be seen to
conform to the pattern of equations (7-9).
The salts 28 and 29 (Y = NO,) were rapidly cleaved by aqueous
base to the corresponding imidazolidones and N-formyl compounds
in high yield (equation 25) 5*30. Had addition 0f.a second hydroxide
ion and double ring opening occurred in analogy to the strong-base
hydrolysis of 5 (equation 12), an oxamide would have been formed.
The lack of competition from this process may be attributable to base
catalysis of the fragmentation of 86, a possibility which does not exist
53

when H takes the place of O H in that cation. Reduction with sodium
trimethoxyborohydride of the same dinitrates gave the ethanes
87 ( 50y0) and the imidazolidines 88 ( 25y0)5. Apparently the

-

-
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intermediate monocations formed by addition of hydride to 28 and
29 were intercepted by a second hydride half of the time*, and half
of the time they fragmented to imidazolinium ions plus ylids. The
former were reduced to 88 and the latter are believed to have dimerized, at least in part. The violet color which persisted throughout
the hydride addition supports the view that dimers were formed, for
these ethylenes react reversibly with the starting dinitrates to yield
violet radical-cations (see section 1II.C).
As one might expect from the previously described maverick
behavior of 1, base hydrolysis of oxamidinium salts (50) derived from
1 produces quite different results from those observed with salts from
tetrakis(aralky1amino)ethylenes. Concentrated aqueous alkali transforms the dication in a rather clean reaction to ethylene 1 plus tetramethylurea (72), molar ratio 1:2 36' 72. Treating a mixture of dications
with strong base, Carpenter was unable to find any crossed ethylene,
so cleavage to the ylid in the manner of equation (7) apparently does
not occur73. Resistance to such cleavage has been evident in other
reactions of 1 (see sections III.B.l, 2, and 5). The contrast with tetrakis(aralky1amino)ethylenesmay be traceable in part to steric assistance
for scission in the aralkyl compounds and in part to the lesser 'leaving
ability' of the aliphatic ylid (see section 1I.B). The opposing argument
could be advanced, however, that aliphatic are better than aralkyl
amino groups at stabilizing the cationic fragment generated in the
cleavage process. I n any event, a rationalization of the base hydrolysis
products from 50 is given in equation (26).
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It will be noted that formation of the dipolar species 89 requires two
hydroxide ions, so it is not too surprising that the reaction takes a totally
different course in dilute base. Here the products are tetramethyloxamide (73), bis (dimethylamino)methane (75), cation 76, dimethylamine, formaldehyde, and 136. With the exception of the last two, these
products were also obtained in the reaction of dication 50 with aqueous
sodium peroxide (see section III.B.5), and their formation may be
rationalized in the same manner. The identification of formaldehyde
and 1in this experiment supports Urry and Sheeto's interpretation of
the peroxide reaction. Both products were proposed in this scheme, but
both were shown to be oxidized rapidly by aqueous sodium peroxide.

C. Electron-donor Reactivity

As noted earlier, a division of the reactions of tetraaminoethylenes
into those which reflect nucleophilic character and those which reflect
electron-donor ability must be somewhat arbitrary. The criterion by
which the assignments have been made is the presence or absence of
new covalent bonds in the product. The reader must bear in mind,
however, that a reaction which ultimately results in covalent-bond
formation may well proceed via one or more electron-transfer steps
(air oxidation is a possible example), and that a reaction whose net
result is electron transfer may involve covalently bonded intermediates
(halogenation might be such a process). I t is convenient to subdivide
the known ' electron-donor ' reactions of peraminoethylenes into those
which form bonajde salts and those which form complexes, despite the
fact that the borderline, like most borderlines, is fuzzy.

I. Oxamidinium salt formation

NMe,

* The diiodide derived from A2.2'-bi(3-methylbenzthiazoline)gives an adduct
with two moles of methoxide ion (central bond retained) 24.

