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Solid-State and Solution Routes to Manipulating
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1.

INTRODUCTION

Over the past two decades, considerable progress has been made in the
synthesis and characterization of compounds containing discrete hexanuclear
clusters (1–12). Most recently, soluble, molecular forms of these clusters have
begun to see use as building units in the construction of extended solid
frameworks and supramolecular assemblies. In our view, certain hexanuclear
cluster cores are very much akin to a new transition metal ion, but one with a
large radius, a ﬁxed coordination geometry, and electronic properties that can be
adjusted through synthesis. In particular, clusters of this type are encountered
with second- and third-row transition elements of groups 4–7 in reduced oxidation states, accompanied by core halide and/or chalcogenide ligands.
Herein, we review the methods available for manipulating the composition of
such species, and give a brief overview of their use in solution assembly
reactions.
A.

Cluster Geometries

The clusters of interest here bear one of three distinct geometries, all of
which are based upon a central M6 unit exhibiting some degree of metal–metal
bonding. In two of the geometries, the metal atoms are arranged in an
octahedron, while in the third they from a regular trigonal prism. Importantly,
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Figure 1. Idealized structures of an octahedral ML6 complex (a), a face-capped octahedral M6X8L6
cluster (b), and an edge-bridged octahedral M6X12L6 cluster (c). Black, shaded, and white spheres
represent metal atoms M, inner-ligands X, and terminal-ligands L, respectively. Each structure
conforms to Oh symmetry.

each metal center bears one radially extending terminal ligand L, such that,
overall, the outer coordination sphere is analogous to that of an octahedral or
trigonal-prismatic metal complex.
For the metals of Groups 6 and 7, the M6X8L6 geometry displayed in the
middle of Fig. 1 is predominant. Here, the cluster core consists of a perfect
octahedron of metal atoms with each face capped by a halide or chalcogenide
anion X. The eight core anions form a cube, with the metal atoms positioned
approximately within the plane and near the center of each cube face. Thus, each
metal center has local C4v symmetry, with a ligand set comprised of an axial
ligand L, a square of four equatorial X anions, and a lower, staggered square of
four metal atoms. Typical mean M
M bond distances range from 2.601(4) Å in
[Re6S8Cl6]4 (13) to 2.681(3) Å in [Re6Te8(CN)6]4 (14), while mean M-X distances range from 2.403(9) Å in [Re6S8Cl6]4 to 2.792(7) Å in [W6I14]2 (15).
Based upon comparisons with analogous ML6 complexes, the clusters exhibit
a core radius of 2.8 Å, which of course is much larger than the radius of any
single transition metal ion. The M6X8 core geometry is perhaps most notably
observed in the Chevrel phases of the type AxMo6X8 (X ¼ S, Se), which have
long been of interest for their superconducting and magnetic properties (16–19).
This geometry generally does not appear to support the presence of an interstitial atom at the center of the octahedron, with an exception arising in the
electron-deﬁcient clusters of Nb6HI11 (20, 21).
Clusters containing metals from groups 4 and 5 show a strong preference for
structures based upon the M6X12L6 geometry shown in Figure 1(c). In this case,
the core consists of an octahedron of metal atoms with each edge bridged by a
halide or chalcogenide anion X. The 12 core anions form a regular cuboctahedron, with the metal atoms positioned near the center but slightly below the plane
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of each square face. Accordingly, each metal center has local C4v symmetry,
with a ligand set comprised of an axial ligand L, a square of four equatorial X
anions, and a lower, eclipsed square of four metal atoms. Typical mean M
M
bond distances range from 2.803 Å in Nb6F15 (22) to 3.018(2) Å in [Nb6Cl18]2
(23), while mean M
X distances range from 2.049 Å in Nb6F15 to 2.797(5) Å in
Ta6I14 (24). Note that these clusters tend to be slightly larger than face-capped
octahedral clusters, with a core radius of 3.2 Å, based upon comparisons with
analogous ML6 complexes. The edge-bridged octahedral geometry has also been
observed for a single binary group 6 halide: W6Cl18 (25, 26). Importantly, for
group 4 metals, this geometry typically occurs with an interstitial main group
or transition metal atom situated at the center of the octahedron, giving rise to
clusters of generic formula M6ZX12L6. Clusters of this type are also apparent in
numerous reduced rare earth halide phases, although generally only within the
conﬁnes of a highly condensed framework (1, 5, 6, 10, 27). These interesting
rare earth clusters will not be further discussed here, since methods for bringing
them into solution have not yet been developed.
An alternative M6ZX12L6 cluster geometry of relevance here has been encountered in a few compounds. As shown at the right in Fig. 2, the metal atoms
in this geometry surround the interstitial atom Z to form a trigonal prism instead
of an octahedron. Twelve edge-bridging anions X complete the cluster core, with
two bridging each of the longer edges of the trigonal prism, and one bridging
each of the shorter edges. Here again, a single terminal ligand L extends from

Figure 2. Idealized structures of a trigonal prismatic ML6 complex (a) and a centered edge-bridged
trigonal-prismatic M6ZX12L6 cluster (b). Black, small shaded, large shaded, and white spheres
represent metal atoms M, interstitial atom Z, inner ligands X, and terminal ligands L, respectively.
Each structure conforms to D3h symmetry.
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each metal vertex, now resulting in an outer ligand set akin to that of a trigonal
prismatic ML6 complex. Note that the nonmetal atoms of the cluster are arranged
in a hexagonal closest packing, whereas those of the centered, edge-bridged
octahedral geometry are arranged in a cubic closest packing. Trigonal-prismatic
clusters of this type were ﬁrst observed within the one-dimensional (1D) compounds A3Nb6SBr17 (A ¼ K, Rb, Cs, Tl) (28, 29). Very recently, they have also
been observed in the two-dimensional (2D) solid W6CCl16 and as the molecular
species [W6CCl18]n (n ¼ 0–3) and [W6NCl18]n (n ¼ 13) (30–32). Taking
[W6CCl18]2 as a prototype, it is worth noting that mean Cla. . .C. . .Cla angles of
Mo
S angles of 78.7
71.7 and 89.2 deviate somewhat from the analogous S

and 84.0 in MoS2 (33, 34). While trigonal-prismatic technetium and rhenium
halide clusters are known without interstitial atoms, these have multiple-bond
character along three parallel edges, leading to an outer ligand arrangement that
is unlike that of any simple metal complex (34).
B.

Electronic Structures

The electronic structures for many hexanuclear clusters adopting the basic
geometries displayed in Figs. 1 and 2 have been investigated using a variety of
computational methods (30, 35–47). We will therefore only brieﬂy summarize
the results obtained from DFT calculations performed—by methods described
in detail elsewhere (30, 44, 45)—on a few representative examples.
The frontier orbitals calculated for the face-capped octahedral cluster
[Re6Se8Cl6]4 consist of a pair of eg highest occupied molecular orbitals
(HOMOs) and an a2g lowest unoccupied molecular orbitals (LUMO), as shown
in the middle of Fig. 3. The former are primarily rhenium–rhenium bonding
in character, with some rhenium–selenium antibonding contributions, while the
latter is almost exclusively rhenium–rhenium antibonding in character. The
10 orbitals (three triply degenerate orbital sets and an a1g orbital) directly lower in
energy than the HOMO are principally rhenium–rhenium bonding in character.
This result is quite analogous to that obtained previously for the face-capped
octahedral Mo6S8 units of the Chevrel phases (38). Filling 12 rhenium–rhenium
bonding orbitals with 24 electrons gives the equivalent of a single two-center,
two-electron bond per Re
Re edge of the Re6 octahedron; thus, the cluster is
electron precise. Consistent with the expectation that all of these bonding
orbitals should be ﬁlled, the cluster formally contains Re(III), affording a count
of 6  4 ¼ 24 metal-based valence electrons. While the majority of the facecapped octahedral clusters have this preferred electron count of 24, counts as
low as 19 and as high as 25 have been established within Nb6I11 and [Re4Os2Se8(CN)6]3, respectively (20, 45). Since the HOMO for [Re6Se8Cl6]4 is doubly
degenerate, one would expect the one-electron oxidized (23-electron) cluster to
undergo a ﬁrst-order Jahn–Teller distortion. Indeed, careful examination of
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Figure 3. Frontier orbitals for WCl6, [Re6Se8Cl6]4, and [Ta6Cl14]4, representing the octahedral ML6, face-capped octahedral M6X8L6, and edge-bridged
octahedral M6X12L6 structure types, respectively. Filling through the eg orbitals of [Re6Se8Cl6]4 produces a 24-electron cluster, and through the a2u orbital of
[Ta6Cl14]4, a 14-electron cluster.
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crystal structures containing [Re6X8(CN)6]3 (X ¼ S, Se) reveals small distortions, consistent with the character of the eg HOMOs depicted in Fig. 3 (48).
Jahn–Teller distortions of similar magnitude have been observed in the 21electron clusters [Mo6X8(PEt3)6] (X ¼ S, Se) (49), and a considerably more
dramatic distortion is apparent in the structure of the trigonal-prismatic clusters
[W6CCl18]3 and [W6NCl18]3 (30,32). Note that the energy level diagrams for
the 24-electron clusters [M6X14]2 (M ¼ Mo, W; X ¼ Cl, Br, I) differ somewhat
from those of the rhenium chalcohalide clusters, exhibiting a t2u HOMO, as was
ﬁrst suggested based on a qualitative analysis of metal orbitals by Gray and
co-workers (50).
Edge-bridged octahedral M6X12L6 clusters are comparatively electron deﬁcient and have fewer electrons involved in metal–metal bonding. The frontier
orbitals calculated for [Ta6Cl18]4 consist of an a2u HOMO and a set of three t2g
LUMOs, as shown at the right in Fig. 3. The former is primarily tantalum–
tantalum bonding in character, with some tantalum–chlorine antibonding contributions, while the latter exhibit tantalum–chlorine antibonding character and are
almost nonbonding for the net tantalum–tantalum interactions. Hyperﬁne splitting in the electron paramagnetic resonance (EPR) spectrum of the related oneelectron oxidized cluster [Nb6Cl18]3 supports the metal-based nature of the a2u
HOMO (51). Below the HOMO lie t2g , t1u , and a1g orbitals that are also principally tantalum–tantalum bonding in character. Thus, the electron ﬁlling is in
agreement with the count of 16 metal-based valence electrons associated with
the six Ta2.33þ centers of the cluster. This preference for 16 electrons gives the
equivalent of a single three-center, two-electron bond per triangular face of the
Ta6 octahedron. Note, however, that the calculations indicate a large gap between
the HOMO and the t2g orbital directly lower in energy, accounting for the stability of oxidized clusters of this type with as few as 14 electrons. Higher electron
counts of 17 and 18 have also been established for this geometry in the group 6
clusters [W6Cl18]1þ,0 (25, 26, 52).
Incorporation of a central interstitial atom provides a means by which
group 4 metals such as zirconium can attain electron counts sufﬁcient to
accommodate the edge-bridged octahedral geometry (5, 6, 10). Analysis of
the electronic structure of main group element-stabilized clusters indicates
mixing of the valence s and p orbitals of the interstitial atom into the metal–
metal bonding orbitals of a1g and t1u symmetry. The result is a dramatic
stabilization of these framework bonding orbitals that can be construed as
donation of the interstitial valence electrons to the electron-deﬁcient metal
scaffold. Incorporation of an interstitial transition metal atom has a similar,
albeit less dramatic, effect, resulting in a stabilization of the a1g and t2g orbitals
with metal–metal bonding character.
For comparison, the frontier orbitals of the single-metal complex WCl6
are depicted at the left in Fig. 1. Of particular signiﬁcance is the much
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greater contribution of the outer ligands to the composition of these orbitals.
Indeed, for the preferred electron counts shown, the frontier orbitals of the
octahedral clusters show little or no involvement of the outer chloride ligands.
This of course has implications for the ability of their paramagnetic derivatives
to participate in magnetic exchange interactions. As discussed below, substitutions at the outer-ligand sites can, however, greatly impact the electronic
properties of the clusters.
The electronic structure of the trigonal-prismatic cluster [Nb6SBr18]4 has
also been the subject of a detailed analysis (28). This cluster exhibits only weak
niobium–niobium bonding along the longer (3.28 Å) rectangular edges of the
Nb6 trigonal prism, originating in the a1 HOMO, and somewhat stronger
niobium–niobium bonding along its shorter (2.97 Å) edges. Indeed, the two Nb3
triangular units are held together largely through strong niobium–sulfur interactions, which appear to direct the cluster to the trigonal-prismatic geometry.
Interestingly, the ﬁrst indication of a trigonal-prismatic sulfur-centered unit was
observed in the structure of Nb6I9S where the sulfur atom resides between nearly
eclipsed faces of adjacent Nb6 octahedra (53).

II.

SOLID-STATE SYNTHESIS

The majority of the hexanuclear cluster cores considered here are initially
synthesized through high-temperature solid-state routes. To prevent oxide formation, the preparations generally require the use of an evacuated, sealed ampule,
the composition of which is dependant on reaction conditions. Procedures requiring temperatures <500 C can employ inexpensive borosilicate reaction vessels,
whereas higher temperatures require a more robust material, such as fused silica.
In cases where reactions with the glass might occur, tubes made from relatively
inert metals, most often niobium or tantalum, are utilized (54). An argon plasma
arc welder is usually employed in sealing ampules made from these highly
refractory metals. The cluster-forming reactions typically involve the reduction
of a transition metal-chalcogenide or -halide featuring the metal in a high oxidation state. A variety of reducing agents have been successfully employed, including the metal–halides and –chalcogenides in lower oxidation states and
various highly reducing metals in their elemental states. The most commonly
utilized reducing agent, however, is the elemental transition metal itself, in
which case there are no redox byproducts that need to be separated from the
product mixture. Most solid-state preparations of cluster-containing solids are
carried out for several days at temperatures in excess of 700 C.
Cluster formation under such conditions is still poorly understood. Thus far,
perhaps the most complete glimpse of a cluster nucleation process was granted
in the investigation of a lower temperature route to tungsten iodide clusters (55).
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Owing to the inertness of tungsten metal even at high temperatures, W(CO)6
was studied as an alternative source of tungsten atoms. Its reaction with I2 at
140 C was found to liberate CO gas to give an amorphous black tungsten iodide
phase. By further heating this ﬁrst-formed product to higher and higher temperatures, a series of clusters with increasing nuclearities was established. The
results suggest that, at least under these conditions, the pathway to the facecapped octahedral cluster is [W3I9]1 ! [W4I11]1 ! [W5I13]1 ! [W6I14]2.
The cluster-containing solids produced under more standard high-temperature
conditions tend to feature the clusters locked within an extended network (see
Table I). For example, Mo6Cl12 exhibits a 2D structure, in which each face-capped
octahedral [Mo6Cl8]4þ cluster core has two trans terminal chloride ligands (Cla),
while the other four outer chloride ligands form bridges to a neighboring cluster
core (Cla-a) (see Fig. 4). Only van der Waals interactions occur between the ensuing chloride-bridged sheets, such that bringing the clusters into solution would
require a reagent capable of cleaving, on average, two Mo
Cl bonds per cluster.
In many instances, the connections between cluster cores are even tighter, which
is the case for Re6Se8Cl2. This compound has a 2D structure similar to that of
Mo6Cl12, but with rhombic Re2Se2 interactions directly linking the face-capped

TABLE I
Parent Solids Formed by High-Temperature Solid-State Routes
Compound
Zr6HCl12
Zr6BeCl12
Zr6BX12 (X ¼ Br, I)
Zr6CI12
Zr6MnI12
Nb6F15
Nb6Cl14
Nb6I11
Nb6HI11
Ta6X15 (X ¼ Cl, Br)
Ta6I14
AxMo6X8 (X ¼ S, Se)
Mo6X12 (X ¼ Cl, Br, I)
W6X12 (X ¼ Cl, Br, I)
W6Cl18
W6CCl16
W6CCl18
Re6S8X2 (X ¼ Cl, Br)
Re6Se8Cl2
Re6Se8Br2

e Count
13
14
15
16
19
15
16
19
20
15
16
20–24
24
24
18
24
22
24
24
24

Connectivity (33)
ai
½Zr6 HCli6 Clia
6=2 Cl6=2
ai
½Zr6 BeCli6 Clia
Cl
6=2
6=2
ai
½Zr6 BXi6 Xia
X
6=2 6=2
ai
½Zr6 CIi6 Iia
6=2 I6=2
i ia ai
½Zr6 MnI6 I6=2 I6=2
aa
½Nb6 Fi12 F6=2
ai aa
½Nb6 Cli10 Clia
2=2 Cl2=2 Cl4=2
aa
½Nb6 Ii8 I6=2
aa
½Nb6 HIi8 I6=2
½Ta6 Cli12 Claa
6=2
ai aa
½Ta6 Ii10 Iia
2=2 I2=2 I4=2
ia ai
½Mo6 Qi2 Q6=2
Q6=2
½Mo6 Xi8 Xa4 Xaa
4=2
½W6 Xi8 Xa4 Xaa
4=2
½W6 Cli12 Cla6
½W6 CCli12 Cla2 Claa
4=2
½W6 CCli12 Cla6
i ia a
ai
½Re6 S4 S2=2 X4=2 S2=2
a
i
ia
½Re6 Se4 Se4=4 Cl2 Seai
4=2
a
ai
½Re6 Sei4 Seia
2=2 Br4=2 Se2=2

Dimensionality
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
2D
2D
0D
2D
0D
3D
2D
3D

References
56
57
58
59
60
61
62
20
20, 21
63
64
16–19
65
65
25
31
31
66, 67
68–72
73
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Figure 4. A portion of the structure of Mo6Cl12, featuring face-capped octahedral cluster cores
linked in 2D through bridging outer chloride ligands (65). Black and white spheres represent Mo and
Cl atoms, respectively. This structure type is shared by Mo6X12 (X ¼ Br, I) and Mo6Cl12 (X ¼ Cl, Br, I).

octahedral cluster cores (as shown at the top of Fig. 5). Here, an inner ligand from
a neighboring core also serves as an outer ligand, and liberating the clusters into
solution would require cleaving, on average, four Re
Se bonds per cluster. In
addition, little space is available for the approach of a bridge-displacing ligand.
Accordingly, solution-based reagents are generally not effective in solubilizing
such tightly connected frameworks. Instead, one may turn to solid-state approaches, such as that encompassed by dimensional reduction.
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Figure 5. Dimensional reduction of Re6Se8Cl2 via incorporation of TlCl. Black, shaded, and white
spheres represent Re, Se, and Cl atoms, respectively. Each added equivalent of TlCl supplies another
terminal chlorine ligand, reducing connectivity.
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A.
1.

Dimensional Reduction
Standard Salt Incorporation

Dimensional reduction has been set forth as a general method for dismantling
noncluster metal–halide and –chalcogenide frameworks in a controlled, predictive manner (74). In such a reaction, a binary parent compound MLl is heated
with n equivalents of a dimensional reduction agent AaL, where A is signiﬁcantly more electropositive than M.
MLl þ nAa L ! Ana MLlþn

ð1Þ

The additional anions X are thereby incorporated into the covalent M
X framework, while the cations A, having weaker ionic interactions with the anions, are
treated as residing outside the framework. The resultant child compound
AnaMLlþn has more anions per metal center, reducing the need for M
L
M
bridging interactions. With fewer such bridges, its framework assumes a less
tightly connected structure, often one that represents a lower dimensional fragment of the original parent framework. Ultimately, with the introduction of sufﬁcient AaL, all bridges are terminated to produce a simple molecular salt. Thus,
for example, reaction of the three-dimensional (3D) compound VF3 with 3 equiv
of LiF at 700 C affords Li3VF6, featuring octahedral the octahedral complex
[VF6]3 (75).
Dimensional reduction can be applied similarly in breaking up many of
the hexanuclear cluster-containing solids listed in Table I. Here, in place
of single metal centers, it is the cluster cores that retain their structure and
redox state through the course of the reaction:
M6 Xx Ll þ nAa L ! Ana M6 Xx Llþn

ð2Þ

As before, the more AaL incorporated into the structure, the less connected the
ensuing framework will be. The results are exempliﬁed in Fig. 5 with a sequence
of child compounds derived from Re6Se8Cl2 (76). A high-temperature reaction
incorporating a single equivalent of TlCl affords TlRe6Se8Cl3, in which each
cluster has one additional terminal chloride ligand. Note that, while the overall
dimensionality of the framework remains at two, the average number of Re
Se
bonds that must be cleaved to release the clusters into solution has been reduced
from four per cluster to three per cluster. Addition of one further equivalent of
TlCl gives the 1D compound Tl2Re6Se8Cl4, featuring four terminal chloride
ligands per cluster. Finally, incorporation of ﬁve total equivalents of TlCl produces the molecular salt Tl5Re6Se8Cl7 (¼ Tl4Re6Se8Cl6TlCl), in which every
cluster has a full compliment of six terminal chloride ligands. Note that, in all of
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these phases, the [Re6Se8]2þ cluster cores maintain both their face-capped octahedral geometry and their preferred count of 24 metal-based valence electrons.
Further note that, since these are thermodynamically stable products, one need
not follow the reaction sequence layed out in Figure 5, and can simply target the
desired phase directly through a stoichiometric, high-temperature reaction.
Related reactions employing cesium halides as dimensional reduction agents
have provided water-soluble cesium salts of the clusters [Re6X8L6]4 (X ¼ S,
L ¼ Cl, Br, I; X¼ Se, L ¼ I), opening the way to a remarkably rich solution
chemistry (13).
Other examples of compounds related to cluster-containing parent solids
through dimensional reduction are enumerated in Table II. In a few instances,
child compounds are also listed for a hypothetical, but chemically reasonable
parent phase (as designated by quotation marks around the chemical formula).
Note that many of the child compounds correspond to molecular cluster salts,
which when incorporating exclusively alkali metal cations are generally soluble
in highly polar solvents. Indeed, of the 24 distinct cluster cores occurring in the
nonmolecular parent phases listed in Table I, 10 have thus far been rendered
into a soluble molecular form via dimensional reduction. Of particular interest
amongst the remaining 14 cluster cores are [Zr6ZI12] (Z ¼ C, Mn), [Nb6I8]3þ,
and [Nb6HI8]3þ, which do not yet exist in any soluble form (100).
2.

Core Anion Substitution

Cluster-containing frameworks provide an adjustable parameter not present
in simple metal–anion frameworks, since the composition of the cluster core itself can be varied. This enables alteration of the core charge as an alternative
means of counterbalancing the charge of the additional terminal ligands. The
most straightforward method for effecting such a change is through substitution
at one or more of the core anion sites. A frequently occurring example of this
involves exchanging a core chalcogenide anion for two halide anions, one ﬁlling
the vacancy left by the chalcogenide, and one adding to the outer ligand set. Such
a substitution results in a lowering of the framework connectedness, without
incorporation of a charge balancing cation A.
Beginning again with the 2D parent phase Re6Se8Cl2 (see Fig. 5, top), the
sequence of child compounds obtained upon substituting two chloride anions for
a selenide anion is delineated along the top row of Scheme 1. The ﬁrst substitution gives Re6Se7Cl4, a compound that has been synthesized, but not structurally characterized (101), and is expected to incorporate face-capped octahedral
[Re6Se7Cl]3þ cluster cores. A second substitution yields Re6Se6Cl6, a 2D compound adopting the Mo6Cl12 structure (see Fig. 4), with [Re6Se6Cl2]4þ cluster
cores in place of [Mo6Cl8]4þ cores (102). A 1D solid, Re6Se5Cl8 (102), featuring [Re6Se5Cl8]5þ cluster cores surrounded by four terminal chlorides and two
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TABLE II
Examples of Compounds Related via Standard Dimensional Reduction

Parenta

Child Compound

Zr6HCl12
Zr6BeCl12

Li6Zr6HCl18
K3Zr6BeCl15
A4Zr6BeCl16 (A ¼ Na, Cs)
KZr6BeBr13
A4Nb6Cl18 (A ¼ Li, Na, K, Cs, In, Tl)
Li2In2Nb6Cl18
K2SrNb6Cl18
ARNb6Cl18 (A ¼ alkali metal(I), In, Tl,
R ¼ rare earth(III), TiIII, VIII)
A2RNb6Cl18 (A ¼ alkali metal(I), In, Tl,
R ¼ YbII, VII)
ARNb6Br18 (A ¼ alkali metal(I), In, Tl,
R ¼ rare-earth(III), TiIII, VIII)
A2RNb6Br18 (A ¼ alkali metal(I), Tl,
R ¼ EuII, YbII)
A4Nb6Br18 (A ¼ K, Rb)
ARTa6Cl18 [A ¼ K, Rb, Cs, R ¼ rare earth(III)]
AMo6Cl13 (A ¼ Na, Ag)
AMo6Cl14 (A ¼ Mg, Ca, Sr, Ba, V-Ni,
Cd, Sn, Pb, Yb, Eu)
A2Mo6Cl14 (A ¼ Li, K, Rb, Cs, Cu)
SnMo6Br14
Cu2Mo6Br14
Cu2Mo6I14
K6Mo6Se8(CN)5
K7Mo6Se8(CN)6
CdW6Br14
Cu2W6Br14
Li4Re6S11
A10Re6S14 (A ¼ Rb, Cs)
A2Re6S8Cl4 (A ¼ Tl, Cs)
A5Re6S8Cl7 (A ¼ Tl, Cs)
Cs2.87K1.13Re6S8Cl6
Cs5Re6S8Br7
Cs6Re6S8I8
TlRe6Se8Cl3
Tl2Re6Se8Cl4
Tl5Re6Se8Cl7
Cs2Re6Se8Br4
Cs5Re6Se8Br7
CsRe6Se8I3
Cs4Re6Se8I6

‘‘Zr6BeBr12’’
Nb6Cl14

Nb6Br14

Ta6Cl14
Mo6Cl12

Mo6Br12
Mo6I12
KMo6Se8
W6Br12
‘‘Re6S9’’
Re6S8Cl2

Re6S8Br2
‘‘Re6S8I2’’
Re6Se8Cl2

Re6Se8Br2
‘‘Re6Se8I2’’
a

Parent compounds listed in quotation marks are not yet known.

Dimensionality
0D
3D
2D

References

0D
0D
0D

77
78
57, 79
57
80–82
83
84

0D

85

0D

86, 87

0D

85

0D
0D
0D
1D

88
89
85
90

0D
0D
0D
0D
0D
1D
0D
0D
0D
3D
0D
1D
0D
0D
0D
0D
2D
1D
0D
1D
0D
2D
0D

90
90
91
92
92
93
94
95
96
97
98
76
76
99
13
13
76
76
76
13
13
13
13
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bridging chlorides, results from a third such substitution. Finally, four total
substitutions yield the neutral molecular compound, Re6Se4Cl10, wherein every
[Re6Se4Cl4]6þ core is capped by six terminal chloride ligands (103, 104). Each
of the foregoing nonmolecular phases can further be treated as a parent, generating the vertical sequences of (grand)child compounds appearing in Scheme 1
via the standard dimensional reduction described in Section 2.A.1. Note that as
one moves down and to the right in Scheme 1, the connectedness of the cluster
framework decreases, until molecular phases are achieved along the lower right
diagonal.
Speciﬁc compounds related through substitutions of this type are listed in
Table III. The majority of the examples isolated thus far consist of rhenium
TABLE III
Examples of Dimensional Reduction via Core Anion Substitution
Parent
Nb6I11
Nb6HI11
Mo6Br12
Mo6I12
Re6S8Cl2

Re6S8Br2

Re6Se8Cl2

Re6Se8Br2
a

Child
Compoundsa

Dimension

Nb6SI9b
Nb6HSI9b
Mo6S2Br8b
‘‘Mo6Se2Br8’’b
Mo6X2I8
(X ¼ S, Se)b
‘‘Re6S7Cl4’’
‘‘Re6S6Cl6’’

1D
1D
1D

Re6S5Cl8

1D

Re6S4Cl10
Re6S7Br4
‘‘Re6S6Br6’’
‘‘Re6S5Br8’’

0D
3D

Re6S4Br10
‘‘Re6Se7Cl4’’

0D

Re6Se6Cl6

2D

Re6Se5Cl8

1D

Re6Se4Cl10
Re6Se7Br4
Re6Se4Br10

0D
3D
0D

Grandchild
Compounds

Dimensionality

References
53
53
105, 106
106
105

Cs4Mo6S2Br12
Cs4Mo6Se2Br12

0D
0D

Cs3Re6S7Cl7
ARe6S6Cl8
(A ¼ Mg, Ca, Zn)
ARe6S5Cl9
(A ¼ Rb, Ag)

0D
0D

107
108

0D

11

Rb3Re6S7Br7
K2Re6S6Br8
ARe6S5Br9
(A ¼ K, Ag)

0D
0D
0D

109
102, 110
111
112

ZnRe6Se7Cl6
Cs3Re6Se7Cl7
AgRe6Se6Cl7
ARe6Se6Cl8
(A ¼ Mg, Ca, Cd, Pb)
Cs2Re6Se6Cl8
ARe6Se5Cl9 (A ¼ Li, Na,
K, Rb, Cu, Ag)

1D
0D
1D
0D

103, 104
11
113
11, 102
11, 101, 108

0D
0D

101
101–103

1D

103, 104
102, 114
115

Compounds in quotation marks are not yet known.
This child compound is a product of reverse dimensional reduction, and possesses a framework with
an increased connectedness relative to its parent structure.
b
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chalcohalide phases containing face-capped octahedral clusters with 24 metalbased valence electrons. All of the other examples represent what might be
thought of as reverse dimensional reduction via core anion substitution. In these
cases, a core halide anion is replaced with a chalcogenide anion, decreasing
the charge of the cluster core by one and thereby eliminating the need for one of
the outer halide ligands. This, of course, produces a child compound with a framework that is actually more tightly connected than that of the parent solid. Standard dimensional reduction can then render the resulting new cluster cores
soluble, as in the cases of the molecular salts Cs4Mo6X2Br12 (X ¼ S, Se). Interestingly, the substitution of chalcogenide anions into edge-bridged octahedral
clusters appears to have been little explored, and could provide a fertile area of
research. Indeed, many reduced niobium oxyhalide compounds contain edgebridged octahedral clusters, and ﬁt with this reverse form of substitutional dimensional reduction. These phases have been reviewed elsewhere (4, 9), but are
not further considered here, since no parent solid with discrete [Nb6O12]nþ
cluster cores is readily formulated.
In addition to anion substitutions that alter the charge of the cluster core,
isoelectronic anion substitutions can be made where the charge remains ﬁxed.
Here, one type of chalcogenide is replaced with a different chalcogenide, or one
type of halide is replaced with a different halide. Obviously, this will not lead to
a change in the connectedness of the framework; however, as discussed below, it
could inﬂuence the basic properties of the resulting cluster. Such substitutions
can be accomplished in the usual high-temperature solid-state reactions, simply
by introducing a source of the new anion and adjusting the stoichiometry (116).
Examples where soluble products have been particularly well-characterized
include the clusters [Mo6Cl8nXnF6]2 (X ¼ Br, I; n ¼ 0–8) and [Re6Te8  n
Sen(CN)6]4 (n ¼ 0–8) (14, 117, 118).
A core anion substitution will generally break the symmetry of the cluster
core, and can signiﬁcantly effect its electronic properties. Consider, for example,
the possible substitutions of anions Y into a face-capped octahedral cluster core
of generic composition M6X8. Recall that the 8 X atoms form a perfect cube [see
Fig. 1(b)]. The ﬁrst substitution will simply result in an M6X7Y core, for which
the symmetry has been lowered to C3v. A second substitution to give an M6X6Y2
core, however, will results in three possible isomers: one with the Y atoms
sharing a common cube edge (C2v), one with them situated across a face diagonal
of the cube (also C2v), and one in which they are situated across a body diagonal
of the cube (D3d). A third substitution generates an M6X5Y3 core with three
possible isomers (one C3v and two Cs), while a fourth generates an M6X4Y4
core with seven possible isomers (one Ts , one D2h , one C4v , one C3v , one Cs ,
and a pair of C2 enantiomers). Further substitutions simply repeat the pattern
with X and Y interchanged. Schematic depictions of all of these isomers can
be found in Ref. 114. Substitutions involving atoms with very different
electronegativities will of course inﬂuence the basic electronic character of
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the cluster, skewing its frontier orbitals and, in most instances, creating a dipole
moment. In cases, where the charge of the cluster core changes, signiﬁcant shifts
in redox potentials can also occur, as elaborated below. Within a given mixedanion core composition, different isomers can further be expected to have
somewhat different electronic structures; however, these effects have not been
investigated in detail, perhaps owing to the difﬁculties in separating isomers of
the same charge.
3.