Pruettl was the first to observe that the action of a halogen on a
peraminoethylene (1)yielded a salt-like dihalide*. Carrying out similar experiments with tetrakis (aralkylamino)ethylene (5), Kawano 30
characterized the dication and identified the oxidation-state intermediate between ethylene and dication. When such oxidizing agents
as iodine or silver salts were added to acetonitrile solutions of 5 the
intense violet color characteristic of radical-cation 90 (Xz","x"" 517 mp,

* For the preparation of' corresponding compounds horn a 1,2-diamino-1,2dithioethylene, see reference 24.
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- 6800) developed and then faded as soon as the second equivalent
had been introduced (equation 27). Solutions of 90 displayed an
r

I

Ph

well-resolved hyperfine structure (features whose significance is still
not clearly understood) 5b'30.58. The same e.s.r. spectrum and violet
color were observed when solutions of 5 and 28 were mixed. Using a
method based on solubilities, Lokensgardbb estimated that K., in
acetonitrile for the reaction 5 + 28 (Y = NO,) + 2 90 exceeds 25.
Though never isolated, the radical-cation was stable for b n g periods
of time in solutions that were protected from the air. Acetonitrile
solutions of the radical-cation were found to obey Beer's Law over a
100-fold concentration range, so dimerization of the radical is negligible in this medium. In addition to the electronic and Coulombic
factors which would oppose dimer formation, the steric barrier is
formidable.
Some interesting features characterize the behavior of 91 74, a
relative of 28 in which the aryl groups have been interposed between

the nitrogens and the central carbons. In water 91 dinitrate and diiodide display nearly identical optical properties, and neither shows
e.s.r. absorption. Switching to ethylene chloride does not alter the
e.s.r. situation or change the optical spectrum of the dinitrate significantly, but the diiodide in this solvent shows an intense e.s.r. signal
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and a drastically modified optical spectrum (green solution, whereas
the others are purple). Treatment of tetrakis(p-dimethylaminopheny1)ethylene with iodine in ethylene chloride gives a solution of the same
composition ( > 20y0 free radical). These data are interpretable in
terms of the electron-transfer equilibria shown in equation (28). In
water the diiodide salt is stable, but the poorly solvating ethylene
chloride opposes charge separation sufficiently to drive the equilibria

intense e.s.r. signal, but one surprising for its narrowness and lack of
Ph
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significantly to the left. Stabilization of the cationic charge by nitrogen
requires quinoidal resonance forms in 91 but not in 28; thus the lack
of evidence for electron transfer in the ground state of 28 diiodide is
not surprising. Its orange-red color suggests charge transfer by
photoexcitation, however, since the corresponding dinitrate and diperchlorate are canary yellow. Finally, 28 diiodide in acetonitrile is
smoothly reduced to the ethylene 5 by metallic silver30 ( E 0 for
AgI + e+Ag + I- is -0.40 v).
Aliphatic peraminoethylenes are, understandably, even more
powerful as electron donors than their aralkyl counterpartsT5, and
again both radical-cation and stable dication oxidation states are
knownT7.In Figure 1 are presented the HMO energy levels calculated
by Wiberg41 for the tetraaminoethylene system as a function of the
Coulomb integ~alchosen for nitrogen (a,). It will be noted that the
highest filled orbital, b,,, is antibonding except at very high values
of a, (probably appropriate only to the dicationT6),thus accounting
for the remarkable donor properties of these compounds. Using
the value (a + 1.58) for a,, Wiberg has calculated an array of
physical data for the system 1, 83, and, 50 making comparisons
with experimental data where possible. The appearance potential
of 83 in the mass spectrum of 1 is 6.5 ev, comparable to the
ionization potential calculated from charge-transfer spectra for the
powerfiul electron donor N, N, N', Nf-tetramethyl-p-phenylenediamine
(6.35-6.6 ev) 41.T8. Polarographic half-wave potentials for oxidation
of 1 in acetonitrile ( - 4 X 10-4 M) are - 0.75 and - 0.61 V. vs. s.c.e.
(equation 29) ;these values yield an estimate of 2-3 X 102for K,, in the
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breadth between 0 and 120"). Hindered rotation is to be expected
about both the central C-N and C-C bonds since the calculated .rr
bond orders for each are about 0-541.
The presence of two equally intense signals in the p.m.r. spectrum
of the colorless oxamidinium ion (50) ( 6 = 2-90, 3-18 p.p.m., acetonitrile, external TMS) signifies that rotation about the central C-N
bonds in this molecule is slow even on the n.m.r. time scale. Both
simple Huckel calculations and estimates from vibrational spectra
point to high C-N and substantial C-C .rr bond orders; together
with the p.m.r spectrum these data support a planar or near-planar
structure for the dication41.
Ethylene 1 displays a single sharp line in its p.m.r. spectrum
(6 = 2.32 p.p.m., external TMS), indicating that rotation about the
central C-N bonds is rapid on the n.m.r. time scale. The requirement of a center of symmetry imposed by the lack of C=C stretching
absorption in the infrared spectrum of 1 (strong Raman band at
1630 cm-l) 60 is, of course, consistent with a propeller-like structure
as well as a planar one, and the steric barrier to coplanarity is considerable. Bond-order calculations, from Huckel theory and vibrational spectra, indicate that nearly all of the twist in a non-planar
structure would involve the C-N
bonds rather than the C-C
bond41.
Perarninoethylene (l)is oxidized to the oxamidinium ion by polyh a l o a l k a n e ~ ~ Ease
~ ~ , ~ of
~ . reaction increases in the sequence
F < C1 < Br < I , and increases with the number of halogens attached to a given carbon. The major products from the halo compounds are those in which a halogen has been replaced by hydrogen
or in which a pair of vicinal halogens has been lost. Ionic processes
have been proposed to account for these reactions, as illustrated for
carbon tetrachloride. Electron transfer from or nucleophilic attack by
1results in heterolysis of a Cl-C bond, producing the trichloromethyl
anion; this species accepts a proton from the weakly acidic oxamidinium ion to give chloroform, or loses chloride ion to yield dichlorocarbene (trapped as dichloronorcarane in a related experiment with
bromotrichloromethane) . Products of radical coupling or radical
attack on solvent were not detected in the reactions of 1 with a
variety of polyhaloalkanes.

Me2NxNMe2
--Me2N

E,=-0.61

(2,

+

Me,N

NMe,

Me,N

P31

NMe,

(30)

reaction 1 + 50 + 2 8358. The dication can be reduced to 1 by zinc
dust distillation (EO for ZnZ + 2e 4 Zn is - I -01 v. vs. s.c.e.) 77b.
In sharp contrast with the poorly resolved e.s.r. spectrum of the
385 mp)
violet radical-cation 90, that of the orange 83
reveals about 300 lines from which these coupling constants were
2.84, and a,c2) 3-28G". The nitrogen coupling
obtained: a, 4.85,
constant is considered reasonable for an approximately coplanar
structure, and the existence of two proton coupling constants corresponding to equal numbers of protons indicates that rotation about
the central C-N bonds is slower than
1O6/sec (no change in line
"9

+

-

2. Complex formation

Dozens of charge-transfer complexes of aliphatic peraminoethylenes
with organic acceptor molecules of widely differing electron affinity

have been prepared, primarily by Winberg and his c o w o r k e r ~ ~ . ~ ~ .
They range in properties from the unisolated, diamagnetic yellow
complexes formed between 1 and the weak acceptors tetrachloroethylene and styrene to high-melting, deeply colored, strongly
paramagnetic solids such as the blue-black 1:2 complex of tetrakis( N-pyrrolidino)ethylene with 7,7,8,8-tetracyanoquinodimethane, for
which structure 92 is probably a close approximation. Typical stoi-