Heterometal Substitution

In a very similar way, dimensional reduction can also be carried out through
substitutions at the metal sites of a cluster core. This has only recently been
demonstrated with the substitution of osmium for rhenium in phases deriving
once again from Re6Se8Cl2 (113). Here, the strong preference for a count of 24
metal-based valence electrons per face-capped octahedral cluster core dictates
that osmium incorporate in the þ4 oxidation state. Consequently, with each
metal substitution, the charge of the core increases by one, permitting insertion
of an additional outer chloride ligand. The products expected through a succession of such substitutions are delineated along the top row of Scheme 2. Of
these possibilities, only Re4Os2Se8Cl4, featuring a more loosely connected 2D
framework, has yet been isolated and structurally characterized. A number of
soluble molecular salts containing mixed-metal clusters have also been obtained
by combining heterometal substitution with the standard form of dimensional
reduction, speciﬁcally Cs3Re5OsSe8Cl6, Cs2Re4Os2Se8Cl4, and K2[Re3Os3Se8Cl6]
[Re4Os2Se7Cl7]. Numerous other entries in Scheme 1 have yet to be exempliﬁed, including the neutral molecular species Re2Os4Se8Cl6. Note, however, that
the substitutions and accompanying increases in core charge here seem to have
an even greater inﬂuence on the electronic properties of the cluster, such that
electrochemical reductions become more and more accessible. Indeed, members
of this cluster family have permitted isolation of the ﬁrst 25-electron face-capped
octahedral clusters: [Re5OsSe8(CN)6]4 and [Re4Os2Se8(CN)6]3 (45). It could be
that the most stable redox state for the tetraosmium core is actually [Re2Os4Se8]5þ,
in which case solid-state reactions would better target Re2Os4Se8Cl5 or
KRe2Os4Se8Cl6.
Thus far, dimensional reduction has not been applied in this way to any of the
other parent solids listed in Table I. Of particular interest are systems that
straddle the divide between the edge-bridged and face-centered octahedral
geometries. Will reduced niobium–molybdenum halide mixtures simply disproportionate or will they lead to new mixed-metal clusters? If the latter, then
where does the crossover in cluster geometries occur? An important factor in
applying dimensional reduction is recognizing the variability in the stable
electron counts within a particular cluster system. An extreme case occurs
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with the Chevrel phase parents AxMo6X8, for which the number of metal-based
valence electrons readily varies between 20 and 24 per cluster. While there are
several known mixed-metal Chevrel phase derivatives, speciﬁcally the isostructural compounds Mo6  xMxX8 (M ¼ Re, X ¼ S, Se, Te, x ¼ 4; M ¼ Ru, X ¼ Se,
Te, 0  x  2; M ¼ Rh, X ¼ Te, x ¼ 0.5, 1.33) (119–123), here the heterometal
substitution does not alter the connectivity of the solids, but simply changes the
cluster electron count. A similar trend holds for the doubly substituted compounds Nb6  xRuxTe8 (2:50  x  3:17) (124). In order to effect dimensional
reduction in such cases, one likely needs to formulate reactions with cluster
electron counts at either of the established limits (here, 20 or 24 electrons).
Very recently, hexanuclear rhenium–molybdenum clusters were obtained by
reacting the tetranuclear cluster compound Re3MoS4Te4 with KCN at 850 C
(125). The resulting crystals of composition Cs5Re4.5Mo1.5S8(CN)62H2O are
proposed to contain primarily the face-capped octahedral clusters [Re5MoS8(CN)6]5 and [Re4Mo2S8(CN)6]5, as judged on the basis of crystallographic
and energy dispersive spectroscopic analyses. Although the clusters are water
soluble, this conclusion has not yet been veriﬁed by solution analytical
techniques such as nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry. Certainly, this is an interesting and potentially fruitful system for
further study.
Isoelectronic heterometal substitutions that do not alter the charge of the
cluster core are of course also possible. This will not lead to a change in the
connectedness of the framework, but, again, could inﬂuence the basic properties
of the resulting cluster. Such substitutions can also be accomplished by introducing an appropriate source of the second metal and adjusting the stoichiometry of a high-temperature solid-state preparation. Among the soluble cluster
products stemming from reactions of this type, [Mo6  nWnCl8F6]2 ðn ¼ 0  6Þ
and [Nb6  nTanCl12F6]4 (n ¼ 1–5) have been particularly well characterized
(126, 127).
Substitution at one or more metal sites will generally break the symmetry of
the cluster core, and can greatly inﬂuence its electronic properties and reactivity.
Consider, for example, the possible substitutions of a metal M0 into an octahedral core of composition M6Xx (x ¼ 8, 12). The ﬁrst substitution will afford an
M5M0 Xx core, for which the symmetry has been lowered to C4v. A second
substitution generates an M4M0 2Xx core with two possible isomers: One in
which the M0 atoms are positioned at trans vertices (D4h ) and another where they
are positioned at cis vertices (C2v ). With a third substitution to give an M3M’3Xx
core, fac and mer isomers become possible, while further substitutions simply
repeat the pattern with M and M’ interchanged. Here again, the substitutions can
be anticipated to alter the basic electronic properties of the cluster. Moreover,
the outer-ligand substitution chemistry could potentially be quite different
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for the two metals, as suggested with the isolation of trans,trans-[Re4Os2Se8(PEt3)2Cl4] (113). Combining heterometal substitution with core anion
substitution of course leads to numerous possible isomers of some complexity;
these are enumerated for the face-capped octahedral geometry in reference
(113).
4.

Interstitial Substitution

Parent frameworks featuring hexanuclear clusters stabilized by a central
interstitial atom have yet another avenue through which dimensional reduction
can be accomplished. In these cases, variation of the interstitial element can be
used to manipulate core charge and, in turn, the framework connectedness. The
top row of Scheme 3 demonstrates this with application to Zr6BeCl12, a
tightly connected parent phase containing centered, edge-bridged octahedral
[Zr6BeCl12]0 cluster cores with 14 metal-based valence electrons (including two
donated by beryllium). Replacing the interstitial beryllium atom with a boron
atom yields a [Zr6BCl12]1þ core, enabling incorporation of an outer chloride
ligand and loosening the framework. Continuing across the periodic table,
substitutions of carbon, nitrogen, and so on, each provide an additional valence
electron, increasing by one both the core charge and the number of outer
chloride ligands available. For the sake of completeness, this process is
continued in Scheme 3 to its resolution, a highly improbable neon-centered
molecular cluster. As before, the new phases can themselves serve as parents,
and the results of applying the standard form of dimensional reduction are
delineated vertically.
Table IV lists speciﬁc examples of compounds related through this form of
dimensional reduction, By far, the majority of these are zirconium chloride and
iodide phases, in which case lower main group and even transition metals have
been found to incorporate as interstitial atoms. A few analogues are known with
hafnium (135), and very recently it has been shown that nitrogen can be substituted for carbon in tungsten chloride clusters adopting the centered trigonalprismatic geometry (see Fig. 2) (32). It is hoped that a variability similar to
that exposed for the octahedral zirconium clusters will be attainable for such
trigonal-prismatic cluster phases.
B.

Low-Temperature Routes

Lowering the temperature at which cluster-forming solid-state reactions can
be carried out is of some interest, particularly as a means of gaining a measure
of kinetic control over the process. Several decades ago, it was discovered that
the yields for forming tungsten halide cluster phases could be improved by
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TABLE IV
Examples of Dimensional Reduction via Interstitial Substitution
Parent Phasea

Child
Compounda

Zr6HCl12
Zr6BeCl12

Zr6BCl14
Zr6BCl13

Dimensionality
3D
3D

Zr6CCl14

3D

3D

‘‘Zr6BCl12’’
‘‘Zr6BeI12’’

Zr6NCl15
‘‘Zr6CCl13’’
‘‘Zr6BI13’’
Zr6CI14
‘‘Zr6CI13’’

3D

Zr6BI12
‘‘Zr6MgI12’’

‘‘Zr6SiI12’’

‘‘Zr6AlI13’’
Zr6SiI14
‘‘Zr6SiI13’’
Zr6PI14
‘‘Zr6PI14’’

‘‘Zr6CrCl12’’

‘‘Zr6MnCl13’’

‘‘Zr6AlI12’’

‘‘Zr6MnCl12’’
‘‘Zr6CrI12’’
Zr6MnI12
‘‘Zr6FeI12’’
‘‘Hf6HCl12’’
‘‘Hf6BeCl12’’

‘‘Zr6FeCl14’’
Zr6CoCl15
Zr6NiCl15
‘‘Zr6MnI13’’
Zr6FeI14
‘‘Zr6FeI13’’
‘‘Zr6CoI13’’
Hf6BCl14
‘‘Hf6BCl13’’
Hf6CCl14

W6CCl16
a

‘‘W6NCl17’’

Grandchild
Compound

Dimensionality

AZr6BCl14
(A ¼ Na, K, Rb, Cs)
CsKZr6BCl15
A2Zr6BCl15
(A ¼ Na, K)
Cs3Zr6BCl16
Ba2Zr6BCl17
Rb5Zr6BCl18
AZr6CCl15
(A ¼ K, Rb, Cs)
Rb4Zr6CCl18

3D

57
57

3D
3D

57
57

2D
1D
0D
3D

79
128
129
57, 79

0D

Cs3Zr6CCl16
AZr6BI14
(A ¼ K, Cs)

2D
3D

130
131
79
58

AZr6CI14
(A ¼ K, Rb, Cs)
Cs0.7Zr6AlI14

3D

59
59

Cs0.3Zr6SiI14

3D

AxZr6PI14
(A ¼ Rb, Cs)
CsZr6MnCl14
Li2Zr6MnCl15
LiZr6FeCl15

3D

CsZr6MnI14

3D

CsZr6FeI14
CsxZr6CoI14
NaHf6BCl15
AHf6BCl14
(A ¼ Li, Na, K)
AHf6CCl15
(A ¼ K, Cs)
NaW6NCl18

3D
3D

3D

3D
2D

3D
3D
3D

3D
3D
3D

3D

3D

References

Compounds in quotation marks are not yet known.

58
132
132
132
132
60
133
133
133
133
134
134
134
134
135
135
135

0D

32
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utilizing aluminum metal as a reducing agent in place of tungsten metal (136,
137). Further, these reactions could be carried out at temperatures of just 450 C.
More recently, Messerle and co-workers studied the efﬁcacy of a variety of
low-melting main group metals in reducing WCl6, concluding that the best
results are obtained with bismuth metal in reactions performed at temperatures
as low as 350 C (138). Whether or not these temperatures are truly low enough
to permit kinetic control over cluster formation remains to be proven. Regardless, the use of this technique has expanded the library of available W6 cluster
building units considerably.
In one attempt to exercise kinetic control, bismuth metal was used to reduce
WOCl4, in the hope that the strong tungsten–oxygen bond might be preserved
through the course of the reaction (44). Indeed, work-up of the resulting
amorphous black solid enabled isolation of the ﬁrst hexanuclear tungsten–
oxygen–chlorine cluster, [a-W6O6Cl12]2. As depicted on the left in Fig. 6, this
species exhibits a structure based upon the edge-bridged octahedral geometry,
but with two types of core anions: six chloride anions bridge the edges of two
opposing W3 triangles, while six oxide anions bridge the intervening six edges.
Cli bonds, resulting in a
The W
Oi bonds are considerably shorter than the W
trigonally compressed W6 octahedron and an overall symmetry of D3d . In analogous reactions performed with excess bismuth, a mixture of products is
obtained, including a second D3d isomer, [b-W6O6Cl12]2. As shown at the
right in Fig. 6, the core chloride and oxide anions are interchanged in this
isomer, resulting in a trigonally elongated W6 octahedron. Separation of the
isomers was accomplished by exploiting the differences in the rates of dissolution
of the different crystal morphologies associated with the Bu4Nþ salts of the
clusters. Interestingly, both of these structures are consistent with retention of
the tungsten–oxygen units of the starting material. Note, however, that some

Figure 6. Structures of the two observed isomers of the distorted edge-bridged octahedral cluster
[W6O6Cl12]2, both with D3d symmetry. Black, hatched, and white spheres represent W, O, and Cl
atoms, respectively.
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amount of the oxygen-rich cluster [W6O7Cl11]3 was also isolated from the
products.
Interstitial elements can also be incorporated into clusters through this type
of reaction. The concomitant reduction of WCl6 and CCl4 with bismuth metal at
400 C generates an amorphous black solid that dissolves in aqueous HCl to
liberate [W6CCl18]2 in 34% yield (30). This carbon-centered cluster adopts the
trigonal- prismatic geometry shown in Fig. 2, and has a remarkably rich electrochemistry, with ﬁve accessible redox states. Related reactions utilizing NaN3
in place of CCl4 afford NaW6NCl18, a molecular salt containing the analogous
nitrogen-centered cluster (32). It is worth noting that the related clustercontaining phases W6CCl16 and W6CCl18 have recently been obtained through
standard high-temperature solid-state reactions, albeit in unspeciﬁed yield (31).
Although not as problematic as tungsten, reactions using tantalum metal as a
reducing agent can also suffer from low yields. While bismuth metal is ineffective at reducing TaCl5, gallium metal is effective, with reactions at 500 C ultimately providing [Ta6Cl14]2 in high yield (139). Expanding upon this route in
ways analogous to those just described for tungsten could provide access to a
wide range of new hexanuclear tantalum clusters.
III.

SOLUTION METHODS
A.

Cluster Excision

For cases where a parent solid is loosely connected, or where dimensional
reduction fails to give a molecular salt, solution-based reactions—called excision reactions—can sometimes be used to liberate the clusters into solution (3).
In the simplest cases, a polar solvent, such as water, methanol, ethanol, acetonitrile, or dimethylformamide (DMF), is able to disassemble the solid, breaking
M
L
M bridges between neighboring clusters to produce a molecular species.
Here, a solvent molecule displaces L as a ligand on one of the clusters, yielding
M
L þ solv
M, such that on average each cluster will have one solvent ligand
for every two bridging interactions of this type. As an example, the 2D solid
Mo6Cl12 (see Fig. 4) dissolves at least partially upon stirring in a variety of
solvents (140–142):
Mo6 Cl12 þ 2 solv ! ½Mo6 Cl12 ðsolvÞ2 

ðsolv ¼ EtOH; DMF; MeCN; etc:Þ
ð3Þ

Excision reactions tend to be low yielding, and can often beneﬁt from the use
of Soxhlet extraction techniques. Only a very few excision reactions have
beenreported to succeed in dismantling a 3D cluster-containing framework
(143–145).
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Excision reactions are sometimes accompanied by redox chemistry. For
example, dissolution of the 2D solid Na4Zr6BeCl16 in acetonitrile in the presence of an alkylammonium chloride salt results in simultaneous reduction of
the cluster cores (144). Here, the oxidation product remains unidentiﬁed, but is
presumably the solvent itself. As a means of preventing such redox activity,
Hughbanks (6) developed the use of some room temperature molten salts as
excision media, speciﬁcally with application to centered zirconium–halide cluster phases. A number of these solids have been shown to dissolve in 1-ethyl-2methylimidazolium chloride–aluminum chloride ionic liquids, providing an
efﬁcient route to molecular clusters with a full compliments of terminal chloride
ligands. Such molten salts are also well suited for electrochemical studies.
The Chevrel phase Mo6Se8 reacts in a KCN melt at 650 C to form both the
molecular salt K7[Mo6Se8(CN)6] (94) and the 1D cyano-bridged compound
K6[Mo6Se8(CN)5] (93, 146). Note that the cluster cores are reduced by one electron in both of these products. The reaction producing a molecular salt has been
described as an excision reaction, in which molten KCN acts as the solvent.
However, the fact that the latter compound can also be synthesized using a
mixture of Mo and MoSe2 in place of Mo6Se8, indicates that much more is
going on than just the insertion of cyanide ligands between clusters (93). Very
likely the cluster units are disintegrating, and, in our view, the reactions are equivalent to a typical solid-state cluster-forming preparation (in which a thermodynamic product is obtained). As such, each of the new compounds can be
considered as deriving from a KMo6Se8 parent solid via the standard form of
dimensional reduction. Indeed, the use of alkali metal cyanide salts as a dimensional reduction agent would seem to offer numerous prospects for forming
cyano-bridged cluster frameworks.
B.

Solution-Phase Cluster Assembly

Solution-based methods for synthesizing clusters of the type discussed here
are of interest as a possible means of exerting kinetic control over product formation. Unfortunately, and perhaps owing to the ease of obtaining the clusters
through solid-state reactions, there has been relatively little work in this area.
Cotton and co-workers (147, 148) prepared the hydride-stabilized, edge-bridged
octahedral cluster [Zr6Cl18H5]3 by reduction of ZrCl4 with Bu3SnH. Initially,
this species was thought to be a rare example of a Zr6 cluster lacking an interstitial atom; however, the presence of ﬁve hydride anions was conﬁrmed by timeof-ﬂight neutron diffraction analyses (149). A variation on this self-assembly
reaction has further led to isolation of some unique pentanuclear zirconium
halide clusters (150). Almost certainly, the development of solution approaches
to the synthesis of other hexanuclear clusters would lead to a similar variations
in the chemistry.

ATOMLIKE BUILDING UNITS OF ADJUSTABLE CHARACTER

27

An elegant approach to producing hexanuclear clusters involves the condensation of two triangular clusters. This was ﬁrst demonstrated through the
reductive dimerization of [Mo3S4Cl4(PEt3)4(MeOH)] using magnesium in tetrahydrofuran (THF) to yield the face-capped octahedral cluster [Mo6S8(PEt3)6]
(49, 151). Similarly, [W6S8(PEt3)6] can be prepared by sequential treatment of
W3S7Cl4 with PEt3 and magnesium powder (152). Cross-reactions of this type
might, for example, provide a means of synthesizing clusters such as fac[Mo3W3S8(PEt3)6] or the C3v -symmetry isomer of [Mo6S4Se4(PEt3)6]. These
intriguing possibilities serve well to illustrate the kind of control feasible with
solution assembly reactions.
A recent solution-based cluster-forming reaction reveals something of the
limitations for the conditions under which kinetic control can be maintained
(153). Reaction of the tetranuclear cluster compound Re4Te4(TeCl2)4Cl8 with
KSeCN and NH4Cl in acetonitrile superheated to 200 C produces, after 3 days,
the face-capped octahedral cluster [Re6Se8(CN)6]4. Here, it is clear from the
composition of the rhenium source that this is not simply a condensation
reaction, but rather likely involves complete degradation of the original tetrahedral cluster units.
C.

Ligand Substitution Reactions
1.

Core Anion Exchange

Exchange of core anion ligands via solid-state reactions has already been
discussed in the context of substitutional dimensional reduction. Such substitutions can also sometimes be effected in solution; however, given that each anion
is bonded to two or three second- or third-row transition metal ions, the activation energy associated with this process is often quite high. Nonetheless, there
are several examples of the exchange of core halides for chalcogenides, particularly starting with the 2D solids M6Cl12 (M ¼ Mo, W). Here, dissolution and
complete exchange of the core anions is accomplished through reactions with
NaSH in the presence of NaBuO and pyridine (py ¼ pyridine, ligand), resulting
in formation of the face-capped octahedral clusters [M6S8(py)6] (py ¼ pyridine,
ligand) (154). Note that this reaction further involves oxidation of the core from
24 to 20 metal-based valence electrons. Similarly, W6Cl12 reacts with Na2Se
in reﬂuxing pyridine or piperidine to form the analogous clusters [W6Se8L6]
(L ¼ py, piperidine) (155, 156). Partial substitution of the inner chloride ligands
is also possible, as demonstrated with the near-stoichiometric reactions between
Mo6Cl12 and NaSeH to form the 24-electron clusters [Mo6SeCl13]3 and
[Mo6Se2Cl12]4 (157, 158).
Preferential substitution of a face-capping chloride ligand over a facecapping chalcogenide ligand can also be accomplished. Reactions between the
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mixed-core, face-capped octahedral clusters [Re6X5Cl9]1 (X ¼ S, Se) and
silylated (Me3Si)2Y reagents produce the clusters [Re6X5YCl8]2 (Y ¼ O, S,
Se, Te, NR; R ¼ Me, Bn, SiMe3) (159, 160). Subsequent reaction of [Re6X5(NSiMe3)Cl8]2 with Bu4NF affords either the parent imido species [Re6X5(NH)Cl8]2 or, in the presence of MeCl, can form the 
NMe or 
NBn
substituted compounds. Such reactions provide a very interesting means of
functionalizing a cluster core, which one can envision as leading to integration
of the electronic properties of the cluster with a variety of organic systems.
2.

Terminal Ligand Exchange

The terminal ligands of a hexanuclear cluster are typically a great deal more
labile than its inner-core ligands. There have been numerous studies on substitution reactions involving these ligands, and the results have been reviewed
elsewhere in great detail (8). Here, we reemphasize a few of the more generally
applicable strategies, and highlight some results that help place cluster cores
in the context of expanded analogues of single-metal ions.
Many of the clusters under consideration are ﬁrst extracted into solution as
halide-terminated species of the type [M6XxL6]n (x ¼ 8, 12; L ¼ Cl, Br, I).
Such clusters can often be heated in a solvent in the presence of either the acid
form or silver(I) salt of a potential anionic ligand, producing the substituted
cluster, together with HL or AgL as a stable or even insoluble byproduct. Reactions of this type do not necessarily require that the clusters have a greater
afﬁnity for the incoming ligand, and usually an excess of the reactant is sufﬁcient to generate a pure, fully substituted product. Accordingly, this technique
provides an effective means of generating cluster complexes with weakly coordinating ligands that are then readily displaced by almost any ligand of choice.
Triﬂate-ligated species in particular are commonly synthesized for this purpose
(161–165):
½M6 Xx L6 n þ 6AgðCF3 SO3 Þ ! ½M6 Xx ðCF3 SO3 Þ6 n þ 6AgL

ð4Þ

The rate of terminal ligand exchange can vary widely, depending on the nature
of the cluster core. As for single metal ions, charge plays a key role, and, with all
else being equal, the greater the core charge, the slower the exchange rate can be
expected to be. Accordingly, substitution reactions involving the face-capped
octahedral core [W6S8] are relatively facile, permitting comparison of its binding afﬁnities for a wide range of neutral ligands (166). Using proton nuclear
magnetic resonance (1H NMR) spectroscopy, rate constants for self-exchange
of the solvent ligand in the clusters [Re6Se8(PEt3)5(solv)]2þ [solv ¼ MeCN,
DMSO] at 318 K were determined to be k ¼ 1.9  106 s1 and 1.6  106 s1,
respectively (167). These numbers reveal the [Re6Se8]2þ cluster core to be inert,
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with ligand exchange rates comparable to those of a Cr3þ or Ru3þ ion.
Additionally, the activation parameters established in this investigation indicate
that the substitutions proceed through a dissociative mechanism with a highenergy barrier. Studies of the kinetics of the exchange of terminal chloride for
bromide ligands using 36Cl-labeled [Mo6Cl14]2 in water revealed that the
reaction rate is ﬁrst order in cluster and independent of the concentration of free
chloride ion (168). This suggests a two-step mechanism for the exchange, in
which the rate-determining step is an initial substitution of water for the
terminal chloride ligands. As one might expect, the rate of the corresponding
substitution in [W6Cl14]2 is signiﬁcantly slower (169). Further experiments
directly comparing outer-ligand exchange rates for a broader spectrum of the
available hexanuclear clusters would certainly be of value.
The inertness of the [Re6X8]2þ (X ¼ S, Se) cores facilitates synthesis of sitedifferentiated clusters. For these clusters, terminal iodide ligands are more labile
than bromide and chloride ligands, which, in turn, are much more labile than triethylphosphine ligands. Starting from [Re6S8Br6]4 or [Re6Se8I6]4, reactions
with PEt3 in hot DMF for varying durations produce members of the cluster
families [Re6S8(PEt3)nBr6  n]ð4  nÞ and [Re6Se8(PEt3)nI6  n]ð4  nÞ (170, 171).
A mixture of several species is typically obtained; however, the differences in
charge and dipole moment, permit their separation via column chromatography.
The isomers obtained for each composition are directly analogous to those
enumerated above for octahedral M6M0 6  n clusters. Site-differentiated clusters
of this type are expected to be of use as building units in the directed assembly
of bridged multiclusters and low-dimensional solids; indeed, as discussed below,
some such constructs have already been synthesized (170–178). Notably, cisand trans-[Re6Se8(PEt3)4I2] and [Re6Se8(PEt3)5I]þ have all been shown to react
with AgCN in solution to replace iodide with cyanide selectively and in good
yield (167).
Another means of differentiating the reactivity of terminal ligand sites is
through the use of chelating ligands. Recently, the ﬁrst example of this was reported, with reactions between [Re6Se8I6]3 and Ph2PCH2CH2CH2CH2CH2CH2PPh2 (dpph) to form the chelate cluster complexes [Re6Se8(dpph)nI6  2n]ð4  2nÞ
(n ¼ 1–3) (179). The long backbone of the diphosphine ligand is of course
necessary for extension along an edge of the Re6 octahedron. Note that for
clusters with the edge-bridged octahedral geometry, an even longer backbone
may be required, owing to both the longer M
M distance and the core anion
protruding from each edge (see Fig. 1). Such chelators might be of particular
utility in differentiating sites on clusters that rapidly exchange their outer
ligands.
In cases where substitutions are extremely slow, high-temperature solid-state
reactions can sometimes provide a convenient and efﬁcient means of exchanging
outer cluster ligands. Melts of ionic compounds with an anionic component that
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can serve as a suitable terminal ligand have been used extensively for this purpose. An illustrative example is the reaction between Cs5Re6S8Br7 or Cs4Re6Se8I6 and an excess of NaCN at 635 C to form the cyano-terminated cluster
phases NaCs3Re6X8(CN)6 (X ¼ S, Se) (180). Under similar conditions, the
mixed-metal cluster compounds Cs3Re5OsSe8Cl6 and Cs2Re4Os2Se8Cl6 tend
toward disproportionation, forming the related Re6 clusters and unidentiﬁed
osmium-containing products. Alkali metal salts of the weakly coordinating
anions nitrate and triﬂate melt at considerably lower temperatures than the corresponding cyanide salts, and can provide an effective solvent for lower temperature exchange reactions. Accordingly, [Re5OsSe8Cl6]3 and [Re4Os2Se8Cl6]2
react with NaCN in a melt of NaNO3 or KCF3SO3 at 320 C to afford
the corresponding cyano-substituted species [Re5OsSe8(CN)6]3 and [Re4Os2Se8(CN)6]2 (45). Relatedly, a KSCN melt at 200 C was recently used to
prepare the thiocyanate terminated clusters [Re6X8(NCS)6]4 (X ¼ S, Se) (181).

IV.

ELECTRONIC PROPERTIES
A.

Electrochemistry

As a result of the close energy spacing and delocalized nature of their frontier
orbitals (see Fig. 3), hexanuclear clusters frequently exhibit several chemically
accessible redox states. Of the clusters considered here, the most extensive
redox series has been observed in cyclic voltammetry experiments performed on
solutions of (Bu4N)2[W6CCl18] in DMF (30). Four reversible redox couples are
apparent within a 2.4-V window, indicating the accessibility of ﬁve redox states
of the trigonal-prismatic cluster: [W6CCl18](0–4). Of these, four have been isolated and structurally characterized, and the ﬁfth, [W6CCl18]4, should be readily
generated using a reductant such as sodium metal. Typically, edge-bridged octahedral clusters of zirconium, niobium, or tantalum have three or four accessible
redox states (182–186). The clusters [Mo6X8(PEt3)6] (X ¼ S, Se) also exhibit a
rich electrochemistry, with three one-electron transformations accessing sates
with 19–22 metal-based valence electrons (49). In contrast, halide-terminated
clusters bearing the face-capped octahedral cores [M6X8]4þ (M ¼ Mo, W;
X ¼ Cl, Br, I) and [Re6X8]2þ (X ¼ S, Se) generally exhibit only one accessible redox change, corresponding to an oxidation to give a 23-electron cluster
(187–190).
The most straightforward means of shifting the electrochemistry of a cluster
is through substitution of its terminal ligands. For example, exchanging the
p-donating chloride ligands of [Re6Se8Cl6]4 (188) for weakly p-accepting
cyanide ligands to form [Re6Se8(CN)6]4, results in a shift of the potential for
the one-electron oxidation in acetonitrile by þ0.51 V (190). This shift is of
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course consistent with the core electron density delocalizing to some extent
onto the outer ligands. At þ0.85 V, the shift is even larger for [Re6Se8(PEt3)6]2þ,
presumably owing in part to the change in overall charge of the cluster. The
changes are also pronounced with even partial substitution of neutral nitrogendonor ligands such as pyridine for the chloride ligands. Thus, the one-electron
oxidation potential in acetonitrile is shifted þ0.42 V for [Re6S8Cl4(py)2]2 and
þ0.62 V for mer-[Re6S8Cl3(py)3] versus that of [Re6S8Cl6]4 (191). Here
again, the shifts may be related to the changes in the charge of the clusters, as
much as to the electronic nature of the ligand.
A core anion substitution can also signiﬁcantly impact the redox properties of
a cluster. For example, the one-electron oxidation of [Mo6SeCl13]3 in dichloromethane occurs at a potential that is shifted by 0.80 V relative to the analogous oxidation for [Mo6Cl14]2, making the 23-electron state much easier to
access in the former species (192). With one further substitution, oxidation of
[Mo6Se2Cl12]4 is even more facile, occurring at a potential that is shifted by an
additional 0.82 V. Very likely, these shifts are largely a result of the reduction
in core charge associated with each successive substitution. Note that the potential quoted for [Mo6Se2Cl12]4 is actually an average of the values for two geometrical isomers of the cluster, which differ themselves by 0.07 V (158). An
even larger difference is observed for the redox couples of the two mixed-core
isomers [a-W6O6Cl12]2 and [b-W6O6Cl12]2, with the structures depicted in
Figure 6 (44). In acetonitrile solution, each isomer exhibits two reversible oneelectron reductions, but these occur at potentials that are 0.15 and 0.08 V more
positive for the a isomer than for the b isomer.
Substitutions at the metal sites that alter the core charge can similarly effect
cluster redox potentials. For example, the one-electron oxidation of [Re5OsSe8Cl6]3 in acetonitrile occurs at a potential that is 0.74 V more positive
than the analogous oxidation for [Re6Se8Cl6]4, while that of [Re4Os2Se8Cl6]2
is shifted outside the solvent window (113). Here again, the trend is consistent
with the increase in core charge making the oxidation more and more difﬁcult.
As this occurs, any possible reductions should also become more accessible.
Such behavior is indeed observed for the analogous cyano-terminated clusters
[Re5OsSe8(CN)6]3 and [Re4Os2Se8(CN)6]2, which in acetonitrile solution
exhibit reversible one-electron reduction waves (45). In the latter case, the potentials for the cis and trans isomers differ signiﬁcantly, occurring at þ1.08 V and
þ0.81 V, respectively, relative to the [Re5OsSe8(CN)6]3/4 couple. The diosmium clusters also each exhibit a second one-electron reduction couple, with a
comparable difference between the potentials for the two isomers (193). The
accessibility of these reductions has enabled isolation and characterization of
the ﬁrst face-capped octahedral clusters with 25 metal-based valence electrons:
[Re5OsSe8(CN)6]4 and [Re4Os2Se8(CN)6]3. For the di- and triosmium clusters, 26-electron species should also be readily attainable.
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B.

Paramagnetism

The accessible redox chemistry of the clusters in many cases permits isolation of paramagnetic species. Noting the electron conﬁgurations presented in
Figure 3 for stable diamagnetic clusters, one-electron redox processes can generally be expected to lead to ground states of S ¼ 12. In these cases, the spin will
generally be delocalized over the cluster core, with little extension onto the
outer ligands. The g values associated with these states can vary considerably
from 2. For example, frozen-solution EPR measurements indicate g ¼ 2.51 for
the 23-electron cluster [Re6Se8I6]3 (172), while g ¼ 1.46 for the 25-electron
cluster [Re5OsSe8(CN)6]4 (45). Interestingly, the g values for the cis and trans
isomers of the related 25-electron cluster [Re4Os2Se8(CN)6]3 differ considerably, arising at 1.74 and 1.09, respectively. Here, DFT calculations indicate
some extension of the spin onto the terminal cyanide ligands, and, indeed, as
discussed below, the clusters can participate in weak magnetic exchange
interactions (45). Similar capabilities can be anticipated for certain paramagnetic clusters with the edge-bridged octahedral geometry; however, this has not
yet been demonstrated. While, on the basis of their electronic structures (194),
12-electron clusters such as [Zr6BeCl18]4 can be expected to exhibit an S ¼ 1
ground state, to our knowledge this has never been proven experimentally.
C.