chiometry for the peraminoethylene complexes ranges from 1:1 to
1:3, donor-to-acceptor. A number of the paramagnetic complexes
show very low electrical resistivities.
Spectral data have been reported for only a few of these substances,
notably the 1:2 complexes of 1 with sym-trinitrobenzeneel and
tetracyanoethylene 419
*. The former is an air-sensitive, black-red
solid (charge-transfer maxima at 545, E 210 and 442 mp, E 300 in
acetonitrile), which is diamagnetic in solution and reported to be
slightly paramagnetic (weak e.s.r. signal at g = 2) in the crystalline
state. A sandwich structure with 1 inside has been proposed for this
complex. In acetonitrile solution its p.m.r. spectrum reveals only two
sharp signals, S = 2.08 and 8.35 p.p.m. (external TMS), corresponding to the protons of donor and acceptor, respectively. This implies
either a rapid equilibrium between the sandwich and its components
or, less likely, a loose enough sandwich structure to permit rapid
rotation about the central C-N bonds of the donor molecule. Unlike the sym-trinitrobenzene complex, the black-violet 1 :2 complex of
1 with tetracyanoethylene can be represented fairly accurately as a
salt analogous to 92. Its infrared spectrum contains bands characteristic of the dication 50 and TCNE radical-anion. The optical spectrum
reveals the presence of approximately two TCNE radical-anions per
mole. In acetonitrile the p.m.r. spectrum shows the two signals charac77b9

* Despite earlier
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report^^,^^, the reaction of 5 with TCNE also yields a 1 :2
charge-transfer compound 38.
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teristic of 50, but greatly broadened and shifted to higher field under
the influence of the paramagnetic counter ion. The e.s.r. spectrum
(acetonitrile) displays the sharp nonet characteristic of TCNE
radical-anion in dilute solution ( - 10-4 M), but as the concentration
is raised the line breadth increases and the hyperfine splitting disappears. At 0.1 M a single line 5 gauss in width is observed, signifying
very rapid scrambling of the free-electron's environment. These results
have been interpreted41to mean that even in a salt-like perarninoethylene complex with a very powerful T acid, electron transfer from
acceptor back to donor is facile*, as is true for the TCNE-N,N',N1,N'tetramethyl-p-phenylenediamine complexe2. Thus ionic structures
such as 92 may represent the complexes correctly in dilute solution
in polar solvents, but may exaggerate the degree of electron transfer
in the solid state. Regarding the optical spectra of such complexes,
charge-transfer absorption very likely leads to excited states less polar
than the ground states41(as in the pyridinium iodides, for example) 83;
charge-transfer transitions in peraminoethylene complexes with weak
acceptors presumably give excited states more polar than the ground
states.
In drawing conclusions about structure from the magnetic properties
of charge-transfer complexes, one must bear in mind that both diaand paramagnetism are subject to more than one interpretation. The
former need not signify a lesser degree of electron transfer than the
latter, for strong spin coupling resulting in a singlet ground state can
occur even when transfer is essentially completee4. A case in point is
the complex of N,N,N1,N'-tetramethyl-p-phenylenediaminewith
7,7,8,8-tetracyano-p-quinodimethane(93), which is clearly ionic in
the crystalline state as judged from absorption spectra. Nonetheless, the

-

* It would be helpful to know, however, how large a part of the concentration
effect on the e.s.r. spectrum is traceable to spin-spin and exchange interaction
involving only the radical-anions.
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intensity and temperature dependence of its e.s.r. spectrum reveal that
its ground state is singlet, lying 1.7 kcal/mole below a triplet statea5.
A complex containing unpaired spins may display either doublet (if
the spins are essentially independent) or triplet paramagnetism:
indeed, complexes are known which can individually exist in singlet,
doublet, or triplet states depending upon the temperaturea6. Though
many tetraaminoethylene complexes have been identified in the
literature as diamagnetic or paramagnetic, very little has been reported
regarding e.s.r. spectra and their variation with such parameters as
state, solvent, concentration, and temperature. The magnetic properties
of the charge-transfer compounds with powerful acceptors appear
to be well worth more detailed investigation.
The paramagnetic complexes derived from aliphatic peraminoethylenes possess the property, unusual for organic compounds, of
strong, broad, light absorption in the near-infrared region, typically
from 0.5 to 2.0 p. Combined with their high stability, this characteristic makes them valuable as pigments in writing inks which are
suitable for thermographic reproduction 3. Most fountain-pen inks,
and particularly ball-point inks, are not copied satisfactorily by
thermographic methods because they are nearly transparent in the
infrared. Peraminoethylene complexes also have promise as pigments
for impact printing. When a sheet of paper impregnated with donor
is laid upon one impregnated with acceptor and pressure is applied,
as with a stylus, an image created by complex formation appears on
the bottom sheet. The many other uses of peraminoethylene-strong
.T-acid complexes suggested by their intense colors, their stability, and
their paramagnetism will not be enumerated here.