Photochemistry

Luminescence was ﬁrst discovered in a hexanuclear cluster >20 years ago.
The investigation showed the face-capped octahedral cluster [Mo6Cl14]2 to
exhibit one of the longest luminescence lifetimes of any transition metal
complex (195). A later study of the related clusters [M6X8L6]2 (M ¼ Mo, W;
X, L ¼ Cl, Br, I) revealed each to be luminescent, with a triplet excited state
that is quenched by oxygen (15, 196, 197). More detailed studies involving
the photosensitized oxidation of 1-methylcyclohexene and 1,2-dimethylcyclohexene veriﬁed that the quenching mechanism is an energy-transfer process
producing singlet oxygen. As such, the utility of [Mo6Cl14]2 as an oxygen
sensor has been demonstrated by implanting the clusters in ﬁber optic cables
(198).
As suggested by DFT calculations (33, 34) and experimentally veriﬁed (189,
199, 200), face-capped octahedral [Re6X8]2þ (X ¼ S, Se) cluster cores are also
luminescent with a variety of terminal ligands. Indeed, a great many examples
of these clusters have now been examined, and the results reveal a strong
dependence of the luminescence characteristics upon the nature of the outer
ligands. Cores terminated by neutral nitrogen- and oxygen-donor ligands have
both the longest emission lifetimes and the highest quantum yields, with
[Re6Se8(dmso)6]2þ exhibiting fem ¼ 24% and t0 ¼ 22 ms (199). Note that, to
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our knowledge, all the studies thus far of the photophysical properties of clusters
have involved face-capped octahedral cores with homogeneous sets of metal
atoms and core anions. Certainly, extension of this work to other cluster types
is of interest, and has the potential for extending our understanding of the effects
of core structure on luminescence.

V.

CLUSTERS AS BUILDING UNITS

As noted previously, the clusters considered here can be viewed as expanded
variants of either an octahedral or a trigonal-prismatic transition metal complex
(see Figs. 1 and 2). Accordingly, with development of their outer-ligand coordination chemistry to include bridge-forming ligands, they can be utilized equivalently in the solution-based assembly of coordination solids and supramolecular
constructs (201, 202). Most importantly, the preceding synthetic methods for
manipulating the cluster composition can then be brought to bear in adjusting
the properties of the ensuing materials.
A.

Extended Solid Frameworks

Owing to their larger size, coordination solids incorporating cluster cores in
place of individual metal centers can be expected to have an expanded framework structure. This is of particular interest for 3D solids, wherein the expansion
could produce a highly porous framework with host–guest properties similar to
those of zeolites.
One of the oldest known coordination solids is Prussian blue, Fe4[Fe(CN)6]3 14H2O, a compound exhibiting the cubic 3D structure based upon the
unit cell displayed at the left in Fig. 7 (203). The insoluble form of this brilliantly colored pigment is readily prepared by adding ferric ions to an aqueous
solution containing the octahedral complex [Fe(CN)6]4. In a direct parallel,
ferric ions react with the face-capped octahedral cluster [Re6Se8(CN)6]4 in
aqueous solution to afford a cluster-containing Prussian blue analogue (204):
4½FeðH2 OÞ6 3þ þ 3½Re6 Se8 ðCNÞ6 4 ! Fe4 ½Re6 Se8 ðCNÞ6 3  36H2 O

ð5Þ

The resulting structure is shown in Figure 7(b), and indeed consists of a direct
expansion of Prussian blue, with [Re6Se8]2þ cluster cores substituted onto all of
the Fe2þ ion sites. Analogous to the situation in Prussian blue, one out of every
four [Re6Se8(CN)6]4 units is missing from the framework, creating large waterﬁlled cavities best envisioned by excising the central cluster from the unit cell.
Notably, the volume of the framework cavities and the size of the pore openings
have both increased signiﬁcantly relative to Prussian blue. A range of such
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Figure 7. Unit cells of Prussian blue, Fe4[Fe(CN)6]3  14H2O (a), and its cluster-expanded analogue, Fe4[Re6Se8(CN)6]3  36H2O (b). Black, cross-hatched, large
shaded, small shaded, and open spheres represent Fe2þ or Re, Fe3þ, Se, C, and N atoms, respectively; water molecules are ommitted for clarity. Note that only 75%
of the [Fe(CN)6]4 and [Re6Se8(CN)6]4 sites within each framework are occupied, and these vacancies create even larger cavities in the framework.
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cluster-expanded Prussian blue analogues have now been prepared and characterized in detail, including Ga4[Re6Se8(CN)6]3  38H2O and Ni3[Re6Se8(CN)6]2  33H2O (204, 205). Importantly, the solids can be fully dehydrated
with retention of their framework structure, and nitrogen sorption isotherms
conﬁrm Type I behavior, with a signiﬁcantly enhanced sorption capacity compared to the corresponding noncluster solids. Given the high concentration of
coordinatively unsaturated metal sites within their frameworks, these compounds
should be of some interest for study as homogeneous catalysts.
Reactions similar to reaction 5 have resulted in numerous cyano-bridged
cluster-containing solids, and these are enumerated in Table V. While all but a
TABLE V
Hexanuclear Cluster–Cyanide Frameworks Prepared via Solution Assembly
Compound

Dimensionality

(Me4N)2Mn[Nb6Cl12(CN)6]
[M(H2O)4]3[W6S8(CN)6]  23H2O (M ¼ Mn, Fe, Co, Zn)
K2[Zn(H2O)2]2[W6S8(CN)6]  26H2O
[Mn(iPrOH)2(H2O)]2[Re6S8(CN)6]  2iPrOH
Cs2[trans-M(H2O)2][Re6S8(CN)6] (M ¼ Mn, Fe, Zn, Cd)
(Pr4N)2[M(H2O)4][Re6S8(CN)6] (M ¼ Mn, Ni)a
[Co2(H2O)4][Re6S8(CN)6]  10H2Oa
Cs2Co[Re6S8(CN)6]  2H2O
Cs2[Co2(H2O)2][Re6S8(CN)6]  2H2O
(Pr4N)2Co[Re6S8(CN)6]  2H2O
[Cu(1,2S,2S,4-butanetetramene)]2[Re6X8(CN)6]  xH2O (X ¼ S, Se, Te)
[Zn(H2O)]2[Re6S8(CN)6]  7H2O
[Cd2(H2O)4][Re6S8(CN)6]  14H2O
Cs2[trans-M(H2O)2]3[Re6Se8(CN)6]2  xH2O (M ¼ Mn, Fe, Co, Ni, Cd)
Na[Mn(salen)]3[Re6Se8(CN)6]b
Fe4[Re6Se8(CN)6]3  36H2Oa
H[cis-M(H2O)2][Re6Se8(CN)6]2  2H2O (M ¼ Fe, Co, Ni)
Co3[Re6Se8(CN)6]2  25H2Oa
[Co(H2O)3]4[Co2(H2O)4][Re6Se8(CN)6]  44H2O
(H3O)2Co3[Re6Se8(CN)6]  14.5H2O
Ni3[Re6Se8(CN)6]2  33H2Oa
(H3O)2Zn3[Re6Se8(CN)6]2  20H2Oa
Na2Zn3[Re6Se8(CN)6]2  24H2Oa
[Zn(H2O)6]Zn3[Re6Se8(CN)6]  18H2O
[Zn(H2O)]2[Re6Se8(CN)6]  13H2Oa
Ga[Re6Se8(CN)6]2  6H2Oa
Ga4[Re6Se8(CN)6]3  38H2Oa
(H3O)[M(dmf)3(H2O)3][Re6Se8(CN)6] (M ¼ Nd, Pr, Ho)
[Mn(salen)]4[Re6Te8(CN)6]
Fe4[Re6Te8(CN)6]3  27H2Oa
a
b

3D
3D
3D
3D
2D
1D
3D
2D
2D
1D
2D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
3D
2D
3D
3D
3D
2D
3D

References
206
207
207
208
180
209
210
211
210
211
212
180
205
180, 213
214
204
204
204
210
213
204
215
216
216
216
204
203
217
218
205

This compound represents a direct expansion of a noncluster metal–cyanide framework.
N,N-Ethylenebis(salicylideneiminato) (2) ¼ salen.
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few of the examples are based upon octahedral Re6 clusters, recently frameworks incorporating [W6S8(CN)6]6 and [Nb6Cl12(CN)6]4 clusters have been
reported (206, 207). Furthermore, the possibility of introducing trigonalprismatic clusters such as [W6CCl12(CN)6]3 into frameworks of this type is
currently under investigation (219). Note that many of the entries in Table V
correspond to a direct expansion of a noncluster metal-cyanide framework.
In fact, of the simple known structure types featuring octahedral [M(CN)6]n
units, all but three have now been observed in an expanded form (204). A
number of applications have also been demonstrated for these phases, including
molecular sieving in Ga4[Re6Se8(CN)6]3 (204), ion exchange in Na2Zn3[Re6Se8(CN)6]2 24H2O (216), and size-selective chemical sensing in [Co2(H2O)4][Re6S8(CN)6]2 10H2O (210). As a material of potential utility in performing
magnetic separations, the synthesis of a microporous magnet by incorporating
paramagnetic cluster units capable of engaging in magnetic exchange interactions with the surrounding metal ions presents an interesting additional
challenge (220).
Bridging ligands other than cyanide can of course be used to connect clusters
into a solid framework. Thus far, this has mainly been implemented with the
formation of 1D structures using site-differentiated clusters such as cis-[Re6Se8(PPh3)4(4,40 -bpy)2]2þ (bpy ¼ bipyridine) and trans-[Re6Se8(PEt3)4(4,40 -bpy)2]2þ
(201). As an illustrative example, reaction of [trans-Re6Se8(PEt3)4(4,40 bpy)2](SbF6)2 with Co(NO3)2 in methanol–dichloromethane–ether mixture produces the solid [Co(NO3)3][trans-Re6Se8(PPh3)4(4,40 -bpy)2](SbF6), featuring
sinusoidal chains with alternating [Re6Se8]2þ cluster cores and Co2þ ions linked
through 4,40 -bpy (176). Ultimately, continuation of this strategy could lead to
the formation of highly porous 3D frameworks with adjustable components.

B.

Supramolecular Assemblies

With the presence of chelating ligands on the metal ions, reactions related to
those just discussed can frequently be directed toward the formation of supramolecular assemblies. Quite a number of these have now been realized that
incorporate a single, central hexacyanide cluster (45, 163, 221–226). Here, a
reliable strategy is to tie up all but one of the coordination sites on the metal ion,
as exempliﬁed with the reaction between [Re4Os2Se8(CN)6]3 and [(Me6tren)Cu(CF3SO3)]þ [Me6tren ¼ tris(2-(dimethylamino)ethyl)amine] in acetonitrile to
give the cyano-bridged assembly {Re4Os2Se8[CNCu(Me6tren)]6}9þ depicted in
Fig. 8 (45). This assembly is of particular interest, because it exhibits weak
ferromagnetic exchange coupling (J  0.4 cm1) between the S ¼ 12 cluster core
and the peripheral S ¼ 12 Cu2þ ions. Alternatively, one may simply use a monocyanide complex as a capping ligand, as in the synthesis of {Mo6Cl8[NCMn-
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Figure 8. Structure of trans-{Re4Os2Se8[CNCu(Me6tren)]6}9þ. Black, hatched, large shaded,
cross-hatched, small shaded, and white spheres represent Re, Os, Se, Cu, C, and N atoms,
respectively; H atoms have been ommitted for clarity. Note that this assembly occurs together with
the cis isomer in a 2:1 ratio, and that the Re and Os sites could not actually be resolved
crystallographically.

(CO)2Cp]6}2 Cp ¼ cyclopentadienyl through the reaction between [Mo6Cl8
(CF3SO3)6]2 and [CpMn(CO)2(CN)] in dichloromethane (163).
Site-differentiated clusters such as [Re6Se8(PEt3)5(MeCN)]2þ and cis- and
trans-[Re6Se8(PEt3)4(MeCN)2]2þ provide convenient building units for synthesizing a variety of multicluster assemblies. These species are readily obtained
via reaction of the corresponding mono- and di-iodo cluster complexes with AgSbF6
in acetonitrile (170, 171). In particular, Zheng and co-workers (201) employed a
selection of pyridyl-based ligands to connect the clusters. Established examples
include the dicluster [(PEt3)5Re6Se8(m-4,40 -bpy)Re6Se8(PEt3)5]4þ (173), the
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triangular tricluster {[(PEt3)5Re6Se8]3(m3-L)}6þ (L ¼ 2,4,6-tri-4-pyridyl-1,3,5triazine) (177), the square tetracluster {[(PEt3)4Re6Se8]4(m-4,40 -bpy)4}8þ (174),
and the heptacluster {Re6Se8[(m-L)Re6Se8(PEt3)5]6}14þ [L ¼ (E)-1,2-bis(4-pyridyl) ethene] (175). Consistent with the nature of the frontier orbitals of the
[Re6Se8]2þ core (see Fig. 3), cyclic voltammetry experiments revealed no
evidence for electronic communication between clusters within these assemblies. Interestingly, it is also possible to utilize building units of this type in
forming multiclusters held together by bonds directly between cluster cores. For
example, heating crystals containing [Re6Se8(PEt3)5(MeCN)]2þ under dynamic
vacuum results in the dicluster [Re12Se16(PEt3)10]4þ, wherein the two cluster
cores are fused through a rhombic interaction of exactly the type found in
Re6Se8Cl2 (see Fig. 5) (170).

VI.

CONCLUDING REMARKS

Our ability to manipulate the composition of a hexanuclear cluster through
both solid-state and solution routes has improved steadily in recent years. The
connections between composition, geometric structure, and electronic properties
are gradually emerging, such that we are now in a position where clusters having
speciﬁc characteristics can be targeted. Moreover, a variety of solution-based
methods by which these clusters can be assembled into extended solids and
supramolecular constructs are under development. Throughout much of this, a
simple analogy can be drawn between the cluster complexes and octahedral or
trigonal-prismatic transition metal complexes. Indeed, one can now envision
these skills integrating into a new type of chemistry, wherein compounds of
ever-increasing complexity are built not just from atoms, but from ﬁnely tuned
cluster units.
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ABBREVIATIONS
bpy
Cp

Bipyridine
Cyclopentadienyl
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DFT
dmf
DMF
dmso
DMSO
dpph
EPR
HOMO
LUMO
Me6tren
NMR
py
salen
THF
0D
1D
2D
3D
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Density functional theory
Dimethylformamide (ligand)
Dimethylformamide (solvent)
Dimethyl sulfoxide (ligand)
Dimethyl sulfoxide (solvent)
Ph2PCH2CH2CH2CH2CH2CH2PPh2
Electron paramagnetic resonance
Highest occupied molecular orbital
Lowest occupied molecular orbital
Tris(2-(dimethylamino)ethyl)amine
Nuclear magnetic resonance
Pyridine (ligand)
N,N0 -Ethylenebis(salicylideneiminato)
Tetrahydrofuran
Zero dimensional
One dimensional
Two dimensional
Three dimensional
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4. J. Köhler, G. Svensson, and A. Simon, Angew. Chem. Int. Ed. Engl., 31, 1437 (1992).
5. J. D. Corbett, J. Alloys Comp., 229, 10 (1995).
6. T. Hughbanks, J. Alloys Comp., 229, 40 (1995).
7. C. Perrin, J. Alloys Comp., 262–263, 10 (1997).
8. N. Prokopuk and D. F. Shriver, in Advances in Inorganic Chemistry, A. G. Sykes Ed., Academic
Press, San Diego, 1999, pp. 1–49.
9. S. Cordier, F. Gulo, and C. Perrin, Solid State Sci., 7–8, 637 (1999).
10. J. D. Corbett, Inorg. Chem., 39, 5178 (2000).
11. J. C.-P. Gabriel, K. Boubekeur, S. Uriel, and P. Batail, Chem. Rev., 101, 2037 (2001).
12. T. G. Gray, Coord. Chem. Rev., 243, 213 (2003).
13. J. R. Long, L. S. McCarty, and R. H. Holm, J. Am. Chem. Soc., 118, 4603 (1996).
14. Y. V. Mironov, J. A. Cody, T. E. Albrecht-Schmitt, and J. A. Ibers, J. Am. Chem. Soc., 119, 493
(1997).
15. T. C. Zietlow, D. Nocera, and H. B. Gray, Inorg. Chem., 25, 1351 (1986).
16. R. Chevrel, M. Sergent, and J. Prigent, J. Solid State Chem., 3, 515 (1971).
17. M. Sergent and R. Chevrel, J. Solid State Chem., 3, 433 (1973).
18. R. Chevrel, M. Sergent, and Ø. Fischer, Mater. Res. Bull., 10, 1169 (1975).

40

ERIC J. WELCH AND JEFFREY R. LONG

19. M. Potel, P. Gougeon, R. Chevrel, and M. Sergent, Rev. Chim. Miner., 21, 509 (1984).
20. A. Simon, H. G. von Schnering, and H. Schäfer, Z. Anorg. Allg. Chem., 355, 295 (1967).
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(1965).
63. D. Bauer and H. G. von Schnering, Z. Anorg. Allg. Chem., 361, 259 (1968).
64. D. Bauer, H. G. von Schnering, and H. Schäfer, J. Less-Common Met., 95, 73 (1983).
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INTRODUCTION

Semiconductor nanocrystals are the subject of a thriving area of physical and
synthetic inorganic chemistry (1–8), motivated by both fundamental science and
the long-term technological potential of these materials. Semiconductor nanocrystals are already commercially marketed for application as luminescent
biolabels (9–11) and have been demonstrated as components in regenerative
solar cells (12–14), optical gain devices (15), and electroluminescent devices
(16–18). A potentially far greater market awaits these materials in the area of
information processing technologies if the numerous and daunting challenges
associated with nanoscale technology can eventually be overcome. This chapter
focuses on an area of nanoscale semiconductor research that has received
relatively little attention, but that will undoubtedly play an increasingly
important role in technological applications of these materials, namely, that of
doping. It is well known from present semiconductor technologies that the
incorporation of impurities or defects into semiconductor lattices is the primary
means of controlling electrical conductivity, and may also have an immense
effect on the optical, luminescent, magnetic, or other physical properties of the
semiconductor. For example, whereas pure stoichiometric ZnO is an insulator,
the conductivity of ZnO can be tuned over 10 orders of magnitude with only
relatively small changes in the concentrations of native or non-native defects
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such as interstitial zinc or aluminum. Likewise, it will be imperative to be able
to control and understand doping in nanoscale semiconductors if this class
of materials is going to evolve into practical applications in electronics or
photonics technologies.
One of the most interesting categories of dopants in semiconductors is that
of magnetic ions. Semiconductors containing magnetic impurities have been
studied for several decades and have come to be known as ‘‘diluted magnetic
semiconductors’’ (or sometimes ‘‘semimagnetic semiconductors’’) (19, 20).
Interest in diluted magnetic semiconductors (DMSs) originally arose from the
so-called ‘‘giant Zeeman effects’’ observed in the excitonic levels (19, 20). The
excitonic Zeeman splittings of DMSs routinely exceed the splittings of
the corresponding nonmagnetic semiconductors by over two orders of magnitude,
giving rise to possible applications in optical gating (21). More recently, interest
in DMSs has turned toward their applications in spin-based electronics technologies, or ‘‘spintronics’’ (22–25). In this area, the giant Zeeman splittings are
used to generate spin-resolved conductivity channels in semiconductors. The
resulting spin-polarized currents may provide new spin-based degrees of freedom to semiconductor devices that will increase the information content of a
charge pulse, and could potentially introduce new functionalities having no
analogue in current-based semiconductor technologies. Many of the devices
proposed by theoreticians or tested in prototype versions by experimentalists
have involved nanoscale DMSs as key functional components (25–32). There is
growing interest in understanding the fundamental physical properties of
nanoscale DMSs in the forms of quantum dots, wires, and wells for spin-based
electronics applications. This nascent ﬁeld has had several outstanding experimental successes over just the past 5 years, including the demonstration of
functional spin-based light emitting diodes, spin ﬁlters, and related devices. The
future promises to reveal increasingly sophisticated methods for controlling and
applying the unique physical properties of nanoscale DMSs in spin-based
electronics devices.
Another major category of dopants for semiconductor nanocrystals is that of
luminescence activators. Interest in the luminescent properties of pure semiconductor nanocrystals has driven much of the research into these materials for
the past decade, and manipulation of the luminescent properties of these
nanocrystals by doping with ions such as Mn2þ or Eu2þ has the potential to
broaden the range of useful spectroscopic properties that can be achieved from
this class of materials. The prospect of high quantum yields combined with
narrow emission line shapes and broadband excitation proﬁles make these
luminescent colloids interesting candidates for optical imaging applications. A
third interesting category of dopants are electronic dopants, those that introduce
carriers by acting as either shallow donors or acceptors within the semiconductor band structure. Although electronic doping of nanocrystals has not yet been
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widely explored, it is clear that this area will play a major role in the future of
nanotechnology as self-assembled device structures become more accessible.
This chapter focuses on recent progress in the preparation and understanding
of doped semiconductor nanocrystals prepared by direct solution chemical
routes. The emphasis is on materials that can be prepared and handled as
high-quality colloidal nanocrystalline suspensions. The solution compatibility
and chemical ﬂexibility of colloidal semiconductor nanocrystals allow them to
be easily processed by a variety of conventional methods and incorporated
into glasses, polymers, or heteroarchitectures, appended to biomolecules, or
assembled into close-packed ordered arrays. This ﬂexibility provides many
opportunities related to materials processing and nanoscale engineering. In
contrast with the tremendous successes achieved with the preparation of pure
(and core/shell or related heteroepitaxial) semiconductor nanostructures, solution methods have not yet excelled at preparing doped nanocrystals, but recent
advances portend an exciting future for this area.
In many regards, the ﬁeld of wet chemical synthesis of colloidal doped
quantum dots (QDs) began with a provocative article describing the synthesis,
characterization, and remarkable luminescent properties of Mn2þ-doped ZnS
(Mn2þ:ZnS) nanocrystals as powders, not colloids (33). The Mn2þ:ZnS nanocrystals described in this chapter were synthesized by reacting diethylzinc with
hydrogen sulﬁde in toluene to precipitate nanocrystalline Mn2þ:ZnS powder,
which was exposed to 300-nm ultraviolet (UV) curing radiation to optimize its
photoluminescent efﬁciency. Luminescence measurements reportedly showed a
dramatic 106-fold enhancement of the Mn2þ radiative relaxation rates with
photoluminescent quantum yields as high as 18% in these doped QDs. This
enhancement was attributed to quantum conﬁnement effects within the ZnS
nanocrystals that relaxed the electric-dipole forbiddeness of the Mn2þ
4
T1(G) ! 6A1 radiative transition by unspeciﬁed electronic-mixing effects.
Although other syntheses of doped semiconductor nanocrystals had been
reported previously (34), this article sparked intense investigation into Mn2þ:
ZnS and related doped semiconductor nanocrystals by several laboratories
hoping to verify the amazing properties of these new luminescent materials,
and thereby catalyzed exploration into new syntheses of colloidal doped QDs.
With time, however, it became evident that the original report had misjudged the
radiative emission rates. In a series of thorough investigations of Mn2þ:ZnS
nanocrystals conducted in several laboratories (35–38), the emission of Mn2þ:
ZnS QDs was observed to possess a slow decay component that was readily
associated with the radiative decay of the 4T1 excited state of Mn2þ in the ZnS
lattice, and the lifetimes of 2 ms observed in the nanocrystals were similar to
that of Mn2þ in bulk ZnS (see Section IV.A for further discussion of these
experiments). The claims of unprecedented fast radiative decay attributable to
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quantum conﬁnement were thus debunked, but not before they had imparted a
lasting momentum to the interest in this new class of materials. Shortly
thereafter, attention also turned to investigation of the magnetic properties of
this same class of materials.
The difﬁculties encountered in early attempts to prepare high-quality doped
nanocrystals have drawn attention to the new challenges that arise when doping
nanoscale materials with small quantities of impurities. Two categories of new
challenges may be identiﬁed. The ﬁrst has to do with the host material, and is
concerned with issues such as the enormous surface/volume ratios of nanocrystals and the inherent statistical inhomogeneities of any ensemble of doped
nanocrystals. For example, consider the case of an excellent preparation of 5-nm
diameter CdSe QDs having a very narrow size distribution. These nanocrystals
are made up of 2400 atoms, 30% of which are in the outermost layer where
they are exposed to solvent and are geometrically relaxed in a lower symmetry
environment. Dopants substituting for host cations at these surface sites may
differ quite considerably from those in the nanocrystal cores in their geometries,
redox potentials, electronic structures, or other physical properties. Figure 1
schematically plots the fraction of atoms within one and two monolayers (MLs)
of the surface of a CdSe nanocrystal as a function of nanocrystal diameter. This
surface/volume ratio parallels the trend in quantum conﬁnement over the same
size range, such that even a statistical distribution of dopants throughout a
quantum conﬁned nanocrystal would yield substantial dopant inhomogeneity
due to the surfaces, and this inhomogeneity may compromise some of the target
physical properties of the doped material.

0.8

0.6

diameter

0.4
2 ML
0.2

1 ML

0

5

10

15

diameter (nm)
Figure 1. Schematic depiction of the fraction of atoms within one and two MLs of the surface of a
hypothetical CdSe nanocrystal, plotted versus nanocrystal diameter.
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In addition to surface–volume inhomogeneities, any ensemble of doped
nanocrystals will exhibit a range of dopant populations per nanocrystal leading
to inhomogeneity in effective dopant concentration among nanocrystals. Dopant
distributions among nanocrystals are described using the binomial expression
given in Eq. 1, where n is the total number of dopant ions per nanocrystal
having N total cation sites available for substitution and x is the dopant mole
fraction.
Pðn j NÞ ¼

ðNÞ!
ðxN Þn ð1  ðxNÞÞN  n
n!ðN  nÞ!

ð1Þ

For n  N, Pðn j NÞ simpliﬁes to PðxÞ, the Poisson distribution.
PðnÞ ¼

ðxNÞx exN
n!

ð2Þ

Assuming a uniform nanocrystal size, Eq. 2 yields the dopant distributions
shown in Fig. 2(a) for ensembles of 5-nm diameter nanocrystals doped at the
indicated levels. This model is easily expanded to include nanocrystal size
distributions if desired, but already at this stage it is evident that large variations
in the doping levels of individual nanocrystals may arise from perfect statistical
dopant distributions within an ensemble of nanocrystals. Whereas the dopant
concentration may be well deﬁned on average, it follows that the number of
dopants in any individual nanocrystal selected for a single-nanocrystal experiment cannot be controlled or even known well. This feature could signiﬁcantly
impact single QD electronics or photonics measurements that rely on doped
nanocrystals.
Finally, dopant inhomogeneities due to statistical dopant density ﬂuctuations
are also problematic, but this problem is shared with the analogous bulk
materials and is not unique to the nanocrystals. Equation 3 describes the
probability of ﬁnding N nearest neighbors around a central dopant ion in an
inﬁnite crystalline lattice for a given dopant concentration, x, where M is the
number of cationic sites in the ﬁrst shell around the central cation (12 in II–VI
and III–V semiconductors) (39)

PðxÞ ¼

M!
xN ð1  xÞM  N
N!ðM  NÞ!

ð3Þ

From Eq. 3, the probabilities that the central impurity ion is isolated (P1 ) or
belongs to an isolated pair (P2 ), closed triangle (P3c ), or open trimer (P3o ) within
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Figure 2. (a) Statistical distributions of dopant ions per nanocrystal for various dopant levels (x%)
in ensembles of 5.0 nm CdSe nanocrystals. (b) Probabilities that a central impurity ion is isolated
(P1, ) or belongs to an isolated pair (P2, #), closed trimer (P3c, K), or open trimer (P3o, M) within a
zinc blende lattice, plotted versus fractional dopant concentration from 0 to 5%. Inset: P1 (solid line)
and the sum of P2, P3c, and P3o (dashed line).
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a zinc blende lattice are given by Eq. 4a–d (40, 41).
P1 ¼ ð1  xÞ12

ð4aÞ
18

P2 ¼ 12xð1  xÞ

P3c ¼ 18x2 ð1  xÞ23 ð7  5xÞ
P3o ¼ 24x ð1  xÞ
2

22

ð4bÞ
ð4cÞ
ð4dÞ

Impurity ions in wurtzite lattices are described by the same expressions for P1,
P2, and P3c, with a numerically insigniﬁcant difference in P3o. These expressions are only quantitatively accurate in the dilute limit, but many of the doped
nanocrystals discussed in this chapter fall in this limit. The reader is referred to
Ref. 42 for a generalized treatment of the problem. Figure 2(b) plots the
probabilities calculated from Eq. 4a–d as a function of impurity concentration.
The fraction of dopants having at least one nearest-neighbor dopant is quite high
even at moderate impurity concentrations (<5%). Needless to say, whereas
puriﬁcation to ensure size uniformity is possible (size-selective precipitation),
no puriﬁcation method has yet been developed for ensuring uniform dopant
concentrations in an ensemble of nanocrystals.
The second general category of new challenges has to do with the impurity
itself, and may be summed up with the following question: How do we know
when nanocrystals have been successfully doped? Whereas molecular inorganic
chemists often apply X-ray crystallographic techniques to identify synthetic
products, X-ray diffraction studies of doped crystals yield predominantly the
characteristic diffraction features of the host and provide little reliable indication
of the success or failure of doping. Similarly, whereas a chemist or materials
scientist synthesizing nanostructures of pure materials will often turn to
microscopy [scanning electron microscopy (SEM), transmission electron microscopy (TEM)] to evaluate the product, nanocrystal doping suffers from the
problem that only an extremely small fraction of the product is not the host
material, and consequently a doped nanocrystal will be essentially indistinguishable from its pure analogue by these microscopies in most instances. To solve
this problem, researchers must turn to other analytical techniques. In particular,
spectroscopic methods that are sensitive to some physical property particular to
the dopants themselves have proven to be extremely successful. If the dopants
are magnetic, then magnetic spectroscopic techniques may be applied to
selectively probe them within their diamagnetic hosts. If they absorb
light within the forbidden gap of the semiconductor, then absorption spectroscopies may be applied to selectively probe the dopants. In this regard, the
challenge of identifying and characterizing a magnetic dopant within an
inorganic nanocrystal is in some ways analogous to that of probing the active
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sites of metalloenzymes (43, 44), which have similarly low concentrations of
transition metal cations embedded within large diamagnetic hosts.
This chapter seeks to identify some of the contributions that inorganic
chemists can make to the growing ﬁeld of doping inorganic nanocrystals, which
up until recently has been dominated by physicists employing vapor deposition
methods (31, 45, 46). This chapter is divided into three themes: synthesis of
colloidal doped inorganic nanocrystals (Section II), analytical techniques for
probing synthesis (Section III), and physical properties of the resulting materials
(Section IV). In Section V, a few examples are presented involving the use of
colloidal doped semiconductors as building blocks in higher dimensionality
structures. This chapter focuses largely on the use of 3d transition metal ions as
dopants. Transition metal ions with open d-shell electronic conﬁgurations have
various unique physical properties including the combination of magnetic
ground states and low-energy excited states that make them attractive dopants
for altering the magnetic, absorptive, photoluminescent, or other physical
properties of their host semiconductors. The same unique physical properties
allow transition metal ions to be probed directly using various magnetic, optical,
and magnetooptical physical methods. Systematic studies of transition metal
doping in nanocrystals are then anticipated to provide a solid platform for
subsequent electronic doping experiments that may be considerably more
challenging to probe experimentally. Finally, this chapter focuses largely, but
not exclusively, on II–VI semiconductors, since doped colloids of these have
been by far the most thoroughly studied to date. Other semiconductors, other
dopants, and doped insulating nanocrystals are discussed only brieﬂy.

II.

SYNTHESIS OF DOPED NANOCRYSTALS
A.

Synthetic Methods: General Comments

Many approaches have been taken to prepare colloidal doped semiconductor
nanocrystals. For example, hot-injection methods have been used to synthesize
colloidal Mn2þ-doped CdSe (47, 48), ZnSe (49), and PbSe (50) colloidal
nanocrystals. Colloidal ZnO DMS–QDs doped with Co2þ, Ni2þ, and Mn2þ
have been prepared by low-temperature hydrolysis and condensation (51–54).
Sol–gel methods have been used to prepare colloidal doped TiO2 (55–57) and
SnO2 (58–62) nanocrystals. Inverted micelle methods have been used for
preparation of a range of doped II–VI sulﬁde DMS–QDs at low temperatures
(63–68). A high-temperature lyothermal ‘‘single-source’’ method was used to
synthesize Co2þ- and Eu3þ-doped CdSe nanocrystals (69, 70). Autoclaving has
occasionally been used to induce crystallization at lower temperatures than
reached under atmospheric pressures while retaining colloidal properties, for
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Figure 3. (a) LaMer model describing nucleation and growth of crystallites versus time for a
constant inﬂux of precursor. [Adapted from (72).] (b) Classical nucleation model showing Gibbs free
energy change (G) and growth rate (dR=dt) versus crystallite size, R. [Adapted from (73, 74).]
Dashed line shows G for nucleation in the presence of a dopant that destabilizes the lattice.

example in the preparation of colloidal doped SnO2 (58–62) and InAs (71)
nanocrystals. Whereas the speciﬁc details of these synthetic approaches are
extremely important on a case-by-case basis, this section instead focuses on
identifying general issues that may be of broad interest to chemists working in
this area.
A recurring theme in many studies of nanocrystal doping is the propensity for
dopants to be excluded from the internal volumes of the nanocrystals. We
therefore begin with a description of crystal nucleation and growth, and of the
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challenges that arise when impurities are introduced. Exerting control over
crystal nucleation and growth is a critical aspect of all nanocrystal research, and
is arguably the subject most intensively studied in the area of pure nanocrystals,
but has not been examined in sufﬁcient detail for the younger ﬁeld of doped
nanocrystals. The basic model used to describe crystal nucleation and growth in
a wet chemical synthesis of colloids ﬁrst presented by LaMer and Dinegar (72)
is summarized in Figure 3(a). In this model, a continuous inﬂux of precursors is
assumed. When the concentration of precursors in solution reaches a critical
level of supersaturation (CSS), spontaneous phase segregation occurs and the
dissolved precursor concentration in solution is depleted to below that required
for nucleation, but remains above the saturation concentration (CS) such that the
crystals continue to grow. Optimization of the experimental conditions to
separate nucleation and growth conditions provides the best control over the
resulting product. The most successful nanocrystal syntheses therefore exploit
exquisite control over nucleation and growth kinetics to yield optimal nanocrystal homogeneity. In so-called hot injection methods (1, 2), for example,
solution precursors are mixed rapidly at elevated temperatures to induce crystal
nucleation. This injection is accompanied by a crucial drop in temperature that
rapidly quenches further nucleation, but allows growth of the crystals from
solution nutrient. The kinetic separation of nucleation and growth ensures
synchronous nucleation of a well-deﬁned ensemble of crystallites, followed
by slower growth from solution, thereby yielding colloids with exceptional
homogeneity. Recently, this area has been the subject of several excellent review
articles (1, 2) and we use this background as our point of embarkation for
discussion of the inﬂuences of doping on nanocrystal nucleation and growth.
B.

Inﬂuence of Dopants on Nanocrystal Nucleation

Crystal nucleation is the chemical reaction that takes solvated precursor ions
or molecules into the solid-state crystalline product. To understand the reaction
fully, one must understand both its thermodynamic and kinetic aspects. In
classical nucleation theory (73, 74), the driving force for spontaneous phase
transition is the exothermicity of lattice formation. This driving force is
described by the difference in free energies between solvated and crystalline
forms of the material, FV, and contributes to the reaction coordinate in
proportion to the crystal’s volume. For very small crystals with large surface/
volume ratios, the volumetric lattice energy is offset by the surface free energy
of the crystal, g, which destabilizes the crystal toward solvation in proportion to
the crystal’s surface area. The Gibbs free energy change for the reaction is thus
described by Eq. 5 (74).
G ¼ 4pR2 g þ 4=3pR3 FV

ð5Þ
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Plotting G versus crystal radius yields the reaction coordinate diagram for
crystal nucleation and growth. Under diffusion limited growth conditions, the
derivative of Eq. 5 with respect to crystal radius R is related to the negative of
the growth rate, dR=dt [Fig. 3(b)]. The activation barrier in Fig. 3(a) deﬁnes
the critical radius, R ¼ R , below which nucleated particles will redissolve
ðdR=dt < 0Þ and above which they will survive to grow into larger crystals
ðdR=dt > 0Þ. This simple model has been improved upon by quantum chemical
calculations that yield dynamics and other information unavailable in such a
simple formulation (74), but the classical nucleation model describes the
principal aspects of this chemistry in a very general and intuitively valuable
way. In addition to improved theoretical descriptions of one-step homogeneous
nucleation, there is growing evidence that in many cases nucleation proceeds by
a two-step mechanism, in which amorphous polynuclear or polymolecular
aggregates are formed in the ﬁrst step, and the second step involves structural
reorganization of these clusters into the crystalline form.
The basic physical reasoning behind the classical nucleation model remains
unchanged with the introduction of dopants, but the chemistry becomes more
complex. Consider the scenario in which a small concentration of an impurity
ion that has a substantial incompatibility with the host lattice is introduced to the
reaction mixture. An example would be Mn2þ in the synthesis of CdSe, for
which X-ray diffraction studies of bulk single crystals show large shifts in lattice
constants with doping (19), consistent with Vegard’s law (75). What would be
expected from Eq. 5 in this case? The lattice constant shifts reﬂect strain within
the CdSe lattice upon substitution of a Cd2þ ion by a Mn2þ ion. This strain
manifests itself in Eq. 5 as a sacriﬁce of some of the driving force for lattice
formation, and hence a reduction in the magnitude of FV. As shown in
Fig. 3(b), reducing FV increases the activation barrier for nucleation and increases
the dimension of the critical radius. Consequenctly, it is considerably more
difﬁcult for the doped crystal to nucleate than it was for the pure host crystal in
the absence of impurities. It is reasonable to expect that in a doping experiment
involving a mixture of nutrients, nucleation of doped crystals may generally not
be kinetically competitive with nucleation of pure crystals. The greater the
dopant–host incompatibility, the less likely it is that a critical nucleus will form
containing impurity ions. The important observation from this discussion is that
crystal nucleation in a mixed solution is governed by the reaction pathway with
the most favorable reaction coordinate, and this is typically that of the pure
crystalline material. Consequently, the composition of the critical nucleus is
likely to be the pure host material in the vast majority of cases. The compositions of critical nuclei are notoriously difﬁcult to determine experimentally, and
studies in this area have to date been primarily the domain of theoreticians, who
have generally predicted that for spontaneous phase segregation ‘‘the properties
of a critical nucleus can differ signiﬁcantly from those of the stable bulk phase
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that eventually forms’’ (74), and that by the time the experimentalist can observe
it, the composition is generally already that of the bulk material. With doped
inorganic nanocrystals attracting increasing interest among experimentalists,
some of these ideas are beginning to be tested in new ways.
An experimental conﬁrmation of the theoretician’s axiom is found in the
synthesis of ZnO nanocrystals doped with Co2þ ions, in which crystal compositions at various stages of synthesis were probed by electronic absorption
spectroscopy (see Section III.C) (52). A great deal can be learned about the
nanocrystal synthesis from monitoring this band-gap absorption during synthesis (76–78), including information about nanocrystal sizes, size distributions,
and reaction kinetics. In the case of ZnO, base titration experiments following
the reaction in Eq. 6 have proven particularly informative. Figure 4(a) shows
electronic absorption spectra collected during the titration of reactants in the

Figure 4. (a) Electronic absorption spectra of the ZnO bandgap (left) and Co2þ ligand ﬁeld (right)
energy regions collected during titration experiments showing the band gap (#), intermediate Co2þ
ligand ﬁeld (&), and substitutionally doped Co2þ:ZnO ligand-ﬁeld () intensities. (b) Intensities of
#, &, and  features versus added base equivalents, showing the nucleation of pure ZnO cores
followed by substitutional Co2þ incorporation into ZnO during nanocrystal growth. [Adapted
from (52).]
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synthesis of cobalt-doped ZnO. In this experiment, an ethanol solution of
N(Me)4OH was added at room temperature to a solution of Zn(OAc)2  2H2O
and Co(OAc)2  4H2O dissolved in dimethyl sulfoxide (DMSO) (52).
ð1  xÞZnðOAcÞ2 þ x CoðOAcÞ2 þ 2NMe4 OH ! Co2þ : ZnO þ H2 O þ 2NMe4 OAc

ð6Þ

The reaction can be followed by monitoring the characteristic absorption due to
ZnO band-gap excitations, occurring at energies above 28,000 cm1. The
energy of the ﬁrst excitonic transition depends on the nanocrystal size, and so
provides a probe of nanocrystal growth. For a ﬁxed size, the intensity of the
transition provides a measure of the nanocrystal concentration (i.e., the yield of
the chemical reaction), and this offers a measure of nucleation yields.
As seen in Figure 4, addition of the ﬁrst few aliquots of OH did not nucleate
ZnO nanocrystals. This is consistent with the LaMer model summarized in
Fig. 3, in which critical supersaturation (CSS) of precursor must be reached
before nucleation will occur. Once critical supersaturation is reached, nucleation
occurs, and is followed by diffusion-limited growth from solution. The standard
representation of the LaMer model describes the case of continuous inﬂux of
precursor and considers conditions where CSS is reached only once in the course of the
experiment. A modiﬁcation of this classic diagram to include stepwise precursor
addition and multiple crossings above CSS is appropriate for the base
titration synthesis of ZnO. Nucleation is detected by the appearance of the
characteristic ZnO band-gap absorbance. Zinc oxide growth is base limited and
does not dramatically deplete the solution of precursors. Further base addition
leads to more ZnO nucleation and a stoichiometric increase in the concentration
of ZnO nanocrystals, shown as the increasing ZnO band-gap absorbance with
increasing base. The precursors formed under these reaction conditions are
polynuclear metal–oxo clusters referred to as basic zinc acetates. The best
studied basic zinc acetate cluster is the tetramer, [(OAc)6Zn4O], the crystal
structure of which is shown in Fig. 5 (79). This tetramer and the related
decameric cluster, [(OAc)12(Zn10O4)], have been detected by desorption chemical ionization–mass spectrometry (DCI–MS) in the analogous synthesis of
ZnO in ethanol (80). Extrapolation of the ZnO band-gap absorbance back to
zero intensity in Fig. 4(b) very nearly intersects the origin of the graph,
indicating that the majority of added base was consumed to form ZnO, and
hence that the steady-state concentration of precursors is relatively small.
Although extremely useful for characterizing the synthesis of ZnO crystals,
these data alone do not provide any information about the role of dopants in
nucleation. For that information, some dopant-speciﬁc analytical probe is
required.
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Figure 5. The tetrameric basic zinc acetate cluster, [(OAc)6Zn4O]. [Adapted from (79).]

In the same samples, a second absorption feature was detected that is
associated with the dopant ions themselves. These ligand-ﬁeld transitions allow
distinction among various octahedral and tetrahedral Co2þ species and are
discussed in more detail in Section III.C. The three distinct spectra observed in
Fig. 4(b) correspond to octahedral precursor (initial spectrum), tetrahedral
surface-bound Co2þ (broad intermediate spectrum), and tetrahedral substitutional Co2þ in ZnO (intense structured spectrum). Plotting the tetrahedral
substitutional Co2þ absorption intensity as a function of added base yields the
data shown as triangles in Fig. 4(b). Again, no change in Co2þ absorption is
observed until sufﬁcient base is added to reach critical supersaturation of the
precursors, after which base addition causes the conversion of solvated octahedral Co2þ into tetrahedral Co2þ substitutionally doped into ZnO. Importantly, a
plot of the substitutional Co2þ absorption intensity versus added base shows the
same nucleation point but does not show any jump in intensity that would
correspond with the jump in ZnO intensity. Instead, extrapolation of the
tetrahedral Co2þ intensities to zero shows intersection at the base concentration
where ZnO ﬁrst nucleates, demonstrating the need for crystalline ZnO to be
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present before the conversion of Co2þ from octahedral to tetrahedral geometries
may occur. These data demonstrate that in the case of cobalt doping into ZnO,
the cobalt ions are quantitatively excluded from the critical nuclei. This result
may be explained in the context of the classical nucleation theory outlined
above.
One remarkable aspect of this chemistry is the sensitivity of the nucleation
reaction to such a minor perturbation as replacement of Zn2þ by Co2þ. Both
Co2þ and Zn2þ ions have essentially identical ionic radii [0.72 Å (81)], and
there is very little ligand-ﬁeld stabilization energy favoring the octahedral
geometry of Co2þ. Despite this compatibility, the differences between Co2þ
and Zn2þ are great enough to dominate the course of the reaction even with only
2% Co2þ. This remarkable sensitivity is undoubtedly partly attributable to the
very small dimensions of the critical nuclei. The size of the critical nucleus is
unknown, but may be on the order of only tens of atoms, formed from only a
small number of basic zinc acetate clusters. Although the total solution
concentration of Co2þ may be low, the effective impurity concentration in
such a small cluster determines its lattice energy, and so for very small clusters
even a single dopant may have a disproportionately large inﬂuence on the
stability of the crystallite. Other factors may also be important, including the
relative solubilities, ligand substitution rate constants, and geometries of Co2þ
and Zn2þ precursors.
Analysis of ZnO nanocrystal yields measured as a function of added Co2þ
conﬁrms the important inﬂuence dopant ions have on nanocrystal nucleation.
Figure 6(a) plots the ZnO absorption intensity (proportional to percent nucleation), which reﬂects ZnO concentration in solutions, as a function of added Co2þ
for reactions run under similar conditions as in Fig. 4. A very strong dependence
of the nanocrystal nucleation yield on initial dopant concentration is observed.
For example, addition of only 2% Co2þ to the starting solution eliminates 35%
of the nucleation events relative to pure ZnO. Nucleation is extremely difﬁcult
at Co2þ concentrations above 10–15%. A similar trend is observed for Ni2þ
doping, which has substantially different ligand substitution chemistry from
Co2þ. The interpretation of these results is again accessible from the classical
nucleation theory diagram in Fig. 3, which shows the increase in activation
energy and critical radius upon introduction of impurity ions. From these data it
was concluded that basic zinc acetate precursors containing one or more Co2þ
ions cannot successfully nucleate doped ZnO under these experimental conditions. The extreme sensitivity of nucleation within this relatively small range of
dopant concentrations demonstrates the important role dopants may play in this
chemistry, even in cases of very high dopant–host compatibility. For other cases
with larger dopant–host incompatibilities, such as Mn2þ in CdSe or CdS, the
inclusion of dopants in the critical nuclei is therefore very unlikely barring
exceptional circumstances.
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Figure 6. ZnO band-gap (a) intensities and (b) energies collected during synthesis of Co2þ-doped
ZnO nanocrystals, plotted versus initial dopant concentration. [Adapted from (52).]

C.

Impurities and Nanocrystal Growth

The exclusion of dopants from the critical nuclei does not preclude their
statistical incorporation into the nanocrystals during growth, and it is likely that
the dimensions of typical semiconductor critical nuclei are sufﬁciently small
that the existence of undoped cores in such nanocrystals is acceptable for all
practical purposes. Since the majority of the mass of nanocrystals is not formed
during nucleation, we now consider the factors affecting incorporation of
dopants during growth from solution. Consider the case of 3d TM2þ ions doped
into CdS or CdSe nanocrystals. Several researchers have found that TM2þ ions
do not incorporate readily into CdS and CdSe nanocrystals grown under
standard conditions at either low or high temperatures (47, 63, 82). Some
understanding of this behavior can be obtained by investigating where the
dopants do end up. Very few studies of this type have been reported. In one of
the earliest studies, electron paramagnetic resonance (EPR) spectroscopy (see
Section III.B) was used to evaluate the synthesis of colloidal Mn2þ:CdSe
nanocrystals made by hot injection (47). Figure 7 shows the EPR spectra of
two preparations of Mn2þ:CdSe from this work. The top left spectrum shows
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Figure 7. 5 K EPR spectra of 4.0-nm diameter CdSe QDs prepared using ionic Mn2þ precursor (a,
b) and Mn2(m-SeMe)2(CO)8 precursor (c, d). Before Py exchange, both (a) and (c) show the Mn2þ
hyperﬁne splitting pattern. After pyridine exchange, only samples prepared using Mn2(m-SeMe)2(CO)8 precursor show Mn2þ signal (b, d). [Adapted from (47).]

the nanocrystals made by injection of a solution of CdMe2 into hot TOPO in the
presence of a small quantity of Mn(CO)5Me. Although the characteristic six-line
hyperﬁne spectrum of Mn2þ was observed in the product nanocrystals,
the bottom left spectrum shows that this EPR signal disappeared entirely after
pyridine (Py) ligand exchange (stirring for 24h total in pyridine, performed in
multiple steps), demonstrating that the Mn2þ was not within the CdSe nanocrystals. Similar results were also obtained for other manganese precursors such
as MnMe2 and tricarbonyl methylcyclopentadienylmanganese. The authors
concluded that the Mn2þ EPR signal in Fig. 7(a) must have originated from
loosely bound surface Mn2þ or other decomposition products that were not
removed by size-selective precipitation, and that Mn2þ had not been incorporated within the nanocrystals successfully by this method. In another study,
nanocrystalline ZnS and CdS were synthesized in the presence of Eu3þ and
Tb3þ using several synthetic techniques at various temperatures in attempts to
incorporate these lanthanides into the semiconductor nanocrystals (83).
Although lanthanide emission was observed, luminescence excitation spectra
showed only the 4f n– 4f n internal transitions of the lanthanide ions, but
sensitization by the semiconductor host was absent. From these data, the authors
concluded that none of the synthesis techniques employed were able to
incorporate lanthanides into the II–VI semiconductor nanocrystals, but only
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Figure 8. Kinetic evolution of CdS band-gap energy (K) and Co2þ ligand-ﬁeld absorption intensity
(), collected in situ during the synthesis of Co2þ:CdS nanocrystals in inverted micelles.

resulted in the lanthanides likely bound to the particle surfaces. This incompatibility was attributed to the charge mismatches and large size differences
between the dopants and host cations in these cases.
Dopant incorporation during nanocrystal growth is essentially a kinetics
problem. Figure 8 shows electronic absorption data collected in situ during the
synthesis of CdS nanocrystals in inverted micelles in the presence of Co2þ ions
(84). The reaction was initiated by addition of excess S2 to the inverted micelle
suspension of Cd2þ (99%) and Co2þ (1%) ions. Through these experiments,
nanocrystal growth and dopant incorporation could be monitored simultaneously. The data in Fig. 8 show that during the initial stages of the reaction,
nanocrystal growth is relatively rapid and there is no discernible conversion of
octahedral solvated Co2þ, likely [Co(H2O)6]2þ, to the tetrahedral geometry. This
indicates that dopant incorporation is kinetically uncompetitive with nanocrystal
growth at early stages of growth, when lattice nutrient is abundant and growth
occurs rapidly. Microscopically, this implies that Co2þ ions are not competitive
with solvated Cd2þ ions for open surface coordination sites under S2-rich
conditions. As the reaction progresses, the concentration of solvated Cd2þ is
diminished and Co2þ binding eventually becomes competitive, giving rise to the
characteristic tetrahedral Co2þ absorption. What results is a gradient of dopant
ion concentration throughout the nanocrystal growth layers that is dictated by
the kinetic competition between irreversible addition of Cd2þ versus Co2þ ions
to the surfaces of growing CdS nanocrystals. Such a gradient may be generally
expected, and will be greatest in cases of large dopant–host incompatibility.
A deeper understanding of the chemistry from Fig. 8 is obtained by closer
inspection of the ﬁnal products. Figure 9(a) shows a set of absorption spectra
(68) collected on Co2þ:CdS QDs prepared by the same inverted micelle method
and resuspended in Py. Over time, the Co2þ ligand-ﬁeld absorption intensity

66

J. DANIEL BRYAN AND DANIEL R. GAMELIN

Figure 9. (a) Co2þ ligand-ﬁeld absorption spectra for as-prepared Co2þ:CdS nanocrystals,
collected between 2 and 751 h after suspension in Py. (b) Decay of the Co2þ ligand-ﬁeld absorption
intensity from (a), monitored at 15,220 cm1. [Adapted from (68).]

decreases, indicating solvation of surface-bound dopants analogous to the
scenario observed for Mn2þ in Figure 7(a). The Co2þ ion solvation was
exceedingly slow at room temperature, however, with 20% of the dopants
remaining after 1 month in pyridine. This slow solvation reﬂects the thermodynamic stability of Co2þ bound to a CdS nanocrystal surface. Inspection of
the solvation data revealed biphasic kinetics [Fig. 9(b)], and analysis of the
deconvoluted absorption spectra led to the conclusion that the two metastable
forms were both tetrahedral Co2þ ions bound to the surfaces of the QDs, having
either one (NS3) or two (N2S2) pyridine ligands as illustrated in Fig. 10(a).
The signiﬁcance of these solvation intermediates lies in their relationship to
intermediates along the growth pathway to internally doped nanocrystals, since
these data reveal the thermodynamic stability of tetrahedral surface-bound Co2þ
ions. Binding of impurity ions to nanocrystal surfaces is a necessary step in
doping a growing nanocrystal. The absence of a detectable intermediate between
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Figure 10. (a) Mechanism of solvation of surface bound Co2þ ions on CdS by Py, determined from
analysis of ligand-ﬁeld absorption spectra. (b) Mechanism of Co2þ binding to the surfaces of CdS
nanocrystals during aqueous-phase synthesis. [Adapted from (68).]

Co2þ with N2S2 coordination and solvated Co2þ suggests that once the second
bond to the surface is replaced by pyridine, cleavage of the last remaining bond
to the CdS surface is relatively rapid. This ﬁnding is consistent with the large
ligand substitution rate constants of Co2þ ions. The key to irreversible dopant
binding to the surface in this case therefore appears to be the formation of the
S2
second Co2þ
surf bond. In aqueous reaction solutions, where the reaction
proceeds in the opposite direction of the solvation process shown in Fig. 10(a),
formation of the ﬁrst Co2þ
S2
surf bond is anticipated to be facile and to occur
essentially with collisional probability. Once formed, however, this bond is
labile and is easily cleaved to return the Co2þ ion back to solution. Cleavage of a
OH2 bond and formation of the second Co2þ
S2surf bond must be slow,
Co2þ
but strongly favored at equilibrium in the aqueous reaction mixture. Surface
binding in H2O is summarized in Fig. 10(b). Co2þ binding to the CdS surface is
driven in part by the chelating effect of the surface and is evidently thermodynamically favorable in H2O, but not in Py.
It is not possible to assume for every case that nanocrystal growth will
continue and eventually internalize a dopant once it is bound to the nanocrystal
surface, however. It is also necessary to consider the inﬂuence of that surfacebound dopant on the ability of the lattice to propagate. This topic has been
addressed thoroughly in the extensive literature of crystal growth, and the
fundamental principles developed there also apply to nanocrystals. For simple
crystalline structures and isomorphic substitution, a clear picture of the role of
defects emerges, for example, from electron microscopy studies of the growth of
CaCO3 crystals in the presence of Mg2þ ions (85). In this case, Mg2þ binding to
a growing surface was found to pin step edges, inhibiting further crystal growth
until the activation barrier to complete overgrowth of the defect could be
overcome. A similar scenario is expected for most nanocrystal doping experiments, and has been observed experimentally in the case of the Co2þ-doped
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ZnO nanocrystals described above. Figure 6(b) shows a signiﬁcant decrease of
ZnO nanocrystal diameter with increasing concentration of dopants added to the
synthesis mixture, manifested as a blue shift in the ZnO band gap (52). Similar
inhibition of growth has been observed in doped SnO2 nanocrystals (58, 60).
These data were collected simultaneously with those of Fig. 6(a), which showed
a concomitant decrease in the number of nucleation events. Thus, despite the
greater nutrient/nanocrystal ratios at higher Co2þ concentrations, the nanocrystal diameters were reduced. This trend is understood by examining the role of
defects in determining the solubility of a nanocrystal. The presence of an
impurity ion at or near the surface of a crystal shifts the equilibrium toward
solvation by raising the effective speciﬁc interfacial energy, precisely as
observed in the microscopy studies of Mg2þ:CaCO3 step-edge pinning (85).
This truncation of nanocrystal growth by impurities is ultimately closely related
to the well-known phenomenon of freezing point depression. In general, we may
conclude from these studies that the chemistry of the dopants is indeed
important, and factors such as ligand substitution rates, ligand-ﬁeld stabilization
energies, and the types of other ligands available under reaction conditions may
all contribute to the ultimate success or failure of a synthetic procedure aimed at
doping inorganic nanocrystals.
A few methods have been explored for encouraging dopant incorporation
during nanocrystal growth, primarily in CdSe doping. In the example of Mn2þ
doping of CdSe nanocrystals described above (47), the authors attributed the
exclusion of Mn2þ from their nanocrystals to the form of Mn2þ in solution.
When the dopant was introduced as the ‘‘single-source’’ monomer Mn2(mSeMe)2(CO)8, successful doping could be demonstrated using EPR spectroscopy by showing that the EPR signal was insensitive to Py ligand exchange
[Fig. 7(c) and (d)]. Wavelength-dispersive X-ray spectroscopy (EDX) showed
the dopant concentration to be <1% in the nanocrystals, or approximately onehalf as large as the relative Mn2þ concentration of the metal precursor mixture.
Furthermore, etching the surfaces of the nanocrystals chemically removed a
disproportionate fraction of the Mn2þ ions, demonstrating an increased concentration of the dopants at or near the nanocrystal surfaces. These results
demonstrate the general propensity for dopants to be excluded from CdSe
nanocrystals under high-temperature growth conditions, but also illustrate how
the chemistry of the dopant precursor may play a major role in determining the
outcome of the synthesis.
The possibility of structural prearrangement of ions to direct the incorporation of dopants into inorganic nanocrystals in an explicit two-step nucleation
process is a powerful motivation for exploration of cluster or other ‘‘singlesource’’ precursors. Doped CdSe nanocrystals have been prepared (70, 86)
using modiﬁed ‘‘single-source’’ precursor methods originally developed for
synthesizing high-quality CdSe nanocrystals (87–89), in which lyothermal
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Figure 11. The [Cd10Se4(SC6H5)16](NMe4)4 cluster precursor used in the synthesis of CdSe and
Co2þ:CdSe QDs. Note that the thiophenolates have been truncated for clarity, and the molecule
contains no sulﬁdes. [Adapted from (89).]

decomposition of monomers such as {Cd[S2CNMe(nHex)]2} or clusters such as
[Cd10Se4(SC6H5)16](NMe4)4 (Fig. 11) (89) provide both anion and cation
nutrient in a one-pot reaction. In one such study, cobalt ions were introduced
using the cluster [Co4(SC6H5)10](NMe4)2 in the desired stoichiometry and
heating this mixture with [Cd10Se4(SC6H5)16](NMe4)4 to 200 C in hexadecylamine under N2 (70). The resulting nanocrystals were stripped three times with
Py to remove potential surface cobalt ions prior to physical measurements. On
the basis of systematic trends observed in lattice parameters (measured by
powder X-ray diffraction, see Section III.A) and lattice vibrational energies
(measured by Raman spectroscopy) with stoichiometry of the reaction mixture,
the authors concluded that random ion displacement of core Cd2þ sites by Co2þ
ions in the wurtzite CdSe QDs was achieved by this method. Magnetic
susceptibility experiments conﬁrmed the presence of Co2þ in these nanocrystals
(see Section IV.B). Europium-doped CdSe nanocrystals were also prepared by a
similar approach (69).
The microscopic steps in the decomposition of these clusters and formation
of the doped CdSe lattices were not discussed, but it is apparent that whereas the
Cd–Se clusters may remain intact as proposed in an earlier discussion of the same
lyothermal synthesis (89), the cobalt clusters must dissociate to liberate Co2þ
ions for random core doping to occur. When viewed side by side, the structural
similarity between the [Cd10Se4(SC6H5)16](NMe4)4 cluster (Fig. 11) and the
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basic zinc acetate clusters [(OAc)6Zn4O] (Fig. 5) and [(OAc)12(Zn10O4)] is
striking (in fact, all three are examples of fractal Sierpinski tetrahedra), and it is
tempting to speculate that a similar dopant-free CdSe nucleation initiates the
reaction, with dopant incorporation during growth only. Exploration into the use
of heterometallic single-source precursors, such as the hypothetical cluster
[Cd10  nConSe4(SC6H5)16](NMe4)4, would be extremely interesting and should
assist in determination of whether or not cluster decomposition occurs prior to
nanocrystal nucleation. Nevertheless, the materials made by this cluster approach are among the best characterized colloidal DMS NCs reported to date.
Additional results from studies of these NCs are discussed in more detail in
Sections III.A and IV.B.
D. Surface-Exposed Dopants
For many years, the paradigm in the study of pure QDs has been size
uniformity. For doped QDs, this paradigm is superceded by that of controlled
dopant speciation, because without a known and preferably homogeneous
dopant speciation it is exceedingly difﬁcult to draw any meaningful conclusions
from subsequent physical measurements. Even in the most favorable synthetic
scenario, in which dopants are isotropically distributed throughout the nanocrystals, the statistical population of dopants at the nanocrystal surfaces
comprises a large percentage of the total dopant population. Surface-bound
dopants may have different geometries, electronic structures, or strengths of
interaction with the semiconductor than internal dopants, and their presence
may obfuscate the origins of the nanocrystals’ physical properties or even
compromise the desired physical properties (63, 68, 90). Here, we therefore
outline the principal methods that have been demonstrated to ensure homogeneous dopant speciation in semiconductor nanocrystals.
The two examples mentioned in Figs. 7 and 9 in which Py was observed to
remove dopants from the surfaces of nanocrystals, immediately suggest one
possible approach to puriﬁcation of doped nanocrystals, namely, by using
coordinating solvents or ligands as surface cleaning agents. The choice of
experimental conditions for this procedure is critical, and some reliable
veriﬁcation of its success is essential because of the wide range of possible
dopant solvation rates. As described in Section II.C, stirring in Py for 24 h
completely removed Mn2þ ions bound to the surfaces of CdSe QDs (47). In the
case where both surface and internal Mn2þ ions were formed in the as-prepared
nanocrystals, this procedure should result in a product in which the only Mn2þ
ions remaining are those not exposed to solvent, that is, internal dopants. The
relatively short time period required to remove dopants from the QD surfaces
makes this approach practical in the case of CdSe QDs. In contrast, as described
in Section II.C, the removal of Co2þ ions from the surfaces of CdS nanocrystals
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Figure 12. Ligand ﬁeld absorption spectra of Co2þ ions on the surfaces of ZnS QDs, collected 5 h
(solid line) and 2300 h (dashed line) after suspension in Py. [Adapted from (91).]

using Py was extremely slow, with biphasic rate constants of k1 ¼ 0:48=h and
k2 ¼ 0.017/h [Fig. 9(b)] (68). Because of these small rate constants, the reaction
must be allowed to proceed for several weeks before >95% of the surface bound
Co2þ is removed. These small rate constants make this procedure less attractive
for this particular case. The use of Py to clean dopants from ZnS nanocrystal
surfaces appears to be even less favorable. After 2300 h of continuous suspension in Py, the concentration of Co2þ ions bound to the surfaces of ZnS QDs has
not diminished by any appreciable extent (Fig. 12) (91), indicating a very stable
surface-bound Co2þ species. These comparisons demonstrate that the method of
cleaning nanocrystal surfaces by Py exchange is not suitable for all situations,
and its success must be carefully veriﬁed by some independent method. Several
variations of the surface-cleaning-by-solvation approach may be explored,
including the use of elevated temperatures (52) or better ligands to accelerate
solvation. As such, this ﬂexible approach is generally extremely useful for
improving the quality of doped nanocrystals by improving dopant homogeneity.
The solvation of transition metal ions bound to the surfaces of nanocrystals
clearly relates to the thermodynamics of their interaction with the surface. It is
interesting to note that Mn2þ solvation from CdSe nanocrystal surfaces appeared
to be complete after a Py ligand-exchange procedure that took 24 h (47),
whereas Co2þ on the surfaces of CdS nanocrystals requires weeks to be solvated
by Py (68), and Co2þ on the surfaces of ZnS nanocrystals was not solvated by
Py to any measurable extent (91). The thermodynamic variations thus depend
sensitively on the geometries of the surface-binding sites offered to the dopants.
For example, the S
S separations of CdS surfaces are apparently too large to
stabilize Co2þ ions to the same extent as those of ZnS. As discussed in Section II.C, the capacity a surface has to stabilize bound dopants is intimately related to

72

J. DANIEL BRYAN AND DANIEL R. GAMELIN

the process of dopant incorporation during nanocrystal growth. It is therefore
not surprising to ﬁnd that TM2þ ions are more easily incorporated into ZnS
nanocrystals than into CdS nanocrystals grown under parallel conditions (68).
A second method demonstrated to successfully eliminate surface-exposed
dopants is the so-called isocrystalline core–shell (ICS) procedure (68, 91). This
procedure involves the isolation and puriﬁcation of as-prepared nanocrystals to
remove dopants from the growth solution, followed by solution epitaxial growth
of additional layers of the pure host material to overgrow surface-exposed
dopants. As shown in Fig. 13, as-prepared Co2þ:CdS nanocrystals containing
almost exclusively surface-bound dopants could be converted to internally
doped nanocrystals by overgrowth of additional CdS shell layers, as veriﬁed
by ligand-ﬁeld electronic absorption spectroscopy. As shown in Fig. 14, a
similar result was demonstrated for ZnO nanocrystals in which Co2þ ions were
deliberately bound to the nanocrystal surfaces. These two examples illustrate
worst-case scenarios, in which all of the dopants were initially bound to the
nanocrystal surfaces, and the results conﬁrm the efﬁcacy of the ICS approach.
For these speciﬁc cases, the ICS procedure is formally analogous to the
well-known d-doping process employed in vacuum deposition syntheses of