a m i n a l ~ ~ Will
~ , ~ they
~ ? be formed when phenylcyclopropanone
aminals are irradiated, just as methylenea9 and dichlorocarbene are
produced by photolysis of the corresponding cyclopropanes? If so,
flash photolytic techniques may make possible a kinetic study of the
theoretically interesting dimerization of ylids. Can the ylids be trapped
as ligands in coordination complexesg1, and will such compounds
change into peraminoethylene complexes?
May this record of progress in peraminoethylene chemistry rapidly
become outdated.

IV. PAST A N D F U T U R E

During the period from 1960 to the present, the broad outlines of
tetraaminoethylene chemistry have emerged, accompanied by an
already impressive array of technological applications for the ethylenes
and their derivatives. Nevertheless, the areas of peraminoethylene
chemistry which have received attention are liberally strewn with
puzzling questions, and yet-uncharted areas constitute a challenge
made lively by the unusual nature of these compounds.
Some unexplored aspects of their synthesis from ylid halves will
serve as illustration. Among divalent carbon derivatives, where these
ylids formally belong, their stability is relatively great. Can they then
be generated along with benzene by thermal decomposition of tropone
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Hydration, of acetylenic amines
248
Hydrazine derivatives, reduction 68
Hydrazones, conversion to primary
amines 69
oxidation 710
Hydride shifts, in deamination 464,
587, 591, 610
Hydrogen bonding, effect on amino
acid acidity value 223
>

Subject Index

+
+
effect on fi-NMe, and fi-NH, inductive values 2 18
in alcohol-amine mixtures 162
in aminophenols 228
in aromatic amides 245
in aromatic amino acids and esters
225, 243
influence on properties 116- 118
in Schiff bases 354
stabilization
of ammonium ion by
.--

Ion pair, vibrationally excited in
deamination 465, 472
Ion-pair mechanism, in halogenation
257
Isomerization, of primary amino halides 231
Leuckart reaction of reductive alkylation 300
Lossen rearrangement 629

137

Hydrogen-bond lengths 142
Hydrolytic cleavage, of acyl-type protecting groups 670-672, 674, 677
of urethane-type protecting groups
rnn

OOL

Hydrophobic hydration 166, 173
p-Hydroxyethylamine, detection 94

Imidazolium salts, catalysts of the
benzoin condensation 723
deuterium exchange in 705
Imines, from an azide and ethylene
725, 726
reduction of 68
Inductive effect, comparison of groups
208
field effect 208
in aniline 2 10
including inductometric effect 207
in electrophilic attack of unsaturated ammonium compounds 247
in exchange reactions 26 1
of alkyl groups 209, 2 13
of amino groups 207
of electron-attracting groups 168
of positively charged nitrogen substituents 225
on amino acid dissociation 222, 224
on basicity of m- and fi-substituted
anilines 181
on basicity of substituted alkylamines 176
Infrared spectra, of primary and
secondary amines 17, 111-1 13
d-U Interaction 706
Intramolecular inversion, in nitrosoamide decomposition 449
in nitrous acid deaminations 469
Ionization constants, of aliphatic
amino acids 22 1-223
of aminophenols 226
of aromatic amino acids 223-226
of nitrogen bases 227, 228