Figure 13. (a) 300 K electronic absorption spectra of 3.0-nm diameter 2.3% Co2þ:CdS QDs in
Py showing CdS band gap (left panels) and Co2þ ligand-ﬁeld (right panels) absorption. Note the
different x and y axes for the two energy regions. The solid line was collected 2 h and the dashed line
23 h after suspension in Py. (b) Absorption spectra (300 K) of 3.7-nm diameter 0.9% Co2þ:CdS QDs
prepared by the isocrystalline core shell method 2 h (solid) and 28 h (dashed) after synthesis.
[Adapted from (68).]
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Figure 14. 300 K electronic absorption spectra showing the Co2þ 4A2 ! 4T1(P) ligand-ﬁeld
absorption of (a) isocrystalline core/shell Co2þ:ZnO QDs in EtOH, (b) bulk Co2þ:ZnO single
crystal, (92), (c) ZnO QDs in EtOH with Co2þ deliberately bound to the surfaces, and (d) sample (c)
following isocrystalline shell growth. [Adapted from (51).]

crystalline thin ﬁlms. An analogous procedure has also recently been used for
the preparation of Ge nanowires incorporating n- and p-type heteroatoms by
vapor deposition methods (93). An attractive feature of these ICS methodologies
for nanocrystals is that they allow the preparation of internally doped crystals
even in cases where large dopant–host incompatibilities hinder incorporation of
dopants into the internal volumes of the nanocrystals under normal growth
conditions, as long as the dopants can be bound to the surfaces with sufﬁcient
stability to be epitaxially overgrown. This simple and general approach may
therefore facilitate the synthesis of a variety of novel and challenging doped
nanocrystals.
Core–shell methodologies are particularly important when luminescence is
the target physical property of the nanocrystals. Due to the high surface/volume
ratios (Fig. 1), nanocrystals typically have a relatively high number of unpassivated surface sites that may act as nonradiative recombination centers or as
photoredox centers, thereby reducing the luminescence quantum efﬁciencies
and possibly leading to nanocrystal photodegradation. The most successful
remedy of this problem has been surface passivation by growth of a wider bandgap epitaxial shell, typically ZnS grown on CdSe, CdS, or ZnSe nanocrystals
(94–100). In doped nanocrystals, the dopants themselves act as nonradiative
recombination centers when exposed to the nanocrystal surfaces, and recent
studies have found that shell growth may also enhance luminescence from these
dopants by surface passivation. The ICS procedure was recently applied to
achieve luminescence enhancement in core/shell Mn2þ:ZnS/ZnS nanocrystals
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grown by the same inverted micelle procedure described in the previous
paragraph (101). Whereas as-prepared Mn2þ:ZnS (<0.25%) nanocrystals
showed relatively weak emission from the Mn2þ 4T1 excited state, overgrowth
of an epitaxial shell layer of ZnS led to an approximate sevenfold enhancement
of the emission quantum yield for this transition. Additionally, whereas the asprepared nanocrystals showed emission quantum yields that were sensitive to
UV irradiation at 305 nm, interpreted as passivation of nanocrystal surface
defects by undeﬁned photochemical processes, the nanocrystals prepared by the
ICS method remained unchanged under similar UV irradiation. A model was
developed relating the emission intensities of the as-prepared and ICS nanocrystals to the distribution of dopant ions at the nanocrystal surfaces, and the
authors concluded that Mn2þ ions were not randomly distributed in the
nanocrystals, but preferentially occupied sites close to the NC surfaces. This
example provides a clear demonstration that surface-exposed dopants may alter
the physical properties of a doped nanocrystal, and illustrates the importance of
applying the ICS or other procedures to eliminate such surface exposure.
An interesting approach recently applied to doped nanocrystals is the
heterocrystalline core–shell method commonly applied to pure nanocrystals.
In a series of papers (102, 103), Mn2þ:CdS nanocrystals were synthesized in
inverted micelles under conditions very similar to those described above and in
Figs. 8, 9, and 13. The poor luminescent properties of the resulting Mn2þ:CdS
nanocrystals were attributed to nonradiative recombination at unpassivated CdS
surface states. From the discussion in Section I and II.C, however, it is likely
that a large fraction if not all of the Mn2þ ions resided on the surfaces of these
as-prepared nanocrystals as observed for Co2þ (Fig. 9). This interpretation is
supported by studies in other laboratories that showed large Mn2þ surface
populations in Mn2þ:CdS nanocrystals grown by the same inverted micelle
approach (63). Nevertheless, growth of a ZnS shell around these Mn2þ:CdS
nanocrystals led to an approximately ninefold increase in Mn2þ 4T1 ! 6A1
photoluminescence quantum yield and a concomitant decrease in CdS surface
state emission (102, 103). A ﬁnal Mn2þ photoluminescence quantum efﬁciency
of >28% was concluded for these core–shell nanocrystals with CdS excitation
(103). The changes associated with shell growth were attributed to surface
defect passivation, but they very likely arise in large part from the internalization of Mn2þ dopants residing on the surfaces of the as-prepared CdS
nanocrystals, as observed for Co2þ:CdS nanocrystals (68) (Section II.C). The
resulting material may in fact have the interesting structure in which all Mn2þ
dopant ions are located at the CdS–ZnS interface or in the ZnS shell, but are still
sensitized by the CdS core QD. The improved luminescence quantum yields of
these Mn2þ-doped nanocrystals made them valuable for application in hybrid
organic–inorganic multilayer electroluminescence devices prepared by spin-coat
processing (104) (see Section V.A).
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ANALYTICAL PROBES OF DOPING

As illustrated in the above examples, the physical properties of doped
nanocrystals are very strongly linked to the dopant speciation. Nanocrystals
with impurities randomly substituted throughout the lattice will generally
behave differently from those in which the impurities are segregated to the
surfaces. This raises the important question: What methods should be used to
judge the success of a synthetic procedure before moving on to study physical
properties? The ﬁeld has not yet reached a consensus on what the criteria should
be for proving successful doping, nor is it likely that any one method will be
satisfactory for all cases. A survey of the literature reveals that data from a
variety of physical methods have been presented as evidence of doping. In
this section, we present an overview of the most common methods that have
been applied for the purposes of characterizing the doping of semiconductor
nanocrystals.
A.

X-Ray Diffraction and Raman Spectroscopy

Doping a crystal with impurities does not result in the appearance of new Xray diffraction peaks, but instead leads to gradual shifts in the lattice parameters
of the host material as the dopant concentration is increased from the dilute
limit. The shifts arise from the strain induced when the dopant is incorporated
into the periodic crystal lattice. In what is now known as Vegard’s law (75), the
average lattice parameter should vary linearly with dopant concentration in the
crystal, and deviations from linearity are indications of phase transitions or
segregation. For bulk semiconductor crystals, Vegard’s law is an invaluable tool
for studying doping (20), and shifts in X-ray diffraction peaks have recently
been used as supporting evidence for the conclusion of isotropic doping in
inorganic nanocrystals by several groups (69, 70, 105). The powder X-ray
diffraction data in Fig. 15, for example, show a linear decrease in the a and c
lattice parameters of wurtzite CdSe nanocrystals with increasing analytical Co2þ
content up to 17% Co2þ (70). A discontinuity in the lattice parameter shift was
observed only between 17 and 30%, suggesting the possibility of a phase
transition or segregation at this highest concentration. From these data, random
ion displacement of core Cd2þ sites by Co2þ ions in the CdSe QDs was
concluded for the lower concentrations, in agreement with Vegard’s law.
For nanocrystals, the interpretation of lattice parameter shifts is complicated
by the very small dimensions of the crystallites. Because of the small crystal
dimensions, the diffraction peaks are broadened as described by the Debye–
Scherrer equation (106), making accurate assessment of small shifts more
challenging. Systematic errors such as zero-point or sample-height offsets can
also cause artiﬁcial shifts in lattice constants (107). The inclusion of an internal
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Figure 15. (A) X-ray powder diffraction of Co2þ:CdSe nanocrystals: (a) 0.4, (b) 12, (c) 17, and (d)
30% Co2þ. Silicon reference (*) and hexadecylamine () peaks are also observed. (B) shift of a and c
unit cell dimensions as a function of Co2þ concentration. Lines represent least-squares ﬁts to the data
<30% Co2þ. [Adapted from (70).]

standard such as bulk silicon can be used to account for such artifacts and is
essential for any quantitative analysis of the unit cell parameters. Although
commonly used in the characterization of bulk phase materials, this procedure is
infrequently employed in studies of doped nanocrystals.
Fully miscible solid solutions such as ZnxCd1  xS ð0 < x < 1Þ offer the bestcase scenario in which to study lattice constant shifts in doped nanocrystals.
Figure 16 shows the lattice constant shifts measured for a series of nanocrystalline and bulk ZnxCd1  xS alloys. Two features of the data are noteworthy: (1)
Nearly identical slopes (differing by 4%) are measured for both data sets, and
(2) A signiﬁcant offset (0.03 Å) between the data sets is measured. The nearly
identical slopes conﬁrm the validity of a Vegard’s law analysis of the nanocrystal data. The offset raises the possibility of an experimental determinate
error or nanoparticle surface effects that may change the apparent lattice
parameter. Although the offset may at ﬁrst appear negligible, its magnitude is
15% as large as the total lattice parameter shift over the entire doping range, a
range that is much larger than those obtained for less miscible systems such as
Zn1  xMnxSe(20) or Zn1  xNixO (109).
Perhaps of greater concern than calibration may be the increased sensitivity
to surfaces in powder XRD of nanocrystals relative to macroscopic crystalline
materials. Although XRD is routinely described as a bulk technique, it is
important to recognize that the nanocrystals themselves are up to 30% surfaces,
making the XRD experiment of nanocrystals more sensitive to surface effects
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Figure 16. The c-axis lattice parameter for nanocrystalline () and bulk (j) CdxZn1  xS.
Nanocrystalline and bulk data were adapted from (105) and (108), respectively.

than the same experiment performed on the corresponding bulk material.
Although the data in Fig. 15 are consistent with the conclusion of random
substitutional doping in the Co2þ:CdSe nanocrystals, it is worthwhile considering whether the data would also be consistent with other interpretations, such as
that the dopants are all on the nanocrystal surfaces. What should be observed in
the X-ray diffraction data in this hypothetical scenario?
Several groups have used XRD or wide-angle X-ray scattering (WAXS) to
study the growth of heterocrystalline shells around semiconductor QDs, primarily for the purposes of enhancing luminescence quantum yields by surface
passivation (95, 97–100). Figure 17 shows diffraction patterns for 4.0 nm
diameter CdSe nanocrystals overcoated with (panel A) ZnS (95) or (panel B)
CdS (100) shells of different thicknesses. In both cases, as the surface shell
thicknesses are increased, gradual shifts to higher angles of all diffraction peaks
are observed. At 2.6 monolayers coverage in the CdSe/ZnS nanocrystals, a new
feature at 56 becomes evident in the CdSe/ZnS core structure, as does
identiﬁable ZnS structure at other diffraction angles. Not until 5.3 monolayers
have been added are new features clearly observed that would suggest the
presence of a secondary phase, ZnS. These data were interpreted by the authors
as indicative of epitaxial growth of ZnS on the CdSe surfaces up to about two
monolayers, either coherently with large strain or incoherently with dislocations
(95). Coherent epitaxial growth is suggested by the observation of continuous
lattice planes extending across entire surfaces of the core–shell nanocrystals in
TEM measurements. Once the thickness of the ZnS shell was increased to above

78

J. DANIEL BRYAN AND DANIEL R. GAMELIN

Figure 17 X-ray powder diffraction patterns for core–shell nanocrystals. In panel (A) 4.0 nm
diameter CdSe QDs overcoated with (a) 0, (b) 0.65, (c) 1.3, (d) 2.6, and (e) 5.3 monolayers of ZnS
shell. The thin solid lines show simulations of the data. Powder patterns for wurtzite CdSe and ZnS
are included for comparison in the botton and top insets, respectively. [Adapted from (95).] (B)
3.5 nm diameter pure CdS nanocrystals (dotted), 3.9 nm diameter CdSe nanocrystals (dashed), and
core–shell samples having the same 3.9 nm CdSe core and CdS shell thicknesses of (a) 0.2 nm, (b)
0.7 nm, and (c) 1.1 nm. The dashed vertical lines represent peak positions for pure CdSe; the solid
lines represent pure CdS. [Adapted from (100).]

about two monolayers, the strain in the epitaxial ZnS layer arising from its 12%
lattice mismatch with the CdSe core caused defects that allowed strain relaxation and ultimately resulted in incoherent growth. For the CdSe/CdS nanocrystals, only a continuous shift toward the diffraction angles of CdS was observed
with increasing shell thickness (100).
A similar result has been found using Raman spectroscopy of core–shell
nanocrystals. Like XRD, Raman spectroscopy has also been widely employed to
study doping of bulk semiconductors (110–112) but so far has only rarely been
applied to doped semiconductor nanocrystals (70). Analogous to Vegard’s law,
shifts in lattice Raman vibrational energies have been found to occur with
increasing dopant concentration in both the bulk and nanocrystalline materials.
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A Raman study of CdSe/ZnS core–shell nanocrystals (97) also found a 1.9-cm1
blue-shift of the LO band with 0.5 monolayer ZnS shell growth, however, and
continuous gradual shifts in the phonon energies were observed up to the
equivalent of nearly three full monolayers before new features associated with
the ZnS shell were clearly detected. For calibration, 1.3 monolayers of ZnS
around a 4.0-nm nanocrystal of CdSe would yield an analytical Zn2þ concentration of 43% þ (1200 atoms in the core, 900 atoms in the shell), a value
that would be at the very high end of a TM2þ doping experiment. For more
typical doping concentrations of <10%, surface segregation of the dopant would
not give rise to a new phase, but may lead to a small shift in apparent lattice
parameters or vibrational energies if the dopants are ordered epitaxially on the
nanocrystal surfaces. Clearly, although linear shifts in apparent lattice parameters and vibrational energies are consistent with substitutional doping in
semiconductor nanocrystals , they may also be consistent with epitaxial growth
of islands or even whole monolayers of segregated phases on the surfaces of the
nanocrystals, and such data for nanocrystals must therefore be interpreted with
caution. The fact that X-ray diffraction, Raman spectroscopy, or other traditional
probes of doping may be strongly inﬂuenced by changes in surface structure
when applied to materials that are 25% surface highlights one of the new
challenges faced when working with this new class of materials.
B.

Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance spectroscopy is an accessible dopantspeciﬁc spectroscopic technique that probes transitions within Zeeman-split
ground states of paramagnetic ions. For the usual transverse experimental
conﬁguration, the microwave absorption selection rule is MJ ¼ 1. Because
of zero-ﬁeld splittings, transverse EPR is sensitive almost exclusively to ions
with Kramers ground states, such as Mn2þ. As described in Section II.C, EPR
spectroscopy has proven to be a very useful method for evaluating success in the
synthesis of colloidal Mn2þ-doped semiconductor nanocrystals. The EPR
spectra of a large number of nanocrystals doped with Mn2þ have now been
reported. Despite its superb sensitivity to Mn2þ ions, this technique has not been
widely employed for mechanistic studies in this area.
The sensitivity of EPR to multiple coordination environments has been
demonstrated in studies of Mn2þ-doped CdS nanocrystals (63). In Mn2þ:CdS
nanocrystalline powders prepared by inverted micelle synthesis, four distinct
resonances were observed and deconvoluted by varying experimental parameters including microwave power, microwave frequency, and temperature. The
deconvoluted signals are shown in Fig. 18. Four distinct manganese species
were detected through this experiment. A six line spectrum characteristic
of isolated paramagnetic Mn2þ was observed at 300 K and below [multiline
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Figure 18. X-band EPR spectra of Mn2þ:CdS NCs recorded at (a) 300 K and 25-mW power, (b)
4.2 K and 0.25-mW power, and (c) 4.2 K and 250-mW power. The dashed line in (a) was obtained by
subtracting signal (b) from signal (a). [Adapted from (63).]

signal (b)]. A broad, slightly asymmetric signal [signal (c)] observed only at
4.2 K could be cleanly recorded by using microwave powers high enough to
saturate the ﬁrst signal [signal (b)] at 4.2 K. This broad signal was attributed to
tetrahedrally coordinated Mn2þ in a disordered host, likely in a coordination
environment ‘‘near the surface’’ of the nanocrystals. An intense, broad Lorentzian signal was also observed [signal (a, dashed)] that increased in intensity
with Mn2þ concentration and disappeared <4.2 K. This spectrum could be
obtained cleanly by subtracting the multiline signal [signal (b)] from the full
spectrum [signal (a, solid)] collected at 300 K. This temperature dependence is
suggestive of antiferromagnetism, and signal (a, dashed) was attributed to phase
segregated MnS. Finally, an additional weak signal was observed using Q-band
microwave frequency (not shown) and attributed to octahedral surface-bound
Mn2þ ions. The deconvolution of these four signals by use of different
microwave powers and frequencies, and different temperatures, allowed the
authors to demonstrate a heterogenous distribution of Mn2þ dopants in the
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Mn2þ:CdS nanocrystals prepared by this method. A similar approach has been
applied to colloidal Mn2þ -doped ZnSe nanocrystals (90) prepared via a singlesource precursor method (Section II.A), which showed evidence for both a
disordered surface-bound or near-surface Mn2þ and an internal substitutional
Mn2þ. In both of these studies, this information was then applied in the analysis
of energy-transfer processes involving the near-surface Mn2þ ions.
The information provided by EPR spectroscopy related to the synthesis of
Mn2þ-doped ZnO nanocrystals is found in the data of Fig. 19 (54). The 300 K
X-band EPR data in Fig. 19, panel A follow the progress of a sample from an
early stage of growth through a surface cleaning process designed to ensure
exclusively internal doping of the resulting nanocrystals. Spectrum (a) provides
a reference for the spectrum of surface-bound Mn2þ ions, which were deliberately bound to the surfaces of pure ZnO nanocrystals in this case. The breadth of
the features in spectrum (a) is attributed to the inhomogeneous Mn2þ speciation
on the nanocrystal surfaces. Spectra (b) and (c) provide snapshots of the Mn2þ at
different stages during growth. Spectrum (b) was collected shortly (10 min)
after addition of OH to initiate nucleation and growth. The spectrum represents
the sample after it has reached its metastable state and no longer exhibits

Figure 19. Panel A is the X-band EPR spectra of colloidal Mn2þ:ZnO nanocrystals. (a) Surfacebound Mn2þ:ZnO nanocrystals. Samples prepared from 0.02% Mn2þ/99.98% Zn2þ reaction solution
collected (b) 10 min after base addition, (c) after 2 h of heating at 60 C, and (d) after treating with
dodecylamine. Panels B and C are the experimental and simulated 300 K X- and Q-band EPR spectra
of colloidal dodecylamine-capped 0.02% Mn2þ:ZnO nanocrystals in toluene. Simulations with (X1
and Q1) and without (X2 and Q2) s ¼ 2% D-strain are included. [Adapted from (54).]
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diffusion limited growth. Spectrum (b) generally resembles spectrum (a), but
shows improved resolution of the ﬁne structure. The emergence of resolved
hyperﬁne structure in this spectrum is attributed to partial incorporation of Mn2þ
into the ZnO lattice. At an average nanocrystal diameter of 4.0 nm, even a
statistical distribution of the dopants will result in a high proportion (25%) of
the Mn2þ ions at the surfaces of the nanocrystals. Spectrum (c) was collected
after heating the same sample to 60 C for 2 h to accelerate Ostwald ripening. As
seen from these data, the Mn2þ hyperﬁne features become increasingly better
resolved as growth proceeds, reﬂecting increased homogeneity in the Mn2þ
speciation. The increased homogeneity qualitatively follows the decrease in the
surface/volume ratio upon increasing the crystal diameters from 4.0 to 5.6 nm.
Spectrum (d) was collected following stripping of surface-bound Mn2þ ions off
of the nanocrystal surfaces using dodecylamine. The resulting spectrum shows a
series of well-resolved hyperﬁne transitions that could be simulated using axial
zero-ﬁeld splitting (termed D) and g values essentially identical to those of the
bulk single crystal, except for the addition of s ¼ 2% D strain in the
nanocrystal simulations (Fig. 19, panels B and C). These data not only
demonstrate successful doping of the ZnO nanocrystals with Mn2þ, but the
increasingly well-resolved hyperﬁne patterns with decreasing surface/volume
ratios reveal incorporation of the dopants during growth, and consequently, a
distribution of dopants throughout the nanocrystal lattices. The D strain in the
nanocrystals was attributed to minor lattice relaxation effects not present in the
bulk single crystal and associated with the proximity of surfaces in these small
crystallites.
EPR spectroscopy is not limited to Mn2þ, but the slow relaxation rates of
Mn2þ make this ion particularly well suited for EPR studies. The difference
between EPR signals for surface-bound and substitutionally doped Mn2þ ions is
generally very small, however, in part because of the large energetic separation
between the ground and ﬁrst excited states of Mn2þ (18,000 cm1 in II–VI
lattices), which leads to small second-order spin–orbit (or zero-ﬁeld) splittings
of the 6A1 ground state. These factors in turn mean that Mn2þ continuous wave
(CW) EPR spectra lack detailed information about the Mn2þ ligand-ﬁeld
environments. This situation is different for other potential dopants such as
Co2þ, but the EPR spectroscopy of these dopants in semiconductor nanocrystals
has not yet been sufﬁciently explored.
C.

Electronic Absorption Spectroscopy

Electronic absorption spectroscopy has played a pivotal role in the development of methods for synthesizing pure semiconductor nanocrystals. Nanocrystal
sizes, size distributions, growth kinetics, growth mechanisms, and electronic
structures have all been studied in detail using electronic absorption spectroscopy.
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The electronic absorption spectra of doped nanocrystals contain considerably
more features than those of the pure host nanocrystals. The transitions observed
may be grouped into three general classes: (a) the valence–conduction
band transitions of the semiconductor itself, (b) the internal (ligand ﬁeld, or
d–d) transitions of the dopant ions in the lattice environment, and (c) chargetransfer transitions involving either promotion of dopant electrons into the
conduction band or promotion of valence band electrons into a dopant-localized
orbital. Each transition type contains information about the electronic structure
of the doped nanocrystal. As discussed in Section II.B, the ligand-ﬁeld
transitions are particularly valuable from a synthetic point of view because
they are sensitive to the local coordination environment of the dopant ion and
may therefore be used to gain microsopic insight into a synthesis.
The ﬁrst demonstration of the use of ligand-ﬁeld absorption spectroscopy to
probe doping of QDs was for Co2þ doping of CdS and ZnS nanocrystals (68).
The Co2þ ion has seven d-electrons that, in a tetrahedral geometry, give rise to a
4
A2 ground state and three quartet excited states whose energies depend on the
strengths and types of metal–ligand bonding interactions as described by ligandﬁeld theory. The Tanabe–Sugano diagram for tetrahedral Co2þ [Fig. 20(a)]
shows the energies of the ﬁrst three spin-allowed ligand-ﬁeld excitations. The
energies of these transitions depend on the ligand-ﬁeld strength (Dq) and
electron–electron repulsion parameters, and therefore allow distinction between
different coordination environments of the dopant ions. This difference was used
to evaluate the success of the inverted micelle approach for the synthesis of

Figure 20. Tanabe–Sugano diagrams for (a) tetrahedral Co2þ (d7), showing the energies of the ﬁrst
three spin-allowed ligand-ﬁeld excitations (v1, v2, v3), and (b) tetrahedral Mn2þ (d5), showing the
spin-forbidden emissive transition.
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Co2þ doped CdS and ZnS nanocrystals (68, 91), as described in Section II.D,
and to evaluate the incorporation of Co2þ ions in the nucleation and growth of
ZnO nanocrystals (51, 52), described in Section II.B. The main challenge with
application of this method is the low intensities of the d–d transitions, which are
electric dipole forbidden to ﬁrst order by the parity selection rule, but which
gain intensity by mixing of the d orbitals with ligand orbitals and metal p
orbitals. Intensities are particularly problematic in the special case of Mn2þ,
which has no spin-allowed excitations because of its half-ﬁlled ground-state
conﬁguration, which gives rise to a 6A1 ground term having no orbital angular
momentum. The ligand-ﬁeld terms of Mn2þ are shown in Fig. 20(b), plotted as a
function of Dq=B. As discussed in Section III.F, the large energy gap between
the 4T1 excited and 6A1 ground states favors luminescence from this excited state
[represented as a down arrow in Fig. 20(b)], and the luminescence of Mn2þ ions
doped into semiconductors has been studied extensively.
D. X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is widely used to characterize thin
ﬁlms grown by vacuum deposition techniques, but relatively few studies of
freestanding nanocrystals by XPS have been reported and even fewer studies
have been reported that focus speciﬁcally on analysis of dopant concentration or
speciation by this technique. Due to the short mean free path (escape depth) of
the emitted photoelectron, XPS is primarily a surface technique and would
therefore seem appropriate for systems with high surface/volume ratios such
as nanocrystals. Using peak intensities and atom-speciﬁc sensitivity factors
[see Ref. (113)], materials composition can be probed by XPS. This approach
generally assumes the presence of geometric factors that are not present in
nanocrystals because of their small dimensions. A rigorous mathematical
treatment for nanocrystals allowed XPS data collected for undoped CdSe
nanocrystals to be analyzed to determine quantitative Cd/Se ratios and
the percentage of surface coverage by the passivating ligand trioctylphosphine
oxide (TOPO) (114). This spectroscopy was also used to characterize the
oxidation chemistry of CdSe QDs by monitoring the appearance of a peak in
the Se 3d core region associated with SeO2. Several reports on core–shell QDs
have included XPS characterization (102, 115, 116).
X-ray photoelectron spectroscopy has been applied as a valence state probe
in the study of europium-doped CdSe NCs prepared by lyothermal methods
using Li4[Cd10Se4(SC6H5)16] as the cluster precursor and EuCl2 as the source of
europium (69). Lattice contraction with increased dopant concentration (6%
contraction in the a lattice parameter at 37.4% europium) was observed by XRD
and, in accordance with Vegard’s law (75), was used to argue random substitutional doping. Interestingly, the europium 3d5=2 and 3d3=2 XPS lines were
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Figure 21. The XPS spectrum of (a) CdSe, (b) CdEu0.374Se, and (c) Eu2O3, showing Eu 3d core and
CdMNN Auger lines. [Adapted from (69).]

observed at energies similar to those of Eu3þ in Eu2O3 (Fig. 21), leading to the
conclusion that the dopants were in the Eu3þ oxidation state, although
introduced as Eu2þ. This conclusion was strongly supported by L-edge X-ray
absorption spectroscopy, which showed the europium LIII-edge ð2p3=2 ! 5dÞ
transitions in both the nanocrystals and Eu2O3 (Eu3þ) occurring 7 eV higher in
energy than in the Eu2þ reference compound, EuS (Fig. 21). Assuming the
conclusion of random substitutional doping is correct, the remarkably high Eu3þ
doping levels of up to 37.4% imply substantial charge imbalance in these
nanocrystals, and this must presumably ﬁnd compensation distally at the
nanocrystal surfaces (but see Section III.A concerning Vegard’s law).
X-ray photoelectron spectroscopy was also used to study antimony-doped
SnO2 nanocrystals prepared as colloids by a sol–gel method involving autoclaving at 270 C (59, 60). Taking advantage of the relationship between escape
depth and incident photon energy, in which higher energy photons probe deeper
into the nanocrystal, and using a synchrotron radiation source, variable-energy
XPS experiments were performed that allowed depth proﬁling of the Sb3þ and
Sb5þ concentration gradients in 17% Sb-doped SnO2 nanocrystals (61). For
both Sb3þ and Sb5þ, substantial variation in concentration was observed
throughout the nanocrystals (Fig. 22). For 6.0-nm diameter nanocrystals
with average concentrations of 17%, the effective local concentrations
increased continuously from <5% in the nanocrystal cores (<1-nm diameter)
to as high as 27% in the outermost layers of SnO2. This substantial gradient
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Figure 22. Variable-energy XPS data for Sb-doped SnO2 nanocrystals. (a) Ratio of Sb(III) 3d3=2
() and Sb(V) 3d5=2 () to Sn 3d3/2 versus photon energy. Solid lines are simulations, dotted lines are
estimated error limits, and the dashed line represents the data predicted for the limit of isotropic
doping. (b) Sb(III) radial distribution proﬁle. (c) Sb(V) radial distribution proﬁle. [Adapted from
(61).]

suggests nucleation of pure SnO2 followed by dopant incorporation during
growth, as discussed above for doped ZnO and CdS nanocrystals (Sections II.B
and C).
E.

Extended X-Ray Absorption Fine Structure

Extended X-ray absorption ﬁne structure (EXAFS) data collected at the
dopant K-shell X-ray absorption edge have been used in some cases as a dopantspeciﬁc structural probe, providing very accurate bond lengths and approximate
coordination numbers. Whereas X-ray diffraction is rather insensitive to phase
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segregation at the small doping levels commonly investigated, EXAFS selectively probes the local coordination environment around the nucleus absorbing
at the wavelength of irradiation, making it suitable for dopant-speciﬁc structural
analysis even at low doping levels. This advantage is counterbalanced by the
expense and inconvenience of the experiment, which is typically performed at a
synchrotron or similar light source. The reader is referred to topical reviews of
the EXAFS methodology for further general details.
Several EXAFS studies of doped semiconductor NCs have appeared in the
recent literature (58, 69, 90, 117–119). Figure 23 shows the Fourier transform
(FT) functions of Mn K-edge (6.5 keV) data for two nanocrystalline and one
bulk Mn2þ-doped ZnS samples (118). The scattering peak near 2 Å is attributed
to the ﬁrst coordination shell around the Mn2þ ions, namely, the nearestneighbor S2 ions. The second peak, centered at 3.7 Å, is attributed to the
second coordination shell, namely, the next-nearest-neighbor Zn2þ and S2- ions.
A small shift was observed in the ﬁrst coordination shell scattering peak when
comparing the nanocrystals to the bulk material, and this shift was analyzed to
conclude that a difference exists between the Mn
S bond lengths in the
nanocrystals and in the bulk material. From a quantitative analysis of background-corrected data in momentum space, the Mn
S bond lengths in the NCs
were determined to be 2.39  0.01 Å and 2.36  0.01 Å for the 5.25 and
3.25-nm diameter NCs, respectively, and 2.42  0.01 Å in bulk Mn2þ:ZnS, all
slightly larger than the Zn
S bond lengths of bulk ZnS (2.34 Å). The authors
thus concluded that the Mn
S bond length shows a size dependence in
nanocrystals of Mn2þ:ZnS. This conclusion is important, since it would imply

Figure 23. (a) Fourier transforms of the EXAFS data for bulk Mn2þ:ZnS (solid line), 5.25-nm
diameter 0.5% Mn2þ:ZnS nanocrystals (dashed line), and 3.25-nm diameter 0.5% Mn2þ:ZnS
nanocrystals (dotted line). [Adapted from (118).] (b) Fourier transforms of bulk and surface Cu2þdoped SnO2 nanocrystals heated for 1 h at high temperatures. The sample type and heating
temperatures are listed beside each plot. For clarity the plots have been shifted by 0.75 on the y axis.
[Adapted from (58).]
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that the Mn
S covalency (proportional to orbital overlap) also changes as a
function of nanocrystal size in this size regime. No attempts were made to
remove dopant ions from the surfaces of these nanocrystals, however, so the
presence of substantial surface Mn2þ must be borne in mind when evaluating
these data. Because 34% of the cation sites would be in the outermost shell of
a 3.25-nm diameter ZnS NC, it is possible that the size dependence of the
scattering could instead arise from the increasing proportion of Mn2þ ions at the
surfaces as the crystal diameters were reduced. Despite the low dopant
concentration, the small scattering peak that shows up between the ﬁrst and
second coordination shells in the 3.25-nm diameter ZnS NCs was interpreted as
evidence for the presence of Mn2þ dimers and trimers in these nanocrystals.
Explicit consideration of surface bound Mn2þ ions in the EXAFS analysis has
been carried out on Mn2þ -doped ZnSe nanocrystals (90). The best ﬁts included
contributions from both Mn
Se (internal) and Mn
O or Mn
N (surface) Mn2þ
species. These data demonstrate the remarkable sensitivity of the EXAFS
experiment to small concentrations of impurity ions, and the usefulness of
this technique as a powerful dopant-selective structural probe.
In a related study (120), Mn2þ:CdS nanocrystals from 1.8 to 4 nm in diameter
were prepared by the inverted micelle approach with dopant concentrations
ranging from 5 to 20%, and the products were studied by EXAFS to characterize
S bond lengths
the Mn2þ coordination environments. Data analysis yielded Mn
(2.38 Å) that were signiﬁcantly shorter than the Cd
S bond lengths in pure CdS,
as expected for the introduction of a smaller ion, Mn2þ (0.80 Å), into a Cd2þ
(0.92 Å) site. To model the data, the authors found it necessary to include a
signiﬁcant (15%) nonsubstitutional scattering contribution, which was attributed
to surface-bound Mn2þ ions having 2.6 Å Mn2þ-thiodecane bonds. The authors
also addressed the possibility of Mn2þ clustering by EXAFS to demonstrate the
existence of a statistical solid solution. In one nanocrystal sample, the Mn2þ
concentration was determined by Energy Dispersive Spectroscopy (EDS) to be
10%. The EXAFS data for this sample were then analyzed to determine the
effective number of Cd2þ and Mn2þ nearest-neighbor interactions. Analysis of
the EXAFS data yielded an average of 10.5 Cd2þ nearest neighbors and 1.8
Mn2þ nearest neighbors for each Mn2þ, or an effective concentration of 15%
Mn2þ:CdS. The difference between the concentrations determined by EDS and
by EXAFS was attributed to uncertainties in the ﬁtting and energy resolution of
the EXAFS technique. From Eq. 3, the average nearest-neighbor cationic shell
in 10% Mn2þ:CdS contains N ¼ 1.2 Mn2þ ions, and consequently N ¼ 10.8
Cd2þ ions, consistent with the result obtained from the EXAFS analysis. These
analyses support the conclusion that the Mn2þ:CdS nanocrystals were true solid
solutions with nearly statistical dopant distributions.
Although this chapter focuses mainly on colloidal doped semiconductors, it
is of interest to discuss brieﬂy the use of EXAFS to monitor thermally induced
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dopant segregation in nanocrystalline TiO2 and SnO2 powders (58, 119). In
these studies, dopants were found to segregate from the internal volume of the
crystallites to the grain boundaries between adjacent nanocrystals. These
ﬁndings are of general importance and are relevant to the colloidal nanocrystals
emphasized here since dopant migration from the cores to the surfaces of
colloidal nanocrystals may sometimes also occur during postsynthesis hydrothermal annealing or other low-temperature anneal processes commonly employed with the colloidal materials. In one study, EXAFS was used to probe
niobium and zinc speciation in TiO2 nanocrystalline powders annealed between
300 and 600 C (119). The Nb5þ ion was shown to substitute for Ti4þ at the D2d
cation site of anatase at all annealing temperatures. Samples with Zn2þ
concentrations greater than 0.1% showed segregation to the grain boundaries
with annealing at 600 C, however. The Zn2þ was found to adopt coordination
environments and Zn
O bond lengths similar to those of wurtzite ZnO. As
discussed previously, XRD is not sufﬁciently sensitive to detect such minority
phases, and their presence can only be identiﬁed by dopant-speciﬁc probes such
as EXAFS. In this case, the difference in the solid solubilities of Nb5þ and Zn2þ
in TiO2 is not due to geometric lattice strain, since octahedral Nb5þ (0.69 Å) and
Zn2þ (0.74 Å) have ionic radii very similar to that of Ti4þ (0.69 Å). Rather, their
difference lies in an electrostatic interaction between charged defects (e.g.,
interstitial Ti2þ) and the dopants that facilitates their comigration to the grain
boundaries.
A parallel set of experiments was performed by the same laboratory in a
thorough study of Cu2þ and Fe3þ ion migration in SnO2 nanocrystalline
powders prepared by sol–gel chemistry (58). These dopants were found to
migrate to the nanocrystal surfaces at temperatures as low as 400 C, as
evidenced by increased disorder in their coordination environments detected by
EXAFS. The segregation of dopants was conﬁrmed by EXAFS measurements of
nanocrystals with Cu2þ or Fe3þ ions deliberately bound to their surfaces, which
showed similar disorder [Fig. 23(b)]. Since many of the potential processing
methods that may eventually be used in applications of doped oxide nanocrystals (see Section V) involve high-temperature anneal steps, the warning from
these studies that dopant migration may be activated even at relatively low
anneal temperatures in some cases must be heeded. In the particular cases of
doped TiO2 and SnO2, dopant migration is facilitated by the charge mismatch
between dopant and host, which leads to the formation of compensating defects
such as oxygen vacancies or interstitial cations. An important functional
consequence of dopant migration was demonstrated when it was observed
that the CO gas sensing properties of the Fe3þ:SnO2 nanocrystals diminished
in concert with dopant segregation (121). These experiments beautifully
demonstrate that EXAFS is a powerful dopant-speciﬁc spectroscopic probe
for studying speciation in impurity-doped inorganic nanocrystals.
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F.