,

*,

Mannich reaction 30 1
Mass spectroscopy, in analysis 8 M 5
in structure determination 127
Meisenheimer rearrangement 425,
426, 622
Mesomeric effect, in amines 207
of various substituents 169
on basicity of substituted anilines
181, 190
Methylaniline, basicity 187
1,2-Methyl shifts, in deamination 587,
59 1
Migratory aptitudes, in deamination
595
Molecular energy, Koopman's approximation 14
Molecular-orbital calculations, for
dissociation of tetrakis(dimethy1amino) ethylene 715, 739, 740
for the Stevens rearrangement 621
of C&N and G--C bond orders for
an oxamidinium ion 741
Molecular orbitals, of ammonia 13
of benzene 22
Muramic acid, formation 560
Mutations, caused by nitrous acid
486
Naphthols, conversion into amines
43-45
the Bucherer reaction 43
l-Naphthylamine, basicity 193
Neighboring-group participation-see
Anchimeric assistance
N-H bond, electronic structure 15
formation involving electron transfer 15
in analysis 96
infrared spectra 111-1 13
combination bending and stretching modes 112
deformation modes 112
stretching vibration 17, 112
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nuclear magnetic resonance spectra
..
113
Raman spectra 1 1 1
Nicotinamide, biosynthesis 566
Nitramine rearrangement 639-642
W-bondmechanism 640
caned-radical mechanism 640
cyclic transition-state mechanism
64 1
Nitration, of aromatic amines 12 1,
252
rate of 253
Nitrification, of organic amino compounds 519
Nitriles, conversion to primary amines
KO
"0

Nitroarylation, in analysis 102
Nitro compounds, reduction 66, 67
Nitrogen fixation, connection with
carbohydrate metabolism 513
in amino acid formation 5 11-5 17
Nitrosamine, formation 305, 307, 3 l 8
reversibility 3 17
Nitrosation, abnormal products of 101
acid-catalyzed, involving the nitrosonium ion 3 12
involving the nitrous acidium ion
311
by acyl nitrites 3 17
by dinitrogen tetroxide 3 17
by nitric oxide 318
by nitros~lhalides 3 0 S 3 10
by nitrous anhydride 30&308
in analysis 101
inertia of tertiary amines towards
Q1 0
JLJ

mechanism 305
of aromatic amines 255
perchloric acid-catalyzed 3 13
Nitrosoamides, displacement reactions
445
front-side exchange 446
intramolecular inversion 449
mechanism of decomposition 444,
453
a-elimination 445
p-elimination 444
solvent cage interactions 448
N=N bond, formation in condensation reactions 364-366, 395-398
geometrical isomerism 366
Nuclear magnetic resonance spectra,
chemical shifts of NH groups 113
chemical shifts of NR groups 125,
126

810

Subject Index

N.m.r. spectra-cont.
in active-hydrogen determination
97
in qn-anti assignments 363
of N-H resonance bands 1 13
of Schiff bases 353
solvent effects 363
Nucleophilicity, of the amino group in
haloamines 232, 233

Oximes formation by condensation
reactions 367-389
reduction accompanied by rearrangement 69
Partial rate factor 25 1
Pauli principle 4
p-Phenylenediamine, basicity 183
Phenylhydroxylamine rearrangement
638
Phenylsulfamic acid rearrangement
650
Phospholipid material 548
Photoamination 42, 43
Photochemical cleavage of amina
439
Photochemical deaminaton 484
Phthaloylation, in analysis 99
Plant alkaloids, biosynthesis 569
Polar effect, of amine substituents
206-2 13
on electrophilic aromatic substitution 250
on rate of phthalide ring opening
244
on validity of Hammett constants
214
~olonovskireaction 622
Porphin, structure 568
Protecting groups-see
also Amino
group, protection and Amine derivatives
removal, by electrolysis 670, 671,
676
by hydrazinolysis 674
by hydrolysis 670-672, 674, 677,
682
by oxidation 670, 671
by reduction 670, 671, 676, 678,
682
roto ode halogen at ions 263
Protodemetalylations 262
Pschorr reactions 6 1 1
Purines, biosynthesis 552
Pyridoxal-5'-phosphate, as cofactor in
enzyme catalysis 523, 543
Pyridoxamine-5'-phosphate, as cofactor in enzyme catalysis 523
Pyrimidines, biosynthesis 552
Pyrolysis, of amides 483
of N-nitroso-N-acetylamines 588