Luminescence Spectroscopy

As an analytical tool, luminescence spectroscopy is complicated by energy
transfer and nonradiative relaxation processes, which may lead to selective
observation of a subset of dopant ions that are capable of emitting. This
complexity is illustrated in Fig. 24, which describes the various radiative and
nonradiative processes deduced from a detailed luminescence lifetime study of
Mn2þ:CdS nanocrystals (122). The processes include radiative decay of the
Mn2þ as well as of excited surface traps, and nonradiative decay of these states
as well as nonradiative energy transfer among the excitonic excited state, the
Mn2þ, and the surface traps. The overall observed luminescence is determined
by the relative kinetics of each of these processes. Although luminescence
spectroscopy may therefore not be a good probe of dopant uniformity from an
analytical standpoint, it is arguably the most important analytical probe when
the target property is itself luminescence, and in this regard it has been applied
successfully in several cases.
The synthesis of Mn2þ-doped CdS nanocrystals has been studied by several
groups. In one such study (82), the doped CdS nanocrystals were prepared by
simple mixing of ethylene glycol solutions of cadmium and manganese acetate
with a solution of sodium sulﬁde, followed by washing with methanol and
thermal treatment in triethyl phosphate to deagglomerate the particles. Mean
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Figure 24. Schematic representation of the proposed radiative and nonradiative processes
occurring in nanocrystalline Mn2þ:CdS. The straight lines represent radiative processes and the
curved lines represent nonradiative processes. (1) Absorption to generate excitonic excited state. (2)
Energy transfer to defect. (3) Energy transfer to Mn2þ via defect. (4) Radiative decay of defect. (5)
Radiative decay of Mn2þ. (6) Direct energy transfer to Mn2þ. [Adapted from (122).]
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Figure 25. Excitation and photoluminescence (solid and dashed lines) of x% Mn2þ:CdS nanocrystals, where x ¼ 0 (a), 0.8 (b), 2.5 (c), and 4.8 (d). The solid luminescence spectra were collected
in CW mode, and the dashed luminescence spectra were collected with a pulsed excitation source
and a 2-ms delay between excitation and emission detection. Note that the intensities of (b)–(d) are
referenced to that of (a). [Adapted from (82).]

diameters of 2.4 nm were determined by X-ray diffraction measurements.
Luminescence spectra of these nanocrystals for various doping levels are shown
in Fig. 25. The authors identiﬁed three distinct emission features that could be
correlated to Mn2þ doping concentrations. At low or no doping, the emission
was dominated by surface trap states of the CdS nanocrystals and appeared as a
broad band centered at 1.9 eV [Fig. 25(a)]. The lifetime of this emission was
determined to be in the microsecond time scale. At 0.8% Mn2þ doping
[Fig. 25(b)], a new, sharper emission feature centered at 2.16 eV became
dominant in the luminescence spectra of the colloids. This feature had a room
temperature lifetime of 1.7 ms, and so could be deconvoluted using timeresolved emission spectroscopy. The spectrum of the long-lived component is
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shown in Fig. 25(b) as a dashed line. The energy and lifetime of this feature
identify it as arising from the 4T1 ! 6A1 ligand-ﬁeld transition of Mn2þ ions
very likely within the crystalline CdS lattice, where they are isolated from
solvent vibrations, and hence have a bulk-like lifetime. The quantum yield for
this emission was estimated to be on the order of 60%. As the Mn2þ
concentration was increased, a third emission feature appeared at 1.77 eV
that also had a lifetime on the millisecond time scale [Figs. 25(c) and 25(d)].
The quantum yield for this emission was estimated to be on the order of 1%. The
relative intensities of the two Mn2þ emission features were then plotted versus
Mn2þ concentration, and the results were found to correlate with reasonable
agreement to the Poisson doping statistics for these Mn2þ concentrations,
discussed in Section I (Eq. 2). These data are plotted in Fig. 26 and ﬁtted to a
Poisson function for (a) PðnÞ ¼ 1 and (b) PðnÞ ¼ 2–5. From these data, the
authors concluded that the emission of the doped nanocrystals is characteristic
of the number of Mn2þ ions contained within the nanocrystals, and hence that
luminescence spectroscopy may be used to determine the mean concentrations
and distribution of Mn2þ ions among the particles in this low doping limit.
In another set of studies, it was found that aging of Mn2þ-doped CdS QD
preparations for 48 h prior to surface capping yielded higher quality
Mn2þ:CdS nanocrystals (65, 66). With aging, the average nanocrystal diameter
increased from 3.2 to 4.0 nm, indicative of growth of a CdS layer around the
initially prepared QDs via Ostwald ripening. Importantly, aging also led to an
average decrease in Mn2þ concentration per QD by 40%, showing that the
dopants segregated during Ostwald ripening. The ﬁnal product showed better
resolved manganese hyperﬁne splittings in the EPR spectra, as well as enhanced

0.04

Figure 26. Experimental photoluminescence quantum yields for Mn2þ:CdS nanocrystals, plotted
versus Mn2þ concentration: (a) for the long-lived yellow emission from Figure 25; (b) for the shortlived red emission from Figure 25. The solid lines represent the proportion of particles with (a) 1 and
(b) 2–5 Mn2þ dopant ions, as described by Eqs. 1 and 2. [Adapted from (82).]
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T1 ! 6A1 emission intensities (66). The increased Mn2þ 4T1 ! 6A1 luminescence intensity and resolution in EPR spectrum are consistent with internalization of Mn2þ ions within the cores of CdS nanocrystals, that is, greater
homogeneity in dopant speciation. Ostwald ripening was thus concluded to
internalize near-surface or surface-bound Mn2þ ions. Although unintentional,
this aging process is ultimately very similar to the isocrystalline core–shell
methodology discussed in Section II.D.
In many cases, luminescence spectroscopy can only serve as an indirect
probe of doping because the dopant ions themselves act as effective nonradiative
traps. For transition metal ions, multiphonon relaxation is usually the dominant
nonradiative decay process. Multiphonon relaxation is adequately described
using the single conﬁgurational coordinate (SCC) model, which assumes that
the coupling responsible for nonradiative decay can be approximated by the
interactions between the donor (excited) and acceptor (e.g., ground or lower
excited state) potential surfaces along one single effective nuclear coordinate,
Qeff. Within the ‘‘super simple harmonic oscillator approximation’’ (harmonic
potential surfaces, identical force constants and normal-coordinate descriptions
in the ground and excited states), the T ¼ 0 K multiphonon decay rate constant is
given by Eq. 7:
4



kmp ð0Þ

eS S p
ðEÞ
p!


ð7Þ

where, p ¼ E00 =neff is the dimensionless energy gap between the upper state
and the closest lower energy state in units of the vibrational energy, neff (cm1),
of the effective nuclear coordinate Qeff. The parameter E is the electronic
transmission factor, and S is the Huang–Rhys dimensionless excited-state
distortion parameter in units of veff. As seen in Eq. 7, kmp is strongly dependent
on the reduced energy gap, p. Additionally, for a ﬁxed gap, the introduction of
even small excited-state distortions, S, can dramatically increase kmp. This
model is easily extended to elevated temperatures, where substantial increases in
kmp may be observed due to thermal population of excited vibrational levels. For
tetrahedral Mn2þ, p is large (p 28B/neff, where B is the Racah e–e repulsion
parameter) due to electron–electron repulsion because the 4T1 ! 6A1 transition
requires a spin ﬂip [Fig. 20(b)]. In contrast, the 4T1(P) state of tetrahedral Co2þ
occurs at a similar energy above the ground state as the Mn2þ 4T1 state does, but
lies just above the nearby 4T1(F) state, and hence has a substantially smaller
energy gap (p 12B/neff). Consequently, Co2þ:ZnS shows emission from the
4
T1(P) state only at cryogenic temperatures (123), whereas Mn2þ:CdS emits at
room temperature with high quantum efﬁciency. The presence of low-energy
excited states in Co2þ is responsible for the rapid nonradiative decay of the
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Co2þ 4T1(F) state. In fact, the absence of low-energy excited states is unique to
Mn2þ among divalent tetrahedral 3d transition metal ions, and consequently
Mn2þ is the only efﬁcient 3d TM2þ activator for visible luminescence.

IV.

PHYSICAL PROPERTIES: SOME CASE STUDIES

In this section, we discuss the application of several physical methods not as
analytical techniques, but as probes of the electronic structures and functionally
relevant properties of doped inorganic nanocrystals.
A.

Luminescence of Mn2þ:ZnS Nanocrystals

The luminescence properties of doped semiconductors have attracted a great
deal of interest for many years, and the emergence of synthetic methodologies
for preparing doped semiconductor nanocrystals has sparked new interest in the
properties of this class of materials. As described in the Introduction, initial
claims (33) that Mn2þ:ZnS QDs represented a new class of luminescent
materials combining high-luminescence quantum yields with fast radiative
decay now appear to have been somewhat overstated. To test these claims,
luminescence decay kinetics were measured for Mn2þ:ZnS nanocrystals in
several laboratories almost simultaneously (35–38). These experiments detected
a fast (t ¼ 40, 250 ns) multiexponential decay similar to that initially reported
(33), but also showed that this fast decay was followed by a slow singleexponential decay having a long lifetime [t ¼ 1.9 ms (35)] equivalent to that of
bulk Mn2þ:ZnS (t ¼ 1.8 ms) within experimental error. The association of the
long-lived emission with Mn2þ is demonstrated by the time-resolved emission
spectra of nanocrystalline Mn2þ:ZnS shown in Fig. 27. The fast decay signal,
centered at 405 nm but tailing throughout much of the visible, was attributed to
the intrinsic emission of the ZnS nanocrystals. The slow emission, centered at
580 nm, is clearly associated with the 4T1 ! 6A1 transition of the Mn2þ.
Subsequent reports helped to substantiate the interpretation of fast decay from
traps and slow decay from Mn2þ, and have additionally reported the observation
of a fast Mn2þ emission decay associated with surface-exposed Mn2þ ions (37).
The absence of an enormous enhancement in radiative decay rates in the
nanocrystals can also be veriﬁed by electronic absorption spectroscopy. The
original claim stated that the Mn2þ 4T1 ! 6A1 radiative decay lifetime dropped
from trad ¼ 1.8 ms in bulk Mn2þ:ZnS to trad ¼ 3.7 ns in 0.3% Mn2þ:ZnS QDs
(3.0 nm diameter) (33). This enhancement was attributed to relaxation of
Mn2þ spin selection rules due to large sp–d exchange interactions between the
dopant ion and the quantum-conﬁned semiconductor electronic levels (33, 124–
127). Since the Mn2þ 4T1 ! 6A1 radiative transition probability is determined
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Figure 27. 300 K time-resolved luminescence spectra of Mn2þ:ZnS nanocrystals. Applied delay
times and gate widths are, respectively, (a) 0 and 2 ms, (b) 3 and 200 ms, and (c) 0.5 and 1 ms.
Pulsed excitation at 266 nm was provided by a Nd3þ:YAG laser. (d) The time-averaged emission
spectrum. [Adapted from (35).]

by the same transition probability integrals that govern the 6A1 ! 4T1 absorption transition, the radiative decay rate constant (krad ¼ trad1) can be estimated
from quantitative measurement of the absorption intensity. Equation 8a relates
trad to the absorption oscillator strength, f, of an electronic transition between
ground (a) and excited (b) states, and Eq. 8b relates f to the molar absorption
coefﬁcient, emax (128, 129)
ga n½ðn2 þ 2Þ=3
gb
al2 ð
f ¼ 4:315 109 edn

t1
rad ¼ f

ð8aÞ
4:61

109 emax ðfwhmÞ

ð8bÞ
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where fwhm ¼ full width at half-maximum. The origin (18,150 cm1), maximum (19,231 cm1), and spectral bandwidth (fwhm 1750 cm1) of the
6
A1 ! 4T1 absorption transition of Mn2þ in ZnS at 300 K are known from
bulk absorption studies and from luminescence excitation spectra of Mn2þ:ZnS
DMS–QDs (130). From high-sensitivity absorption spectra of colloidal Mn2þ:
ZnS nanocrystals collected over the energy region where the 6A1 ! 4T1
transition is anticipated, the 6A1 ! 4T1 transition is not observed allowing an
upper limit of emax 1.5 M1cm1 to be estimated (131). This value is
comparable to that of bulk Mn2þ:ZnS (emax ranges from 0.1–1 M1cm1)
(132). Using the total degeneracy of the 4T1 excited state of gb ¼ 12, that of
the 6A1 ground state of ga ¼ 6, the ZnS bulk index of refraction (n ¼ 2.37), and
the proposed trad ¼ 3.7 ns (33), Eq. 8b yields emax 23,000 M1cm1. In such a
case, the 6A1 ! 4T1 absorption feature would be clearly observable in the
absorption spectra of Mn2þ:ZnS nanocrystals, since it would be comparable in
intensity to the ZnS band-gap absorbance. For comparison, the value for emax
calculated from Eq. 8b using bulk trad ¼ 1.8 ms is emax 0.05 M1cm1,
consistent with the experimental data. This simple calculation rules out the
possibility of greatly enhanced Mn2þ radiative decay rates in nanocrystalline
Mn2þ:ZnS and supports the assertion that the short lifetime originally reported
arises from nonradiative deactivation pathways involving surface Mn2þ or other
surface traps (35–38).
In fact, Yu et al. (133) examined the time-resolved emission spectra of Mn2þ:
ZnS nanocrystals under high excitation densities and have reported the observation of luminescence from thermally nonequilibrated 4T1 excited states of Mn2þ.
Figure 28 shows the room temperature time-resolved emission spectra of Mn2þ:
ZnS nanocrystals estimated to contain <0.1% Mn2þ in ZnS. The emission was
excited using 40 ns pulses at 248 nm. Interestingly, at 1-ms delay time, the Mn2þ
emission spectrum shows a split peak with a dip at 590 nm, precisely where the
maximum of the time-averaged emission spectrum occurs. With an increase in
delay time, the splitting of the peaks decreases, and at times >150 ms only a
single peak is observed. The splitting of the two peaks showed no signiﬁcant
temperature dependence, but was found to depend on the pulse excitation power
density (4–8 mJ cm2). These results were explained as a manifestation of hot
nonthermally equilibrated excited-state populations, which give rise to luminescence from the classical turning points of the 4T1 excited-state potential energy
surface to the 6A1 ground state. Subsequent reexamination of these data (134)
showed that the unusual band shapes could be reproduced using a SCC model by
assuming only a nonequilibrium initial distribution among vibrational levels of
the 4T1 state. The calculated emission line shapes as a function of time, ﬁtted to
the data from Yu et al. (133), are shown in Fig. 29 and reproduce the
experimental data well. Importantly, the ﬁts involved only two adjustable
parameters, the initial mean occupation number, p(n,0), and the relaxation
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Figure 28. The 300 K time-resolved luminescence spectra of Mn2þ:ZnS nanocrystals in polyvinyl
butyral (PVB) ﬁlms, collected at the various delay times indicated following a 248-nm excimer laser
pulse (pulse width 40 ns, 2 Hz, excitation density ¼ 5.6 mJ/cm2, detection gate width ¼ 2 ms).
[Adapted from (133).]

rate constant, C, within the 4T1 excited state. Other parameters such as the
Huang–Rhys parameter and the vibrational frequency were determined independently. These calculations supported the original interpretation of the data.
The authors also noted that the relaxation rate constant, C ¼ 5.0 104s1,
extracted from the calculations is several orders of magnitude smaller than those
of the corresponding bulk materials (C ¼ 1010s1), and this may reﬂect
correspondingly smaller coupling of the local vibrational mode deﬁning the
Mn2þ excited-state potential surface to the reservoir of lattice modes. This
conclusion ﬁnds support in earlier studies in which the phonon density of states
in nanoparticles was found to be signiﬁcantly smaller than in the corresponding
bulk materials (135). This nonthermalized Mn2þ excited-state population in
Mn2þ:ZnS nanocrystals therefore appears to result from the effect of the
crystallite’s ﬁnite size on the phonon density of states in the crystal, akin to
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Figure 29. Calculated emission line shapes as a function of delay time, simulating the data
presented in Figure 28. [Adapted from (134).]

the slow rates of internal conversion proposed and observed for excitonic states
in QDs (136).
B.

Magnetism

Magnetic susceptibility is a bulk technique that cannot easily separate
contributions from multiple dopant sites if dopant inhomogeneities exist.
Even for statistically doped materials with uniform dopant speciation, the
signiﬁcant probability of ﬁnding dopant clusters even at low dopant concentrations (discussed in Section I) contributes to the complexity of magnetic
susceptibility data and the information content of this experiment may be
difﬁcult to interpret in its full detail. Nevertheless, the inﬂuence quantum
conﬁnement may have on the magnetic properties of DMSs has intrigued
researchers and motivated the study of DMS nanocrystals by magnetic susceptibility. Whereas the size-dependence of the magnetic properties of nanocrystalline hard ferromagnets like Fe, Ni, and Co has been studied in detail (137),
analogous effects in nanoscale DMSs have not.
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A central motivation for the preparation of magnetically doped semiconductor nanocrystals is the possibility of creating ferromagnetic DMS colloids that
can be used as components of self-assembled spintronic nanostructures, integrated into devices such as those currently made by self-assembly of nonmagnetic semiconductor nanowires and nanocrystals (138, 139). Although this
may at ﬁrst appear to be an insurmountable challenge, it is noteworthy that room
temperature ferromagnetism has been observed in nanoscale DMSs grown
epitaxially on semiconductor surfaces. Ferromagnetism above room temperature
has been reported for nanoscale epitaxial islands of manganese-doped InAs
(140) (typically 60 20 nm, 16% Mn) and cobalt-doped TiO2 (141, 142)
(typically 90 12 nm, up to 40% Co) DMSs on semiconductor surfaces, and
a device showing very large magnetoresistance effects (up to 2000%) from
ferromagnetic manganese-doped GaAs DMS nanowires of 100- and 400-nm
diameters connected by sub-10-nm constrictions has already been demonstrated
at 4.2 K (31). A major motivation for exploring colloidal DMS nanocrystals can
thus be stated as the desire to detach such ferromagnetic islands from their
substrates to take advantage of processing capabilities already exploited for
other colloidal semiconductor nanocrystals. The development of colloidal
ferromagnetic DMS nanocrystals that mimic the epitaxial nanostructures grown
by MBE and other vacuum deposition methods should be possible, and this
would open the door to self-assembly approaches to spin-based semiconductor
devices. To date, no free-standing ferromagnetic DMSs have been made,
however. The relatively few colloidal DMSs that have been prepared and
studied by magnetic techniques have shown only paramagnetism, sometimes
perturbed by antiferromagnetic dopant–dopant exchange interactions, and in
some cases by spin–glass transitions or antiferromagnetic ordering at low
temperatures (see below).
The magnetization of paramagnetic transition metal ions in Mn2þ DMSs is
often described by the Brillouin function, shown in Eq. 9. Here, mB is the Bohr
magneton and N represents the number of dopant ions in the sample, typically
derived from the experimental dopant concentrations determined by inductively
coupled plasma–atomic emission spectroscopy (ICP–AES) or analogous analytical methods. The parameter H is the applied magnetic ﬁeld, k is the Boltzmann
constant, T is the temperature, S is the spin state, and g is the Landé Zeeman
factor. In studies of the magnetization of bulk Mn2þ:CdTe and Mn2þ:CdSe this
expression was modiﬁed by deﬁning an effective temperature, Teff ¼ T þ T0,
Mn2þ superexchange interactions at higher concenwhich accounts for Mn2þ
trations (41). For all known cases, T0 > 0, indicating antiferromagnetic exchange interactions. Using Teff in Eq. 9, the magnetization, M, is reduced by
an amount related to the magnitude of antiferromagnetic exchange coupling.
The parameter T0 is thus analogous to the Curie–Weiss temperature, .
Although empirical, this modiﬁed Brillouin function has proven useful
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in many cases.






1
gmB H
gmB H
M ¼ NgmB ð2S þ 1Þ coth ð2S þ 1Þ
 coth
2
2kT
2kT

ð9Þ

Equation 9 (and its empirical modiﬁcation) is appropriate for describing the
magnetization of Mn2þ ions in DMSs since their 6A1 ground state has no orbital
angular momentum and the energy gap between this and the ﬁrst excited state
(4T1) is large such that second-order spin–orbit coupling effects are small. The
axial zero-ﬁeld splitting parameter for Mn2þ in ZnO is only D ¼ 2.36 102
cm1, for example (143, 144). Although tetrahedral Co2þ also has no orbital
angular momentum in its ground state (4A2), the proximity of the 4T2(F) excited
state gives rise to a larger zero-ﬁeld splitting (e.g., D ¼ þ5.5 cm1 in ZnO)
(145), and the Brillouin function fails outside of the Curie region of high
temperatures and small ﬁelds. In the case of Ni2þ, which has both spin and
orbital angular momentum in its cubic ground-state (3T1), ﬁrst-order spin–orbit
coupling splits the ground state by hundreds of wavenumbers (52, 146) and the
magnetization must be analyzed by explicit consideration of the Zeeman
elements for each spinor level. Ni2þ in II–VI semiconductors is a classic
example of temperature-independent paramagnetism. In addition to the high
solid solubility of Mn2þ in II–VI lattices, the simplicity of its ground state for
magnetic studies must be in part responsible for the overwhelming focus of
DMS literature on Mn2þ DMSs.
In order to study the magnetism of freestanding DMS–QDs, interparticle
exchange must be prevented, and this is usually accomplished using bulky
surface ligation. The magnetic properties of Co2þ-doped CdSe nanocrystals
(0.4–30% Co2þ) with surfaces cleaned by Py stripping (see Section II.D) and
passivated with Py ligation have been studied in detail (70). At low concentrations and high temperatures, an effective magnetic moment of meff ¼ 3.52 mB/
Co2þ was measured. This moment is close to the spin-only value of 3.87 mB/
Co2þ and conﬁrmed the predominance of isolated paramagnetic Co2þ at low
concentrations. At higher Co2þ concentrations (17 and 30%), antiferromagnetic
Co2þ superexchange coupling was observed and analyzed using a Curie–
Co2þ
Weiss model to estimate the antiferromagnetic Heisenberg exchange coupling
constants describing superexchange between nearest-neighbor Co2þ ions (JNN/
kB). The parameter JNN/kB was claimed to vary with dopant concentration from
þ0.1 K in 0.4% Co2þ:CdSe nanocrystals to 122 K in 30% Co2þ:CdSe
nanocrystals. Evidence for a spin-glass (SG) phase transition was also observed
below 4 K for all concentrations. The authors observed spin-glass transition
temperatures (Tg between 2 and 4 K) that were signiﬁcantly higher than those of
bulk Co2þ:CdSe, where Tg temperatures between 0.1 and 0.9 K have been
observed (147). The dependence of Tg on dopant concentration, x, was modeled
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Figure 30. Double-log plot of the spin-glass transition temperature, Tg, versus mole fraction of
dopant for Co2þ:CdSe nanocrystals. [Adapted from (70).]

by the expression Tg ¼ Bxn/3, where B is a constant (shown in Fig. 30). The bulk
data were best ﬁt when n  6.3 (148), and the nanocrystal data were best ﬁt with
n  0.38 (70). The smaller value of n was interpreted as indicating a much
longer superexchange interaction length in the nanocrystals. One of the possible
interpretations of the higher spin-glass transition temperatures and larger
superexchange coupling constants considered by the authors related these trends
to quantum conﬁnement, in which the shift in the valence band energy relative to
the Co2þ valence orbitals with decreasing nanocrystal diameter led to enhanced
p–d hybridization. Further investigation to determine the generality of these
intriguing observations and conclusions would certainly be warranted.
The magnetic properties of manganese-doped InAs nanocrystals with diameters ranging from 2.2 to 10 nm and doping levels up to 5% have been reported
recently (71). These nanocrystals were prepared by high-temperature arrested
precipitation involving dehalosilylation of InCl3 and MnBr2 with tristrimethylsilylarsine in the coordinating solvent, trioctylphosphine (TOP). The nanocrystals were stirred in Py for 24 h to remove surface manganese, and approximately
one-half of the manganese was found to be solvated under these conditions.
The Mn2þ EPR signals were observed after Py ligand exchange [Fig. 31(a)],
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Figure 31. (A) The 115 K X-band EPR spectra of (a) TOP-capped 5-nm diameter InAs
nanocrystals, (b) TOP-capped 5 nm diameter 1% manganese-doped InAs nanocrystals, and (c)
pyridine-capped 5-nm diameter 2.4% manganese-doped InAs nanocrystals. (B) Temperaturedependent magnetic susceptibilities for manganese-doped InAs nanocrystals, measured at 0.5 T: (x)
4-nm diameter, 2.4% Mn, (&) 4-nm diameter, 4.8% Mn, (þ) 4.6-nm diameter, 1.4% Mn, (O) 4-nm
diameter, 2.0% Mn. The solid lines are the best ﬁts of the Curie–Wiess expression to the data,
assuming S ¼ 52. The ﬁts yielded effective magnetic moments of 3.7, 3.0, 2.7, and 2.2 mB/Mm, and
JNN =kb exchange constants of 4.3, 2.1, 2.7, and 3.7 K, respectively. [Adapted from (71).]

from which the authors concluded that manganese was in the Mn2þ oxidation
state. Although Mn3þ would be the charge neutral oxidation state, no evidence
of Mn3þ was found, suggesting the possibility that manganese also serves as a
p-type dopant in these nanocrystals, but evidence of this was also not detected.
We note that Mn3þ would not have been observed in this EPR experiment
because of its non-Kramers ground state. Magnetic susceptibility measurements
on these nanocrystals [Fig. 31(b)] showed temperature-dependent molar susceptibilities that varied with dopant concentration. Paramagnetism was reported
between 5 and 100 K, and deviations from Curie behavior attributed to
antiferromagnetic exchange were analyzed using the Curie–Weiss law assuming
a Néel transition temperature <5 K. The JNN/kB values for the various dopant
concentrations were determined from the temperature-dependent susceptibility
data and ranged from 2.0 to 4.3 K, values that are greater than but
comparable to the value of JNN/kB ¼ 1.6 K found for bulk Mn-doped InAs.
The effective magnetic moments, which ranged from meff ¼ 2.2–3.7 mB/Mn,
were substantially smaller than the spin-only effective magnetic moments for
Mn2þ (meff ¼ 5.92 mB) or Mn3þ (meff ¼ 4.90 mB). The authors proposed that the
small meff values may be attributable to donor–acceptor interactions between
Mn2þ ions and AsGa antisite defects. The most important aspect of this study is
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its representation of an attempt to synthesize by wet chemical means DMS
nanocrystals of a III–V semiconductor, an area that has hitherto been achieved
only by vacuum deposition methods such as molecular beam epitaxy. One may
reasonably expect exciting advances in this direction in the near future as the
syntheses of III–V DMSs receive more attention from chemists.
The absence of ferromagnetic ordering in these manganese-doped InAs DMS
nanocrystals is noteworthy, since the colloidal Mn2þ:InAs QDs (71) appear to
have sufﬁcient Mn2þ to be analogous to ferromagnetic islands grown by
molecular beam epitaxy (140), only with much smaller dimensions (<10-nm
NCs
diameter vs. 60 20-nm rod). Similarly, colloidal Co2þ:TiO2 DMS
studied by cobalt K-edge X-ray absorption and EXAFS spectroscopies (55)
appear to be nearly identical to analogous ferromagnetic anatase islands grown
by MBE (140), but are again somewhat smaller (6 3 vs. 90 12-nm
islands) and show only paramagnetism. Likewise, many ferromagnetic thin ﬁlms
of ZnO DMSs grown by vacuum deposition methods have been reported (149–
153), but only paramagnetism has been observed in freestanding nanocrystals of
these same DMSs (52, 54, 154). Carrier-mediated magnetic ordering mechanisms have been proposed for each of these ferromagnetic DMSs (155), and it is
possible that the DMS nanocrystals prepared to date lack the donor or acceptor
defects necessary for magnetic ordering. Whereas vacuum deposition techniques are capable of controlling carrier concentrations quite well, wet chemical
approaches to electronic doping are only now being developed and still suffer
from many of the same challenges as described here for magnetic dopants.
Recent work in which room temperature ferromagnetism was observed upon
aerobic aggregation of paramagnetic ZnO DMS nanocrystals at room temperature (154) has provided some clues about how to generate ferromagnetism from
colloidal DMS nanocrystals (see Section V.C), but research in this direction is
still at an early stage. With each success will come a deeper understanding of the
microscopic origins of ferromagnetism in this interesting class of materials.
C.

Magnetooptical Spectroscopies and sp–d Exchange Interactions

Very few magnetooptical studies of free-standing DMS quantum dots have
been reported, although there is a growing body of literature dedicated to
magnetooptical studies of epitaxial DMS quantum dots. The ﬁrst studies of freestanding DMS nanocrystals were of Mn2þ-doped CdS (67) and ZnSe QDs (49),
and both used analysis of magnetic circular dichroism (MCD) data to quantify
the inﬂuence of the magnetic dopant on the electronic structure of the
semiconductor. Speciﬁcally, MCD spectroscopy was used to determine the
magnitudes of the excitonic Zeeman splittings (E) in these nanocrystals,
and in both cases enhancement of short-range spin–spin interactions in the
nanocrystals relative to bulk was concluded. In the ﬁrst study (67), E was
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estimated for Mn2þ:CdS nanocrystals synthesized by the inverted micelle
procedure discussed in Section II. Doping by Mn2þ was conﬁrmed by EPR
and luminescence spectroscopy, but the Mn2þ concentration was not determined
analytically. The nanocrystals showed an intense pseudo-A term MCD signal at
the band edge that displayed S ¼ 52 saturation magnetization. The ODMR
(ODMR ¼ optically detected magnetic resonance) measurements further veriﬁed its association with the Mn2þ ions. The MCD signal intensities were
converted to excitonic Zeeman splitting energies using Eq. 10, where 2 is the
linewidth of the ﬁrst excitonic transition (determined from the absorption
spectrum of the same sample), Imax is the maximum intensity of the MCD
signal, and Dmax is the optical density of the sample at the energy of Imax.
Equation 10 is appropriate in the limit of 2 E.
E ¼

2I max
2:32Dmax

ð10Þ

Values for E obtained from this analysis are plotted versus applied magnetic
ﬁeld at 2 and 4.2 K for these Mn2þ:CdS nanocrystals in Fig. 32. E was then
analyzed using a model in which spatial distributions of Mn2þ ions within
nanocrystals as well as the reduced magnetization from dimer superexchange up
to the third-nearest-neighbor shell were taken into account explicitly. Dopants
were assumed to be distributed throughout the nanocrystals statistically. Fitting
the data within this model (dashed lines in Fig. 32) yielded a Mn2þ concentration of 0.16%. From this concentration, the QDs were estimated to contain an

Figure 32. The MCD band-edge intensities of x% Mn2þ::CdS nanocrystals, collected as a function
of applied magnetic ﬁeld and temperature and converted to effective band-edge splitting using Eq. 10
(solid lines). Theoretical band-edge splitting calculated for x ¼ 0.16% (circles). The inset shows the
MCD and absorption spectra in the band-edge region. [Adapted from (67).]
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average of one Mn2þ dopant per crystallite. The authors emphasized the
observation of a large Zeeman splitting of the ﬁrst excitonic state, and moreover
emphasized that this splitting should exist in individual nanocrystals containing
only one Mn2þ ion even in the absence of an applied magnetic ﬁeld. This
splitting is not observed in the MCD experiment at zero ﬁeld since the
measurement probes an ensemble of DMS–QDs with random magnetization
directions at zero ﬁeld. Consequently, the MCD signal is strongly dependent on
both temperature and ﬁeld even though the splitting of the spin sublevels would
not depend on these parameters in the limit of one Mn2þ per nanocrystal. Within
this model, the excitonic splitting at zero ﬁeld is determined directly from the
saturation value of E and equals 3.2 meV in these nanocrystals (67). This value
is less than the bulk value of 16 meV for the same dopant concentration (0.16%)
(156), a difference the authors attribute to (a) averaging over all possible Mn2þ
positions in the nanocrystal, since the exchange energy is maximum when the
dopant resides in the center of the nanocrystal where the electronic wave
functions for the ﬁrst excitonic state maximize, (b) the close spacing of the three
valence subbands that all contribute to the single broad pseudo-A term MCD
signal, but with different signs, and (c) to the random distribution of Mn2þ ions
among the NCs as discussed in Eqs. 1 and 2. The experimental value for E was
thus concluded to be a lower limit, and the authors predicted that by keeping a
single Mn2þ ion at the center of a nanocrystal and decreasing its size, spin level
splittings considerably larger than in bulk DMSs should be obtainable. An
alternative explanation for the small E that was apparently not considered is
that sp–d exchange energies decrease with quantum conﬁnement, a trend
suggested by theoretical calculations on Mn2þ:CdTe QD heterostructures (157).
In a related study using MCD spectroscopy, Mn2þ:ZnSe nanocrystals (49)
were prepared by hot injection using MnMe2 as the manganese precursor, and
repeated cap exchange with Py was used to verify the internalization of the
Mn2þ, as probed by EPR and luminescence spectroscopies. The Q-band Mn2þ
EPR spectrum [Fig. 33(a)] conﬁrms the presence of well-isolated Mn2þ ions,
although the authors stated that other Mn2þ species were also observed in this
spectrum. The MCD spectra for these DMS–QDs are shown in Fig. 33(b and c).
The ﬁrst excitonic transition of the ZnSe nanocrystals shows considerable MCD
intensity that is dependent upon the strength of the applied magnetic ﬁeld
[Fig. 33(b and c). The MCD signal intensity was also observed to increase in
proportion to the initial Mn2þ concentration used for synthesis, with no apparent
reduction in magnetization that could be attributed to Mn–Mn dimer formation.
From this concentration dependence, the authors concluded that the nanocrystals
were in the limit of an average of only one or fewer Mn2þ per crystallite (i.e.,
0.025–0.125% Mn2þ). Since these nanocrystals were prepared with an initial
Mn2þ cation mole fraction of 2.4% in solution this means that 95–99% of the
starting Mn2þ was not incorporated into the ZnSe lattices during synthesis.
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Figure 33. (a) The 295 K Q-band EPR spectrum of 2.9-nm diameter 1% Mn2þ:ZnSe nanocrystals.
(b) and (c) show 1.5 K variable-ﬁeld MCD data for 2.9-nm diameter 1% and 5.3 nm 2.5% Mn2þ:
ZnSe nanocrystals. (d) Zeeman splitting (E) versus magnetic ﬁeld extracted from the data in (b,
diamonds), (c, squares), and for an additional 4.2 nm 2.5% doped sample (circles). The solid
line shows a linear ﬁt to the low-ﬁeld data for (c), from which geff ¼ 475 was calculated. [Adapted
from (49).]

The 1.5 K MCD intensities were analyzed as a function of applied magnetic
ﬁeld to extract effective g values describing the excitonic Zeeman splitting in the
DMS–QDs. The MCD signal intensities were converted to excitonic Zeeman
splitting energies using Eq. 10. The parameter E obtained from this analysis is
plotted versus applied magnetic ﬁeld at 1.5 K for three batches of these Mn2þ:
ZnSe nanocrystals in Fig. 33(d). This analysis yielded an effective excitonic g
value of 475 for the Mn2þ:ZnSe nanocrystals showing the largest effect
(determined from E/bH in the linear region). The E determined in this
study is an order of magnitude larger than that found for the Mn2þ:CdS
nanocrystals in Fig. 32. Note, however, that the authors appear to have used an
erroneous form of Eq. 10 for their analysis that would have overestimated E
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by a factor of 4, but it is not possible to verify this from the data presented in the
paper. The authors concluded by emphasizing the observation of a large Zeeman
splitting of the ﬁrst excitonic state, and also emphasized that this splitting should
exist in individual nanocrystals even in the absence of an applied magnetic ﬁeld
because the majority of the QDs were estimated to contain at most one Mn2þ
dopant.
ZnO QDs doped with Co2þ, Ni2þ, and Mn2þ ions have also been studied by
MCD and Zeeman spectroscopies (52, 54). Figure 34 shows the low-temperature
absorption and MCD spectra of Co2þ:ZnO DMS–QDs (52). The S ¼ 32 saturation magnetization indicated all MCD intensity originated from the Co2þ
dopants. In addition to showing excitonic MCD intensity similar to those of
the Mn2þ-doped ZnSe and CdS DMS–QDs described above, these spectra
showed rich sub-band-gap features that provided further information about the
electronic structures of these materials. As described in Section III.C, the
transitions in DMS nanocrystals may be generally classiﬁed as LF, CT, or
semiconductor band-to-band (BG) transitions (see Fig. 34). The 4A2 ! 4T1(P)
ligand-ﬁeld transition in Fig. 34 showed extensive absorption and MCD ﬁne
structure arising from spin–orbit and vibronic contributions. Note that there is
quantitative agreement to within  1 cm1 (0.01%) between the LF ﬁne
structure energies observed in bulk and in these Co2þ:ZnO quantum dots. This

Figure 34. 7 K absorption and 5 K variable-ﬁeld (0–6.5T) MCD spectra of 1.7% Co2þ:ZnO
nanocrystals. The inset shows the S ¼ 32 saturation magnetization of the LF() and BG(~) MCD
intensities. Ligand-ﬁeld (LF), charge-transfer (CT), and band gap (BG) transitions are indicated.
[Adapted from (52).]
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suggested that dopants in ZnO are relatively insensitive to quantum conﬁnement, at least in the weak conﬁnement regime. To higher energies, the
Co2þ:ZnO nanocrystals showed excitonic MCD intensity similar to those of
the Mn2þ:ZnSe and Mn2þ:CdS DMS–QDs discussed above. The LF and
excitonic transitions were of comparable MCD intensity, despite the fact that
the absorption cross-sections of the latter exceeded those of the former by nearly
two orders of magnitude. The smaller C0 =D0 ratios (157) for the excitonic
transition reﬂects the indirect mechanism by which this transition gains MCD
intensity, namely, through dopant–host covalency.
The 1.7% Co2þ:ZnO DMS–QDs in Figure 34 were also examined by Zeeman
spectroscopy in transmission mode. An average band-edge Zeeman shift of 53
cm1/T over the range of 0–7 T ( Fig. 35) was measured. The Zeeman data were
analyzed in the mean-ﬁeld approximation using Eq. 11, where x is the dopant
mole fraction and hSz i is the expectation value of the Sz operator of the spin
Hamiltonian. N0 a and N0 b quantify the exchange interactions between the
dopant and unpaired spins in the conduction (CB) and valence bands (VB),
respectively (19, 159–161).
EZeeman ðCBÞ ¼ xN0 ahSz i

ð11aÞ

EZeeman ðVBÞ ¼ xN0 bhSz i

ð11bÞ

Figure 35. (a) Zeeman-splitting pattern for the one-electron band levels of ZnO DMSs with Hkz.
(b) Experimental band-edge Zeeman shift for 1.7% Co2þ:ZnO DMS nanocrystals (see Fig. 34). The
solid lines represent the transition energies predicted from the Zeeman splittings shown in (a) using
N0b ¼ 2.3eV. [Adapted from (52).]
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The covalency of the oxo-Co2þ bond gives rise to strong direct antiferromagnetic exchange between the dopant and an unpaired valence band electron. The
contribution from this p–d hybridization, N0 bhyb , dominates the overall exjN0 aj). In bulk Co2þ-doped II–VI
change magnitude (i.e., jN0 bj jN0 bhyb j
chalcogenide DMSs, for example, N0 b typically exceeds N0 a by an order of
magnitude (20, 160, 161). Analysis of the data in Fig. 35 yielded
N0 b ¼ 2:3  0:3 eV, corresponding to an effective g value of geff 200 for
the Zeeman splitting of the 9 valence band doublet. The band level Zeeman
energies calculated from this result are shown in Fig. 35(a).
In most DMSs, dopant–host covalencies are the dominant factors governing
sp–d exchange energies, which in turn are important for the magnetooptical and
magnetic applications of this class of materials. Microscopically, the p–d
hybridization in DMSs may be described within perturbation theory as an
admixture of valence band character into the dopant 3d wave function (Eq. 12a).
c03d ¼ c3d  ccL


^ j c3d
 cL j H
c
VSIE

ð12aÞ
ð12bÞ

The coefﬁcient of covalency, c, is dependent on the metal–ligand resonance
integral (numerator), which is proportional to the metal–ligand orbital overlap
(Eq. 12b, where VSIE ¼ valence shell ionization energy). As noted previously
(162), this integral is relatively large in ZnO due to the small unit cell
dimensions (a ¼ 3.2495 Å, c ¼ 5.2067 Å) and has been expected to play a major
role in determining the magnetic properties of ZnO DMSs. The denominator,
VSIE ¼ ED  EA, describes the energetic mismatch between VB and dopantacceptor wave functions and was deﬁned experimentally for Co2þ:ZnO QDs by
assignment of the ligand-to-metal charge transfer (LMCT) transition at
25,200 cm1 in Fig. 34, an assignment supported by optical electronegativity
arguments (52). The relatively high LMCT energy, which arises from the
high electronegativity of the lattice oxos, counterbalances the small unit
cell dimensions, and consequently N0 b in Co2þ:ZnO is in fact similar in
magnitude to those of Co2þ:ZnSe and Co2þ:CdSe (Table I). The N0 b
TABLE I
Selected Values of N0b (eV) for Co2þ- and Mn2þ-Doped II–VI Semiconductors
Lattice
CdTe
CdSe
ZnTe
ZnO

Co2þ
2.33
2.12
3.03
2.3 (0.3)

Reference
159
159
159
52

Mn2þ
0.83
1.30
1.1
2.4 (0.3)

Reference
159
161
161
161
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parameter is described microscopically within the context of a conﬁguration
interaction model as shown in Eq. 13 (162, 163), in which its proportionality to
the covalency of the dopant–valence-band interaction is evident. The parameters
E and Eþ correspond to virtual emission from or absorption to a singly
occupied t2 orbital on the dopant.
N0 b ¼ 




^ j c3d 2  1
16 cVB j H
1
þ
E Eþ
S

ð13Þ

Note that N0 b values in Co2þ DMSs are typically greater than in Mn2þ DMSs
(Table I). These greater values are predicted theoretically, since N0 b is inversely
proportional to the spin of the dopant, S (Eq. 13), a feature that arises from
consideration of the total number of exchange pathways between the VB hole
and the dopant.

V.

PROCESSING AND FUNCTIONALLY RELEVANT
PHYSICAL PROPERTIES

Although this chapter focuses on colloidal nanocrystals, one of the motivations for preparing materials in this form is the ﬂexibility they offer for further
processing and application. In this section, we introduce a few examples in
which colloidal nanocrystals were used as building blocks to construct
more complex architectures having interesting and potentially useful physical
properties.
A.

Electroluminescent Devices

Several examples have been reported recently of solution-processed multilayer electroluminescence devices incorporating semiconductor nanocrystals as
the active recombination centers (16–18, 164). Recently, attention has also
turned to hybrid electroluminescent devices involving transition metal-doped
nanocrystals (104, 165–167). Although many challenges remain, including more
speciﬁc exploitation of the dopants in many cases, the devices demonstrated to
date represent a new direction in application of doped semiconductor nanocrystals made possible by the compatibility of these luminescent nanocrystals
with solution processing methodologies.
In one recent study, Mn2þ-doped CdS nanocrystals grown with a ZnS
passivating shell were used as the recombination centers in direct current (dc)
electroluminescent devices (104). The Mn2þ:CdS/ZnS nanocrystals were prepared by the inverse micelle procedure (102) (see Section II.C) and these
colloids were incorporated into a multilayer device structure by spin-coat
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processing. Photoluminescence and electroluminescence spectra from one such
ITO//PEDOT-PSS//PVK//CdS:Mn/ZnS//Al multilayer device are shown in
Fig. 36(a). Whereas the photoluminescence spectrum showed predominantly
Mn2þ 4T1 ! 6A1 emission, the electroluminescence was red-shifted and broadened, indicating that it was dominated by nanocrystal surface defect emission.
Importantly, electroluminescence from the PVK polymer layer (at 405 nm)
was not observed, indicating electron-hole recombination occurred only in the
(a)
200
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0
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Figure 36. (a) Comparison of photoluminescence (360-nm excitation) and dc electroluminescence
(16-V applied voltage) spectra obtained from an ITO//PEDOT-PSS//PVK//CdS:Mn/ZnS//Al multilayer electroluminescent device. The photoluminescence spectrum of poly(N-vinylcarbazole) (PVK)
is included for comparison. [Adapted from (104).] (b) The ac electroluminescence spectra of doped
ZnS nanocrystals (SB ¼ 0.13%Cuþ:0.1%Al3þ:ZnS, sulﬁde poor, SG ¼ 0.13%Cuþ: 0.1%Al3þ:ZnS,
sulﬁde rich, SO ¼ 0.13%Cuþ:0.1%Al3þ:0.2%Mn2þ/ZnS, sulﬁde rich). Inset: Schematic illustration
of the multilayer electroluminescent device structure. Turn-on voltages were 1 V ac @ 100 Hz.
[Adapted from (167).]
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nanocrystal layer of the device. Electroluminescence was observed only when a
positive voltage was applied to the indium tin oxide (ITO) electrode. From the
log I/log V plot, the authors deduced ohmic-like behavior at low voltages
(<8 V), suggesting that conductance was limited by the PVK and CdS:Mn/ZnS
nanocrystal layers rather than interfaces between them and/or electrode interfaces. At higher voltages (>8 V), the data could be analyzed using the trappedcharge-limited-current model. By changing the organic hole–transport polymer,
the band offsets could be adjusted to alter the performance of the device so that
radiative electron-hole recombination occurred in the conjugated polymer rather
than in the nanocrystalline layer. From these results, the authors concluded that
the nanocrystal layer in this latter scenario served as an electron-transport layer
with high conductance. These results nicely illustrate the general conclusion that
recombination occurs in the nanocrystalline layer when the valence band offset
is smaller than the conduction band offset (PVK-based device), and in the
conjugated polymer layer when the conduction band offset was less than the
valance band offset [poly(p-phenylenevinylene) (PPV)-based device].
Strong room temperature alternating current (ac) electroluminescence was
recently achieved using 1–2-nm diameter ZnS nanocrystals codoped with
Cuþ, Al3þ, and Mn2þ (167). The nanocrystals were prepared by an aqueous wetchemical precipitation method (168) and spray coated onto a transparent
conducting electrode. The Al3þ was likely important for charge compensation
to allow incorporation of Cuþ at Zn2þ sites, although the authors noted the
likelihood of Cuþ accumulation at the nanocrystal surfaces. The electroluminescence was found to depend strongly on the S2 and Al3þ concentrations used
during nanocrystal synthesis, shifting from 462 to 530 nm on changing from
S2-poor to S2-rich synthesis conditions [Fig. 36(b)]. This observation was
interpreted as indicating the importance of sulﬁde vacancies (VS) on the
luminescent properties of the nanocrystals. The 462-nm emission was attributed
to a VS–Cu pair transition observed only in the presence of VS defects. The
530-nm emission was attributed to a Cu–Al pair relaxation that became possible
when sulﬁde vacancies were eliminated though synthesis under S2-rich
conditions. When the nanocrystals were additionally codoped with Mn2þ, the
characteristic yellow-orange Mn2þ 4T1 ! 6A1 emission was observed in the
electroluminescence spectrum, clearly indicating efﬁcient nonradiative energy
transfer to the Mn2þ. The authors noted the simple processing procedure, low
turn-on voltages (~10 V ac @ 100 Hz), and room-temperature operation as
advantageous aspects of this electroluminescent device.
B.

Photochemistry and Photovoltaics

The generation of H2 and O2 from H2O driven by solar energy has been a
long-standing ‘‘holy grail’’ of chemical research. Because H2 is a storable and
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renewable fuel whose only combustion product is water, it is one of the most
attractive alternatives to fossil fuels. Promising reactivities of microcrystalline
transition metal-doped semiconductors such as Zn1  xNixS (169), Sb/Cr-doped
TiO2 (170), and In1  xNixTaO4 (171), have been reported recently for water
splitting and other photoredox reactions. In these wide band-gap semiconductors, transition metal impurities sensitize the semiconductor to visible light,
allowing solar energy harvesting that is not possible for the pure host semiconductor. Nanocrystals offer the highest surface areas per gram, and so the
application of durable doped nanocrystals may be attractive for this and related
photoredox catalysis.
Although photochemical water splitting is typically investigated by irradiation of aqueous suspensions of the doped semiconductor powders and monitoring the evolved gasses chromatographically, it is also possible to study
photoredox chemistry using regenerative photovoltaic cells. In the traditional
Grätzel-type photovoltaic cell conﬁguration (172–174), a highly porous surface
is prepared by sintering wide band-gap semiconductor nanocrystals (e.g., TiO2
or ZnO) onto a transparent conducting electrode (e.g., ITO or F:SnO2).
Sensitizer chromophores (dyes) are then bound to the large surface area of
the nanocrystalline thin ﬁlm. The most widely employed sensitizers have been
ruthenium bipyridyl derivatives such as cis-bis(isothiocyanato)bis(2,20 -bipyridyl-4,40 -dicarboxylato)ruthenium(II), [RuL2(NCS)2]. Recently, a few labs have
explored the use of QDs of metal sulﬁdes and phosphides as sensitizers of
wide-band-gap semiconductors such as TiO2 (12–14, 175).
Regenerative photovoltaic cells have recently been constructed from thin
ﬁlms of Co2þ:ZnO nanocrystals deposited onto ITO transparent conducting
electrodes (176) The cobalt ions sensitized the wide-band-gap ZnO to visible
irradiation through their 4A2 ! 4T1(P) ligand-ﬁeld absorption, which extends
down to 700 nm. Current ﬂow upon white light illumination of the cell with and
without a 450-nm long-pass cut-off ﬁlter showed that the cobalt ions extended
the cell response into the visible energy range [Fig. 37(a)] relative to pure ZnO,
which absorbs only in the UV. Photocurrent action spectra showed the
characteristic Co2þ ligand-ﬁeld absorption ﬁne structure [Fig. 37(b and c)],
verifying that the sensitization came from excitation of the substitutional Co2þ
dopants. Such action spectra may help to elucidate the mechanisms by which LF
excitation leads to current ﬂow, an intriguing aspect of this photochemistry and
that of many of the water-splitting catalysts (171). Oxide nanocrystal photovoltaic cells may also hold certain advantages over the widely studied ruthenium
dye cells with respect to cost and long-term durability, since doped ZnO
nanocrystals are simple and inexpensive to prepare and do not suffer from
photodegradation or chromophore desorption. At present, the solar conversion
efﬁciencies of the Co2þ:ZnO cells are too low to be competitive. Nevertheless,
these cells and the related photocatalysis represent promising applications of
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Figure 37. (a) Photocurrent plotted versus time for a 5% Co2þ:ZnO nanocrystalline Grätzel-type
photovoltaic cell, switched between on and off states and illuminated by a 20-W tungsten/halogen
bulb using all wavelengths (dashed) or only wavelengths >450 nm (solid). Inset: Schematic of the
cell, showing nanocrystalline Co2þ:ZnO thin ﬁlm, ITO and platinum-coated ITO electrodes, and the
I /I
3 redox mediator. (b) IPCE (solid) and absorption (dashed) spectra of the cell. (c) Expanded
view of the LF region. [Adapted from (176).]

doped nanocrystals that will be of increasing interest for both fundamental and
applied research.
C.

High-Curie Temperature (TC) Ferromagnetism in Aggregates
and Nanocrystalline Thin Films

In some cases, the physical properties of collections of nanocrystals may
differ substantially from those of the free-standing nanocrystals. A clear
example of such a phenomenon is found in the magnetic properties of doped
ZnO nanocrystals. In the freestanding Ni2þ:ZnO QDs, for example, the Ni2þ
ions magnetize as paramagnets, displaying their characteristic second-order
Zeeman effect giving rise to temperature independent paramagnetism at low
temperatures (52, 145). At room temperature, this paramagnetism is very weak,
as shown in Fig. 38. Remarkably, the same nanocrystals can be induced to
undergo a magnetic transformation if allowed to aggregate slowly at room
temperature under reaction limited conditions (Figs. 38 and 39) (154). Reactionlimited aggregation facilitated the formation of dense clusters. Structurally, very
little change was observed beyond a small narrowing of the X-ray diffraction
peaks. The aggregates showed no order or registry. Magnetically, however, the
consequences were quite dramatic, as shown in Fig. 38 (154). The aggregates
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Figure 38. 350 K magnetization of rapidly (K) and slowly () aggregated 0.93% Ni2þ:ZnO
nanocrystals. [Adapted from (154).]

Figure 39. (a) XRD spectrum of 0.93% Ni2þ:ZnO aggregates prepared by reaction-limited
aggregation of colloidal Ni2þ:ZnO nanocrystals. The bulk ZnO diffraction pattern is indicated (!).
(b) TEM image of freestanding nanocrystals from which the aggregates were prepared. (c) The TEM
image of the aggregates used for (a). (d) Selected area TEM image of the same aggregates. [Adapted
from (154).]
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showed rapid magnetic saturation and a magnetic hysteresis at 300 K, indicative
of ferromagnetic ordering at room temperature (154). A similar result was also
found for aggregated Co2þ:ZnO nanocrystals (52). The emergence of ferromagnetism upon aggregation was attributed primarily to the introduction of
donor defects at the fusion interfaces, which generated carriers required for
long-range magnetic ordering, but the role of increased domain sizes is likely
also important. The Curie temperature, TC, for this ferromagnetism was found to
exceed 350 K.
The ferromagnetism of aggregated TM2þ:ZnO nanocrystals was shown to be
enhanced by active rather than passive aggregation via spin coating and
annealing. For example, very strong and robust ferromagnetism was observed
in nanocrystalline thin ﬁlms of 0.2% Mn2þ:ZnO spin coated from colloidal
nanocrystals and annealed for 2 min at 525 C between coats (0.02 mg/coat,
20–40 coats total) (54). Analysis of the XRD peak widths using the Scherrer
equation suggested an increase in effective grain diameter from 6 to 20 nm,
demonstrating nanocrystal sintering during the brief anneal and 300 K saturation
moments as high as 1.35 mB/Mn2þ were recorded (Fig. 40), nearly one order of
magnitude larger than the previously reported room temperature value (177). A
distinct ferromagnetic resonance signal was also observed in the EPR spectra of

Figure 40. 5K (dotted) and 300 K (solid) magnetic susceptibilities of 0.20% Mn2þ:ZnO
nanocrystals (#) and several thin ﬁlms (A–C) prepared by spin-coat processing of the nanocrystals.
[Adapted from (54).]
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the ferromagnetic ﬁlms. Quantiﬁcation of the remaining paramagnetism of the
ﬁlms led to the conclusion that the majority of the Mn2þ remained paramagnetic, and hence that the large ferromagnetic saturation moments were in fact
lower limits for the maximum values that could be achieved. This example
demonstrates a simple case in which colloidal DMS–QDs were used as solution
precursors for constructing higher dimensionality DMS nanostructures, and also
provides a clear demonstration that the collective properties of doped nanocrystals may differ substantially from those of the individual free-standing
nanocrystals.
Although ferromagnetism in DMSs has attracted attention primarily from
physicists, these studies also demonstrate that direct chemical routes offer
several advantages in this research area, since they may often provide better
control over materials composition than is obtained with more traditional hightemperature vacuum deposition and solid-state synthetic techniques. In particular, the latter methods often use dopant source materials that are themselves
undesirable contaminants [e.g., manganese oxides for Mn2þ:ZnO (177), NiO for
Ni2þ:ZnO (178), and cobalt oxides or Co metal for Co2þ:ZnO (179)] or that
require high temperatures and reducing conditions that may promote dopant
segregation (180). The advantage of the direct chemical approach is perhaps
best illustrated in the case of Ni2þ:ZnO, since the solid solubility of Ni2þ in ZnO
is very low (181), and there is a large driving force for phase segregation.
Ni2þ:ZnO thin ﬁlms prepared by pulsed laser deposition (PLD) using NiO as the
source of Ni2þ showed a magnetic hysteresis only <5 K (178) that closely
resembled the characteristic magnetism of nanoscale NiO (182), raising concerns over the possibility of nanoscale NiO contaminants. In contrast, Ni2þ:ZnO
DMSs prepared from ionic solutions showed ferromagnetism above room
temperature (TC > 350 K) that was demonstrably an intrinsic property of the
Ni2þ:ZnO DMS (154).
D. Templated Inverse-Opal Mesostructures
Several groups have reported the use of closest-packed polystyrene spheres to
template the formation of inverse opal structures by ﬁlling the interstitial voids
with a high-index material, followed by calcination of the polystyrene (183–
186). Importantly, ﬁlling the interstitial volumes with nanocrystals has been
found to be more effective than ﬁlling with sol–gel precursors because the
former yields higher density structures with higher effective refractive indices
(186, 187). The use of doped nanocrystals for this purpose would add an
additional degree of functionality to the inverse opal, potentially contributing
novel luminescent or magnetic properties to the resulting structure. In particular,
Er3þ doping is attractive for photonic structures because of its 1.5 mm 4I13/2 !
4
I15/2 emission, which coincides with the telecommunications window.
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Figure 41. The SEM micrograph images of an Er3þ:TiO2 inverse-opal structure templated using a
colloidal crystal of 466-nm polystyrene beads by ﬁlling the interstitial volumes with colloidal
50-nm diameter Er3þ:TiO2 nanocrystals followed by calcination to remove the poylystyrene. (a)
Low magniﬁcation. (b) High magniﬁcation. [Adapted from (187).]

Sintered erbium-doped TiO2 nanocrystals have recently been explored as the
active media in inverse opal structures prepared as described above (187).
Colloidal 1–3% Er3þ:TiO2 (anatase) nanocrystals with 50-nm diameters were
synthesized by sol–gel methods and characterized by X-ray diffraction and
TEM. Powders of the nanocrystals did not luminesce until calcined >300 C,
after which strong 1532 nm 4I13/2 ! 4I15/2 emission was observed. These
nanocrystals were then infused into the interstitial volume of a polystyrene
photonic crystal, and the polystyrene was removed by calcination. The SEM
micrographs of the resulting structure are shown in Fig. 41. From these images,
it was seen that the TiO2 nanocrystals preserved the structure of the colloidal
template remarkably well. Although no results were reported that described the
photonic properties of these Er3þ:TiO2 structures, these images demonstrated
the potential to use doped nanocrystals in the formation of photonic structures,
and more importantly suggest a wide variety of experiments that could be
performed along similar lines with potentially important consequences for
telecommunications technologies.

VI.