Optical activity, retention in the
Stevens rearrangement 4 18
Optical-rotatory dispersion, in configuration assignment 136
of amino acids 134, 135
Orientational control, in exchange
reactions 260
in halogenation 257, 263
in tritylation 263
of disubstituted benzenes 263
Orientational effect 250, 251
Orton rearrangement 637
Oxamidinium salts 734-737
from tetraaminoethylenes 721, 722
hydrolysis of 73 1
reaction with concentrated base
733
Oxidation, by diacyl peroxides 327333
mechanism 328, 332
of primary amines 333
of secondary amines 327-330
of tertiary amines 330-332
hydroperoxides-peroxyacids
by
and hydrogen peroxide 32132 7
catalysis 322, 325
mechanism 324
of primary aliphatic amines 32 1323
of primary aromatic amines 323325
of secondary amines 325, 326
of tertiary amines 326, 327
by miscellaneous reagents 338
by ozone 335-337
by potassium permanganate 337
by tert-butyl hydroperoxide 333335
radical mechanism 334, 335
in analysis 94
reaction with hypochlorites 95
Oxidative cleavage of acyl-type pro- Quaternary compounds, amine distecting groups 670, 671
placement from 416, 41 7
of tertiary amines 429
analysis of 122, 123

Subject Index
Quaternary compounds--cont.
formation from alkyl halides 4550
Hofmann elimination 409-416
rearrangements of 417423, 61262 3
Quaternization, abnormal products
with alkylating agents 94
abnormal products with chloroform 93
Radical-cations, by oxidation of tetraaminoethylenes 727, 730, 733,
736, 737
Raman spectra, of N-H bond 1 11
Rearrangements-see also specific rearrangements
accompanying deamination 473,
586-6 12
criterion for intermolecularity 634
intermolecular aromatic 634-638
intramolecular aromatic 639-650
involving SNi displacements 654656
of amine oxides 425, 426
of g-haloamines 23 1
of phenylnitroamine 252
of quaternary compounds 417423,
612-623
with migration to electron-deficient
nitrogen 623-634
Redox system, in amino acid formation 513
Reductive alkylation, by ClarkeEschweiler method 69
by Dtlepine method 69
leading to primary amines 299
of aldehydes and ketones 298, 300,
30 1
of amines 68, 69
of an alcohol 300
Reductive cleavage, of acyl-type protecting groups 670, 671, 676, 678
of amines, by catalytic hydrogenolys? 436
by d~fluoroamine438
by electrolytic method 437
by Emde reactions 436
by hydroxylamine-0-sulfonic acid
438
bv ~hotochemicalmethods 439
of u'rdthane-type protecting groups
682
Resonance effect, change due to substitution 2 13

81 1

comprising mesomeric and electromeric effects 207
due to the amine lone pair 207
in amino-substituted triphenylmethan01 229
in aniline 2 10
of meta substituents 2 19
on amino acids acidity 223
on aminophenols acidity 226
on aminopyridines basicity 228
on aromatic amino acids esterification 244
on aromatic amino acid esters
hydrolysis 242
on carbonyl group in condensation
reactions 385
on p-substituted a-bromostyrenes
solvolysis 236
reflected by Hammett constants
2 l6
Retention of configuration, in nitrosoamide decomposition 446, 447
in nitrous acid deaminations 462,
468
in triazene deaminations 460
Ring contraction, in cycloalkylamine
deamination 599
Ring expansion, in cycloalkylamine
deamination 597-599
Ritter reaction for primary amines
52
Salt effect, on nitrosation 312
Schiff bases, base-catalyzed tautomerism of 360
formation, 351, 367, 381
enzymatic 392
mechanism of 367
metal ions in 355
hydrogen bonding in 354
hydrolysis by strong acid 381
structure of 353
Schmidt rearrangement 630, 63 1
Separation, of primary, secondary and
tertiary amines 50-52
of tertiary amine from quaternization product 5 1
Sequence inversion in peptides 657
Skeletal rearrangement, in nitrosoamide decomposition 441
in nitrous acid deaminations 464
in triazene deaminations 4 0
Solute-solvent interaction 165
Solvation, of positively charged nitrogen groups 2 17
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Subject Index

Solvation energy 29
Solvent cage reactions, in nitrous acid
deaminations 47 1
Solvent effect, in ozonolysis 336
Sommelet-Hauser rearrangement
42M23
Sommelet rearrangement 617-62 1
ylide mechanism 619
Spin forbiddenness 730
of the singlet oxygen-to-ground
transition 732
Stereochemistry, configuration assignment 136-138
of deamination 592-595
the nitrogen atom as asymmetric
center 133, 134
Stereospecificity, of cyclohexylamine
deamination 475
Steric effect, in nitrosation 255
in nucleophilic aromatic substitution by amines 56
in o-substituted aromatic amino
acids 225
in protodehalogenations 263
in tritiation 261
mechanism of 169, 170
of NMe,, NHMe and NH, in substitution reactions 238
of the solvated and unsolvated electron pair 139
on alkylation of amines 47
on basicity, of aminobiphenyls 193
of amino derivatives of polynuclear hydrocarbons 195
of o-substituted anilines 184, 186
of secondary and tertiary alkyland arylanilines 187, 189
on hydrolysis of aromatic amino
acid esters 241
on resonance 2 1 1-2 13
on solvation 2 12, 223
on stability of trimethylboron/amine
complexes 197
on validity of Hammett constants
214
the Brunings-Corwin effect 141
Stevens rearrangement 4 17-4 19,6 12617
migratory aptitude 613
molecular-orbital calculations for
62 1
transannular 6 17
Stieglitz rearrangement 633
Structure-reactivity relationship 2 1422 1

Substituent effect, in nitration 253
in nitrosation 314
on basicity 176-179, 181-187
on inductive effect 209
on reactivity of C=N linkage 352
Sulfonation, of aromatic amines 255,
256
Sulfonylation, in analysis 101
Surface-tension effect, of seven-membered ring 232
Taft substituent constants 2 19
Tautomerism, azo-hydrazone 366
azo-hydrazone-ene-hydrazine 360
in Schiff base, base-catalyzed 360
of pyrroles 108
phenol-imine-keto-amine
353
Temperature-jump technique, for
transamination rate study 53 1
Template reactions, equilibrium 356
kinetic 356, 357
Tetraaminoethylenes 701-745
dissociation of 714-7 16
melting or boiling points of 7 1 1-7 13
preparation of 702, 71 1-7 13
Tetrathioethylenes, formation from
1,3-dithiolium salts 708
Thiamine 705, 716, 723
Thiazolium salts, as catalysts of the
benzoin condensation 723
deprotonation of 708, 726
deuterium exchange in 705
Tiffeneau rearrangement 597
Toxicity, of ammonia 508
Transamidation, interconversion of
asparagine and glutamine 541
Transamination 485
enzymatic 395
in amino acid formation 5 1 1, 52 1536
mechanism 523-531
in Mannich bases 432
metal ions in 393
Transannular migration, in deamination 610
in the Stevens rearrangement 6 1 7
Transimination 383
enzymatic 384
Transpeptidation 658
Trimethylamine, basicity 171
Ultraviolet spectra, of unsaturated
amines 128-1 31
bathochromic shifts 128

Subject Index
Ultraviolet spectra--cont.
electronic shifts 128
long-range conjugation 131
Urea. formation in excretorv, svstems
,
576-579
Wohler's svnthesis of 656
Uric acid, formation in excretory
systems 579
Vibrational spectra, of C N bonds
1 l5
stretching vibrations 1 15
of N-Me bands 96
of the Me,N group bands 96
of the N-H bond 11 1
combination of bending and
stretching modes 1 12
deformation modes 1 12
stretching modes 1 12
of the p electrons 95

Virtual orbitals 32
Vitamin B,, effect on transaminase
activity 522
Vitamin B,,, structure 564
Von Braun cyanogen bromide reaction, in natural product degradation 428
Waener-Meerwein-like
isomerizations
"
588
Wave function, cakulation of 11-15
for ammonia 12
Ylids, dimerization of 716, 718, 745
from azidinium salts 709
from thiazolium salts 710
in hydrazone oxidation 710
Zwitterionic inner salt, of amino acids
69 1