SUMMARY AND OUTLOOK

The body of work presented in this chapter has focused largely on the
synthesis of colloidal doped semiconductor nanocrystals, and on the application
of a wide variety of characterization techniques to ensure dopant incorporation
into the host semiconductor lattice. Although still relatively rare, the high-quality
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materials prepared by several laboratories in recent years have already allowed
detailed spectroscopic and magnetic studies of the physical properties of this
new form of materials to be performed. With such high-quality materials now
increasingly accessible, one may envision more frequent demonstration of the
application of doped nanocrystals as building blocks in self-assembled or
hierarchically ordered meso- and microstructures, the diversity of which will
be bound only by the imagination of the experimentalist. Future advances will
no doubt involve the demonstration of functional single-nanocrystal architectures in which dopants play a key role in governing performance. Electrical
doping by some of the methods described here will also become increasingly
important as the device structures accessible by self-assembly grow in sophistication, and future experiments will no doubt attempt to develop general
methods for synthesizing and characterizing electrically doped nanostructures
such as Liþ or Naþ-doped ZnO nanocrystals(188) and the Sb:SnO2 nanocrystals
described in Section III.D (59–61). Manipulation of electronic carriers in doped
nanocrystals will also likely become increasingly important, such as the
‘‘charging’’ of a variety of semiconductor nanocrystals that has been demonstrated using strong chemical reducing agents or electrochemical cells (189–
191). New approaches to physical characterization of doped nanocrystals may
also be anticipated, such as Z-contrast TEM for depth proﬁling of dopants
within individual crystallites, which would aid the understanding of dopant
gradients as discussed in Sections II.B and C and would complement the
analogous variable-energy XPS studies discussed in Section III.D. It is hoped
that the themes and details described in this chapter will be of assistance to all
who are working in these ﬁelds and will contribute to the advancement of this
exciting young research area.
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ABBREVIATIONS
ac
BG
CB
CT
CW
dc
DCI–MS
DMS
DMSO
DMS–QD
EDS
EDX
EPR
EXAFS
FT
fwhm
ICP–AES
ICS
ITO
IPCE
LF
LMCT
MCD
ODMR
PEDOT
PLD
PPV
PSS
PVB
PVK
Py
QD
SCC
SEM
SG
TC
TEM
TOP
TOPO

Alternating current
Band gap
Conduction band
Charge transfer
Continuous wave
Direct current
Desorption chemical ionization—mass spectrometry
Diluted magnetic semiconductor
Dimethyl sulfoxide
Diluted magnetic semiconductor quantum dot
Energy dispersive spectroscopy
Wavelength-dispersive X-ray spectroscopy
Electron paramagnetic resonance spectroscopy
Extended X-ray absorption ﬁne structure
Fourier transform
Full-width at half-maximum
Inductively coupled plasma atomic emission
spectroscopy
Isocrystalline core–shell procedure
Indium tin oxide
Incident photon to current conversion efﬁciency
Ligand ﬁeld
Ligand-to-metal charge transfer
Magnetic circular dichroism
Optically detected magnetic resonance
Poly(3,4-ethylenedioxythiophene)
Pulsed laser deposition
Poly(p-phenylenevinylene)
Poly(styrene sulfonate)
Polyvinyl butyral
Poly(N-vinylcarbazole)
Pyridine
Quantum dot
Single conﬁgurational coordinate
Scanning electron microscopy
Spin glass
Curie temperature
Transmission electron microscopy
Trioctylphosphine
Trioctylphosphine oxide
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UV
WAXS
XAS
XPS
XRD
VB
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Ultraviolet
Wide-angle X-ray scattering
X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
X-ray diffraction
Valence band
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Furdyna, Z. G. Yu, and M. E. Flatté, Phys. Rev. Lett., 91, 216602 (2003).
32. A. L. Efros, E. I. Rashba, and M. Rosen, Phys. Rev. Lett., 87, 206601 (2001).
33. R. N. Bhargava, D. Gallagher, X. Hong, and A. Nurmikko, Phys. Rev. Lett., 72, 416 (1994).
34. Y. Wang, N. Herron, K. Moller, and T. Bein, Solid State Commun., 77, 33 (1991).
35. A. A. Bol and A. Meijerink, Phys. Rev. B: Condens. Matter, 58, R15997 (1998).
36. B. A. Smith, J. Z. Zhang, A. Joly, and J. Liu, Phys. Rev. B: Condens. Matter, 62, 2021 (2000).
37. J. H. Chung, C. S. Ah, and D.-J. Jang, J. Phys. Chem. B, 105, 4128 (2001).
38. N. Murase, R. Jagannathan, Y. Kanematsu, M. Watanabe, A. Kurita, K. Hirata, T. Yazawa, and
T. Kushida, J. Phys. Chem. B, 103, 754 (1999).
39. H. Bednarski, J. Cisowski, and J. C. Portal, J. Cryst. Growth, 184/185, 996 (1998).
40. R. Behringer, J. Chem. Phys., 29, 537 (1958).
41. Y. Shapira, S. Foner, D. H. Ridgley, K. Dwight, and A. Wold, Phys. Rev. B: Condens. Matter, 30,
4021 (1984).
42. H. Bednarski, J. Cisowski, and J. C. Portal, Phys. Rev. B: Condens. Matter, 55, 15762 (1997).
43. E. I. Solomon and M. A. Hanson, Inorganic Electronic Structure and Spectroscopy, E. I.
Solomon and A. B. P. Lever, Eds., Wiley-Interscience, New York, 1999.
44. E. I. Solomon, M. L. Kirk, D. R. Gamelin, and S. Pulver, Methods Enzymol., 246, 71 (1995).
45. J. Kossut, Acta Phys. Pol. A. Supp., 100, 111 (2001).
46. J. Seufert, G. Bacher, M. Scheibner, A. Forchel, S.-I. Lee, M. Dobrowolska, and J. K. Furdyna,
Phys. Rev. Lett., 88, 027402 (2002).
47. F. V. Mikulec, M. Kuno, M. Bennati, D. A. Hall, R. G. Grifﬁn, and M. G. Bawendi, J. Am. Chem.
Soc., 122, 2532 (2000).
48. W. B. Jian, J. Fang, T. Ji, and J. He, Appl. Phys. Lett., 83, 3377 (2003).
49. D. J. Norris, N. Yao, F. T. Charnock, and T. A. Kennedy, Nano Lett., 1, 3 (2001).
50. T. Ji, W.-B. Jian, and J. Fang, J. Am. Chem. Soc., 125, 8448 (2003).
51. P. V. Radovanovic, N. S. Norberg, K. E. McNally, and D. R. Gamelin, J. Am. Chem. Soc., 124,
15192 (2002).
52. D. A. Schwartz, N. S. Norberg, Q. P. Nguyen, J. M. Parker, and D. R. Gamelin, J. Am. Chem.
Soc., 125, 13205 (2003).
53. D. A. Schwartz and D. R. Gamelin, Proc. SPIE-Int. Soc. Opt. Eng., 5224, 1 (2003).
54. N. S. Norberg, K. R. Kittilstved, J. E. Amonette, R. K. Kukkadapu, D. A. Schwartz, and D. R.
Gamelin, J. Am. Chem. Soc., 126, 30, 9387 (2004).
55. J. D. Bryan, S. M. Heald, S. A. Chambers, and D. R. Gamelin, J. Am. Chem. Soc., 126, 11640
(2004).
56. P. Yang, L. Cheng, N. Hua, and Y. Du, Mater. Lett., 57, 794 (2002).
57. Y. Wang, H. Cheng, Y. Hao, J. Ma, W. Li, and S. Cai, Thin Solid Films, 349, 120 (1999).

DOPED SEMICONDUCTOR NANOCRYSTALS

123

58. S. R. Davis, A. V. Chadwick, and J. D. Wright, J. Phys. Chem. B, 101, 9901 (1997).
59. T. Nutz, U. zum Felde, and M. Haase, J. Chem. Phys., 110, 12142 (1999).
60. J. Rockenberger, U. zum Felde, M. Tischer, L. Troger, M. Haase, and H. Weller, J. Chem. Phys.,
112, 4296 (2000).
61. C. McGinley, H. Borchert, M. Pﬂughoefft, S. Al Moussalami, A. R. B. de Castro, M. Haase,
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I.

INTRODUCTION

The alkyl esters of dithiocarbonic acid, (RO)C(
S)SH, are unstable, but their
metal salts and complexes are important compounds that present both practical
and academic interest. These species are universally known as xanthates, a term
introduced in 1815 by Zeise and derived from the Greek xanthos, owing to the
yellow color of lead xanthates. Xanthates are an important member of the 1,1dithiolate family (1) that also comprise dithiocarbamates, dithiocarboxylates,
and dithiophosphates; (see Fig. 1). This chapter will demonstrate that xanthate
ligands can function in a large number of coordination modes giving rise to
interesting molecular structures. The presence of Lewis acidic centers of the
ligands, primarily sulfur, gives rise to the possibility of supramolecular association in the condensed phase. Thus, hypervalent interactions are often observed,
in particular for the main group element species, leading to interesting selfassembled supramolecular architectures. The molecular and supramolecular
structures of metal xanthates, as determined by X-ray crystallography, are
summarized herein. A comprehensive review focusing on molecular structures
was published in 1992 (2) that followed a general review of xanthate chemistry
(3). Due to the continuing interest in metal xanthates and advances in X-ray
crystallography, the number of available structures has exploded in the last
decade or so, and thereby justiﬁes an update.
In this chapter, we will emphasize aspects of supramolecular self-assembly of
metal xanthates, in particular for series of closely related structures. Selfassembly is a feature frequently observed in numerous xanthato complexes of
soft metals, but this feature has often been ignored in the primary literature.
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Chemical structures of common 1,1-dithiolate anions.
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There are two types of objects in supramolecular chemistry: supermolecules
(i.e., well-deﬁned discrete oligomolecular species that result from the intermolecular association of a few components), and supramolecular arrays (i.e.,
polymolecular entities that result from the spontaneous association of a large,
undeﬁned number of components) (4, 5). Both are observed in some metal–
xanthate structures to be described herein. The most frequent intermolecular
forces leading to self-assembly in metal xanthates are so-called ‘‘secondary
bonds’’. The secondary bond concept has been introduced by Nathaniel W.
Alcock to describe interactions between molecules that result in interatomic
distances longer than covalent bonds and shorter than the sum of van der Waals
radii (6). Secondary bonds [sometimes called ‘‘soft–soft interactions’’ (7)] are typical
for heavier p-block elements and play an important role as bonding motifs in
supramolecular organometallic chemistry (8). Other types of intermolecular forces
(e.g., p. . .p stacking) are also observed in the crystal structures of metal xanthates.
Data are presented for metal xanthate structures included in the 2003 release
by the Cambridge Crystallographic Database (9) as well as those structures
gleaned from the literature or available from our own laboratories. Diagrams are
new and have been drawn using published or deposited fractional atomic
coordinates using the DIAMOND program (10). The chapter is arranged
according to the periodic table so that a group of elements are discussed in a
section. Generally, for each metal the structures of the binary metal xanthates
are discussed ﬁrst, followed by a description of their adducts, mixed-ligand
species, and, ﬁnally, mixed-metal species.

II.

STRUCTURES OF XANTHATE ANIONS, ESTERS, AND
OXIDATION PRODUCTS
A.

Structures of Xanthate Anions

While not strictly metal xanthates, it is apposite to summarize the structural
features of the alkali and alkaline metal xanthates, and other salts for at least one
crucial reason. On the basis of these structural studies, it will be demonstrated
that there is no inherent chemical reason associated with the nature of the
xanthate anion that explains the fascinating structural diversity observed for
closely related metal xanthate structures to be described in this chapter,
particularly for the main group element species.
The ﬁrst structure to be described is of the potassium salt of the methylxanthate anion (11), isolated in anhydrous form and with three independent
KS2COMe entities comprising the crystallographic asymmetric unit; the presence of three independent anions was also observed in a subsequent solid-state
13
C NMR study (12). The molecular structure of the S2COMe anion is
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Figure 2. Molecular structure of the S2COMe anion.

illustrated in Fig. 2. The independent C
S, C
O, and O
C bond distances lie in
the relatively narrow ranges 1.667(2)–1.700(2) Å, 1.343(2)–1.355(2) Å, and
1.434(3)–1.442(3) Å, respectively. While there is a small difference in the
magnitude of the C
S bonds, this can be readily ascribed to one or both of
two reasons. First, the elongation of the C
S1 bond with respect to the C
S2
bond might be due to the close approach of a hydrogen atom bound to the R
substituent to the S1 atom (i.e., owing to the presence of an intramolecular
S. . .H interaction; see the discussion of the theoretical structures below). The
second reason appears to predominate in the alkali and alkaline metal xanthates,
where interionic M. . .S and M. . .O interactions are present, which inﬂuence the
magnitude of the C
S bond distances. The S2COC entity is effectively planar.
The geometric parameters cited above indicate signiﬁcant delocalization of
p-electron density over the S2CO atoms and indeed three canonical structures
can be envisioned for the xanthate anion as shown in Fig. 3. The structural
features of the S2COMe anion are evident in the other S2COR anions that
have had their structures determined by X-ray crystallography, namely, R ¼ Me
[M ¼ NEt4þ (13)], R ¼ Et [M ¼ Naþ, monohydrate (14); M ¼ Kþ (15);
M ¼ Ba2þ (16); M ¼ NEt4þ, monohydrate (17); M ¼ IPh2þ (18)], R ¼ n-Pr
[M ¼ Kþ (19)], R ¼ i-Pr [M ¼ Kþ (20); M ¼ Ca2þ (16); [Ni(phen)3]2þ (21)
(phen ¼ 1,10-phenanthroline)], R ¼ n-Bu [M ¼ Kþ (22)], R ¼ Pent [M ¼ Kþ
(23)], and R ¼ CH2(CH2OCH2)3CH2OH [M ¼ Kþ (24)]. Bond distances associated with the S2COC chromophores in these structures are listed in Table I
_

S

S

S
+
O

O

O
_

_

S

R

S

R

_

S

Figure 3. Three canonical structures of the xanthate anion.
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TABLE I
Structural Data for the Xanthate Anion in Their Salts, and Donor Sets for Alkali and
Alkaline Metal Ions
Cation; R
þ

a

K ; Me

[NEt4]þ; Meb,c
Naþ; Etb

C
S1, C
S2 (Å)

C
O, O
C (Å)

1.679(2), 1.686(2)

1.354(2), 1.441(3)

1.667(2), 1.693(2)

1.355(2), 1.434(3)

1.670(2), 1.700(2)

1.343(2), 1.442(3)

1.680(6), 1.702(6)
1.674(6), 1.685(6)
1.698(6), 1.650(7)

1.368(7), 1.442(6)
1.369(7), 1.430(7)
1.336(8), 1.480(13)

Donor Sets
(distances (Å)]

Reference

O2 [2.776(2)–3.158(2)]
S6 [3.195(2)–3.424(2)]
O [2.745(2)]
S6 [3.199(2)–3.513(2)]
O [2.837(2)]
S6 [3.245(2)–3.483(2)]

O4 [2.343(6)–2.474(5)]
S2 [2.889(3)–2.983(3)]
1.710(6), 1.642(8) 1.321(11), 1.474(11) O4 [2.381(6)–2.422(5)]
S2 [2.915(3)–2.954(3)]
1.69(5), 1.67(5)
1.35(6), 1.48(6)
O [2.86(3)]
Kþ; Etb
S6 [3.24(2)–3.48(2)]
1.72(5), 1.66(5)
1.34(6), 1.45(6)
O [2.84(3)]
S7 [3.25(2)–3.54(2)]
Ba2þ; Etb
1.707(3), 1.664(3) 1.350(4), 1.468(4)
O2 [2.967(2), 3.042(2)]
1.690(3), 1.692(3) 1.333(4), 1.463(4)
S7 [3.1997(10)–3.3351(9)]
[NEt4]þ; Etb
1.686(7), 1.688(6) 1.342(8), 1.460(7)
1.657(7), 1.678(6) 1.397(8), 1.432(7)
[Ph2I]þ; Et
1.649(7), 1.702(8) 1.346(9), 1.46(1)
1.670(2), 1.700(2) 1.349(2), 1.459(3)
O2 [3.1771(14)]
Kþ, n-Prc,d
S6 [3.1921(5)–3.3753(6)]
Kþ, i-Pr
1.671(6), 1.690(6) 1.366(6), 1.472(7)
O2 [2.960(4)–3.160(4)]
S6 [3.200(2)–3.413(2)]
1.671(6), 1.699(6) 1.355(6), 1.479(7)
O2 [2.901(4)–3.006(4)]
S6 [3.179(2)–3.489(2)]
Ca2þ, i-Prb
1.671(3), 1.691(3) 1.337(3), 1.466(3)
O3 [2.346(2)–2.374(2)]
1.690(3), 1.675(2) 1.335(3), 1.462(3)
S4 [2.8862(9)–2.9694(11)]
[Ni(phen)3]2þ, i-Pr 1.699(3), 1.666(3) 1.363(4), 1.460(4)
Kþ, n-Bue
1.64, 1.70
1.32, 1.45
O [2.93]
S6 [3.18–3.41]
1.654(10), 1.684(10) 1.377(12), 1.459(17) O2 [3.035(6)]
Kþ, n-Pentc,f
S6 [3.292(3)–3.333(3)]
Kþ, Rg
1.691(2), 1.682(2) 1.364(2), 1.450(2)
O6 [2.7209(13)–3.1783(12)]
S2 [3.3508(5)–3.4299(5)]
a

Three independent anions in the crystallographic asymmetric unit.
Two independent anions in the crystallographic asymmetric unit.
c
Anion has mirror symmetry.
d
The Kþ cation lies on a crystallographic twofold axis of symmetry.
e
Standard uncertainty values were not reported.
f
The Kþ cation lies on a mirror plane.
g
R ¼ CH2(CH2OCH2)3CH2OH.
b

11

13
14

15

16
17
18
19
20

16
21
22
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24
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along with a summary of the coordination geometries of the alkali or alkaline
metal cations. The ranges of the C
S, C
O and O
C bond distances found in
the more precisely determined structures are 1.642(8)–1.702(8) Å, 1.321(11)–
1.397(8) Å, and 1.430(7)–1.480(13) Å, respectively. With the exception of the
M ¼ Ca2þ structure (16), which incorporates isopropanol (i-pr) molecules in its
coordination sphere and lattice, the remaining structures may be considered as
salts and, as such, feature various M. . .S and M. . .O interactions between the
constituent ions.
The sole example of a sodium salt, Na[S2COEt].H2O, displays a coordination
geometry based on an O4S2 donor set (two of the oxygen atoms are derived from
the lattice water molecules) that approximate an octahedral environment (14).
More complicated geometries based on OS6, or O2S6 donor sets are found in all
but one of the potassium salts, with the exception being found in the structure of
K[S2COCH2(CH2OCH2)3CH2OH] (24). In this structure, all ﬁve oxygen atoms
of the xanthate ligand and one of sulfur atoms form a girth about the potassium
ion. There are two additional contacts of note in the lattice, above and below the
O5S plane, so that the coordination geometry is based on the O6S2 donor set. A
chain motif results. A coordination number of 9 is found in the Ba2þ salt,
Ba[S2COEt]2, in which the cation exists within an O2S7 donor set (16). By
contrast, the structure of the M ¼ Ca2þ species resembles a metal complex
xanthate structure as may be deduced from Fig. 4. The Ca2þ cation is seven
coordinate within a distorted pentagonal bipyramidal geometry deﬁned by four
sulfur atoms derived from two chelating xanthate ligands and three oxygen
atoms derived from three isopropanol molecules, two of which occupy axial
positions. The asymmetric unit is completed by a lattice isopropanol molecule.
A number of O
H. . .O and O
H. . .S interactions serve to link the molecules
into a layer structure. Complementing the crystallographic studies described
above is a theoretical study of the electronic structure of xanthate anions (19).
By using crystallographic coordinates as a starting point, unrestrained ab
initio molecular orbital (MO) calculations were conducted on S2COR for
i-Pr, Hex, Cy,
R ¼ Me, Et, n-Pr, i-Pr, 1-MePr, n-Bu, i-Bu, t-Bu, pent, CH2CH2
and benzyl [i.e., commonly encountered xanthates (19)]. The geometry optimized gas-phase structures revealed an increase in symmetry, where possible, of
the anions in the absence of intermolecular (interionic) interactions. Also,
geometric parameters and trends in accord with those described above were
noted. Particularly noteworthy was that there was no apparent inﬂuence upon
geometric parameters exerted by the R groups. Thus, by referring to Fig. 2, the
ranges of the C
S1, C
S2, and O
C bond distances were calculated to be
1.74–1.75 Å, 1.72–1.73 Å, and 1.43–145 Å, respectively, and all C
O bond
distances were computed to 1.38 Å (19). The longer C
S1 distances reﬂect the
intramolecular S1. . .H interactions in operation in the xanthate anions. In the
same way as for the bond distances, the S
C
S, S1
C
O, and S2
C
O
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Figure 4. Supramolecular aggregation operating in the crystal structure of [Ca(S2CO
i-Pr)2(iPrOH)3].i-PrOH; the noncoordinating isopropanol molecule is omitted for clarity.

angles were found to be in the narrow ranges 125.9–128.2 , 118.2–121.2 , and
113.0–114.0 , respectively. These results indicate that the different R groups do
not signiﬁcantly inﬂuence the electronic structure of the S2CO entity.
B.

Structures of Xanthate Esters and Oxidation Products

Three more crystal structures are included in this section for the sake of
completeness. The molecular structure of the only crystallographically determined structure of a xanthate ester is shown in Fig. 5 (25). In fact, this is a
diester in that two isobutylxanthates are connected via an ethylene bridge.
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Figure 5.

Molecular structure of the diester, i-BuOC( S)SCH2CH2SC( S)O
i-Bu.

Interestingly, this molecule was isolated as a natural product from a green alga
(Dictyosphaeria favulosa). The molecule is centrosymmetric and, as expected,
the C
S bond distance of 1.752(5) Å is signiﬁcantly longer than the C
S bond
S bond length of
length of 1.619(5) Å, but shorter than the Cmethylene
1.794(6) Å; the C
O bond distance is 1.332(6) Å. The remaining two structures
to be described are oxidation products of xanthate anions.
The molecular structure of EtOC(
S)SSC(
S)OEt, dixanthogen (26), is
illustrated in Fig. 6. This molecule is obtained from the oxidation of ethyl-

Figure 6.

Molecular structure of the dixanthogen, EtOC( S)SSC( S)OEt.
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Figure 7. Molecular structure of the tetraxanthogen, [S2COCH2CH2OCH2CH2OCS2]2.

xanthate and has crystallographic twofold symmetry. Again, there is a clear
pattern in C
S bond distances such that C
S is 1.729(13) Å, C
S is
1.620(9) Å, and C
O is 1.360(14) Å. Finally, a macrocyclic compound is
obtained from the oxidation of the dixanthate S2COCH2CH2OCH2CH2OCS
2
(i.e., [S2COCH2CH2OCH2CH2OCS2]2) (27), as shown in Fig. 7. The molecule
is highly symmetric, having 222 symmetry, but is not planar. As seen from
the view in Fig. 7, the sulfur atoms are occupying positions almost normal to the
putative plane through the oxygen atoms. The independent C
S, C
S, and
C
O bond distances are 1.758(5), 1.620(5), and 1.294(6) Å, respectively.

III.

XANTHATE STRUCTURES OF VANADIUM

There continues to be a dearth of early transition metal xanthates that have
been characterized by X-ray crystallography. Indeed of the group 3(IIIB)–5(VB)
elements, the only crystal structures available are that of VO(S2COEt)3 (28) and
dimeric V2S4(S2CO
i-Pr)4 (29). The molecular structure of the mononuclear
VO(S2COEt)3 (28) is illustrated in Fig. 8. Two independent, but essentially
identical molecules, comprise the crystallographic asymmetric unit. The vanadium atom is coordinated by three chelating xanthate ligands and the seventh
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Figure 8.

Molecular structure of VO(S2COEt)3.

position in the distorted pentagonal bipyramidal coordination geometry is
occupied by the oxo group. The V
S bond distances fall into two ranges
with those opposite to the oxo group [i.e., 2.618(4) Å and 2.638(5) Å], being
systematically longer, as expected, than the remaining V
S distances [i.e.,
i
Pr)4 (29) is
2.464(5)–2.493(4) Å]. The dimeric structure of V2S4(S2CO
shown in Fig. 9; the molecule is disposed about a center of inversion. Each
vanadium center is chelated by two symmetrically coordinating xanthate
ligands, the V
S distances are in the range 2.502(2)–2.519(3) Å, and two
m-sulﬁdo ligands with V
S, in the range 2.396(2)–2.420(3) Å, being shorter
than the V
Sxanthate distances; the V
V distance is 2.838(2) Å.

IV.

XANTHATE STRUCTURES OF CHROMIUM,
MOLYBDENUM, AND TUNGSTEN

This section describes the structural chemistry of 14 molecular structures, 3
of chromium, 8 of molybdenum, and 3 of tungsten. The only binary xanthate
structures are those of chromium, all other structures are at least ternary
in nature. For the chromium and tungsten structures, conventional monodentate and bidentate coordination modes of the xanthate ligand are found. By
contrast, a rich, diverse, and fascinating coordination range is observed for the
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Molecular structure of V2S4(S2CO
i-Pr)4; the molecule is centrosymmetric.

molybdenum xanthates, including unprecedented coordination functionalities,
making this the most interesting class of metal xanthate structures, certainly in
terms of the diversity of coordination modes of the xanthate ligand. There are a
number of mixed-metal xanthates containing molybdenum or tungsten and
copper or silver. As the primary interactions involving the xanthate ligands are
with the coinage metals, these structures are described later in Sections IX.A
and IX.B, respectively.
A.

Chromium Xanthate Structures

Three binary xanthates of chromium [Cr(S2COR)3 with R ¼ Me (30), Et
(31), and i-Pr (32)] have been structurally characterized and the molecular
structure of one of these, namely, Cr(S2COEt)3 (31), is shown in Fig. 10. This
structure serves as a prototype for a relatively large number of structures with
the general formula M(S2COEt)3, where M is a metal atom without a lone pair
of electrons capable of distorting the coordination polyhedron. The molecule
crystallizes in the R-3 space group with the chromium atom situated on a
threefold axis of symmetry indicating that the three xanthate ligands are
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Figure 10. Molecular structure of Cr(S2COEt)3; the molecule has threefold symmetry.

crystallographically equivalent. The xanthate ligand chelates the chromium
atom forming experimentally equivalent Cr
S bond distances of 2.387(3) and
2.399(3) Å. The equivalence in the Cr
S bond distances is reﬂected in the
associated C
S distances that are also equal within experimental error, a result
consistent with the considerable delocalization of electron density over the
CrS2CO entity. The coordination geometry is distorted somewhat from the ideal
octahedral geometry owing, to a large part, to the restricted bite distance of the
xanthate ligand; the S
Cr
S angle subtended by the xanthate ligand is 74.3(1) .
Thus, the rotation of one octahedral face with respect to the other is 47.2
compared to the ideal value of 60 for a regular octahedron and 0 for a trigonal
prism. In the lattice, enantiomorphous pairs face each other so that the S. . .S
separations are 3.58 Å. The other binary xanthate structures of chromium [i.e.,
Cr(S2COMe)3 (30) and Cr(S2CO
i-Pr)3 (32)], while not possessing the high
crystallographic symmetry of Cr(S2COEt)3, have molecular structures virtually
identical to that just described with a range of Cr
S bond distances of 2.391(1)

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

141

and 2.406(1) Å, and 2.3861(9) to 2.4053(9) Å, respectively [i.e., essentially
indistinguishable from those in Cr(S2COEt)3].
B.

Molybdenum Xanthate Structures

A pseudo-binary xanthate of molybdenum(II) has been structurally characterized. This compound is described as a pseudo-binary xanthate as the structure
contains weakly coordinated tetrahydrofuran (thf) molecules, as illustrated in
Fig. 11, for [Mo2(S2COEt)4].2THF (33). The structure is dinuclear and is
disposed about a center of inversion. Four bidentate bridging xanthate ligands
connect two molybdenum centers that are in turn linked by a quadruple bond;
Mo
Mo0 is 2.125(1) Å. The Mo
S bond distances lie in the narrow range
2.475(1)–2.480(1) Å, attesting to the symmetric mode of coordination exhibited
by the xanthate ligands. Each molybdenum center has associated with it a THF
molecule of solvation, but the Mo. . .O distance of 2.795(5) Å is considered
long and appears to exert little or no inﬂuence upon the metal–metal bond.

Figure 11. Molecular structure of [Mo2(S2COEt)4].2THF; the molecule is disposed about a center
of inversion.
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Interestingly, the authors of this publication, published in 1973, remark upon the
cohesion in the lattice afforded by intermolecular associations between methyl–
hydrogen atoms and oxygen [i.e., C
H. . .O interactions (33)]. The remaining
molybdenum structures are mixed-ligand complexes and reveal, arguably, the
greatest diversity in the modes of coordination of the xanthate ligand among all
structures described in this chapter.
There are two structures available in the literature with the general formula
[MoO(S2COR)2]2O [i.e., R ¼ Et (34) and R ¼ i-Pr), as the toluene solvate (35),
and the former is illustrated in Fig. 12; R ¼ i-Pr structure is disposed about a
crystallographic twofold axis. The molybdenum(V) centers are linked via a
bridging oxo group that is close to linear for both structures at 178.03(6) and
171.6(5) , respectively. The distorted octahedral geometry about the molybdenum atom is completed by a terminal oxo group and four sulfur atoms derived
from two chelating xanthate ligands. The disposition of the oxo functions in

Figure 12. Molecular structure of [MoO(S2COEt)2]2O.
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Figure 13. Molecular structure of MoO(S2CO
i-Pr)[S2C(O
i-Pr)PMe3].

each of the molecules is syn. There is a discernible pattern of Mo
S bond
distances owing to the trans effect exerted by the various donor atoms. For the
R ¼ i-Pr structure, which has been determined to be of a higher level of
precision, the bond distances range from 2.455(2) to 2.501(2) Å for sulfur
atoms trans to each other, to 2.540(2) Å for the sulfur trans to the bridging oxo
group and ﬁnally elongate to 2.728(2) Å for the sulfur atom trans to the terminal
oxo group.
A fascinating tridentate mode of coordination is observed in the structure of
i-Pr)[S2C(O
i-Pr)PMe3] (36), as shown in Fig. 13. The crystalMoO(S2CO
lographic analysis reveals the molecule to contain an unusual Z3-xanthate ligand
i-Pr)(PMe3),
(hetero-p-allylic type) as well as a zwitterionic ligand, S2Cþ(O
which is apparently formed by the nucleophilic attack of Me3P upon the
quaternary carbon atom. The zwitterion forms symmetric Mo
S bond distances
of 2.388(2) and 2.390(2) Å. The very existence of this ligand indicates that the
canonical structure shown in Fig. 14 augments those shown in Fig. 3. The

_

S
+

_

S

O
R

Figure 14. Fourth canonical structure for the xanthate ion.
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Figure 15. Molecular structure of Mo2(S2COEt)4Br2; the molecule is disposed about a center of
inversion.

xanthate ligand forms two identical Mo
S bonds of 2.375(2) Å and the Mo
C
distance is 2.274(5) Å.
The oxidation of the aforementioned Mo2(S2COEt)4 complex with Br2 or I2
leads to the formation of complexes with the formula Mo2(S2COEt)4X2, X ¼ Br
or I (37), but this formulation belies the complexity of the structure. As may be
seen from Fig. 15, the centrosymmetric dinuclear structure for each of the
X ¼ Br and I structures features regular chelating xanthate ligands [Mo
S3 is
2.627(2) and Mo
S4 is 2.723(2) Å] as well as a particularly unusual trihapto
(Z3-heteroallylic) mode of coordination of the second independent xanthate
ligand. The latter ligand coordinates a molybdenum atom as described above in
i-Pr)[S2C(O
i-Pr)PMe3] so that for the X ¼ Br
the structure of MoO(S2CO
structure, the Mo
S1, Mo
S2, and Mo
C distances are 2.434(3), 2.448(3), and
2.307(11) Å, respectively. At the same time, this ligand bridges the symmetry
related molybdenum atom via both sulfur atoms so that the S1
Mo0 separation
0
is 2.463(3) and the S2
Mo separation is 2.469(3) Å. Hence, this xanthate
ligand must be considered as pentaconnective. The Mo
Mo distance is somewhat longer at 2.723(2) Å in this structure compared to that found in the
[Mo2(S2COEt)4].2THF adduct (33). The comparable geometric parameters
determined for the X ¼ I complex are equal within experimental error to those
in the X ¼ Br structure cited above (37).
The molecular structure of Mo(CO)(PMe3)2(S2CO
t
Bu)(SCO-t-Bu), cont-Bu group (38).
tains both a chelating xanthate ligand as well as a k2 -C(S)O
The compound was prepared in a two-step process. Thus, the stirring of
Mo(CO)(PMe3)2[C(O)Me](S2CO
t-Bu) at room temperature for 1–2 days
resulted in the partial desulfurization of the xanthate ligand and the incorporat-Bu)
tion of sulfur into the acyl ligand so that Mo(CO)(PMe3)2(SOCMe)(SCO
was formed. Subsequent reaction with 1 M equiv of K[S2CO
t-Bu] gave the
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Figure 16. Molecular structure of Mo(CO)(PMe3)2(S2CO
t-Bu)(SCO
t-Bu).

xanthate complex Mo(CO)(PMe3)2(S2CO
t-Bu)(SCO
t-Bu) with concomitant
formation of K[SOCMe] (38). The molecular structure is shown in Fig. 16.
There is a measure of asymmetry in the Mo
S bond distances formed by the
xanthate ligand so that Mo
S are 2.5388(9) and 2.5952(11) Å, with the longer
distance involving the sulfur atom trans to the carbonyl group. The Mo
S and
Mo
C distances involving the desulfurized xanthate ligand are 2.5338(10) and
t-Bu ligand were considered to
2.018(3) Å, respectively. If the k3 -C(S)O
occupy a single coordination site, the geometry about molybdenum would be
best described as distorted octahedral. The ﬁnal molybdenum structure to be
described is illustrated in Fig. 17 and is formulated as Mo(CO)(Ph2PCH2PPh2)[CH2C(H)CH2](S2COEt) (39). The molybdenum atom is chelated by the
xanthate ligand that forms disparate Mo
S bond distances of 2.5157(7) and
2.6102(9) Å for Mo
S1 and Mo
S2, respectively. The remaining sites in the
coordination geometry are occupied by a carbonyl ligand, disposed trans to the
less tightly held sulfur atom, a chelating diphosphine ligand and an allyl ligand.
C.

Tungsten Xanthate Structures

The three reported tungsten xanthate structures have as their common
feature the presence of W
C bonds, and therefore are properly classed as
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Figure 17. Molecular structure of Mo(CO)(Ph2PCH2PPh2)[CH2C(H)CH2](S2COEt).

organometallic species. Two of these are charged. By contrast to the molybdenum structures described above, the xanthate ligands in these structures adopt
more conventional modes of coordination.
The structure of the neutral complex W(CO)2(PMe3)2(S2CO
i-Pr)2 (40) is
represented in Fig. 18 and shows that the xanthate ligands coordinate the
tungsten center in both the mono- and bidentate modes. The W
S bond distance
involving the monodentate xanthate ligand of 2.573(3) Å is intermediate
between the slightly disparate W
S bonds formed by the chelating ligand of
2.556(3) and 2.590(3) Å. The monodentate xanthate ligand is orientated so as to
place the oxygen atom closer to tungsten than to the sulfur atom. However, the
W. . .O separation of 3.344(8) Å is not considered to represent a signiﬁcant
interaction. The remaining positions in the coordination geometry are deﬁned by
two cis-carbonyl and two cis-phosphine ligands so that the tungsten atom is
seven coordinate. The coordination geometry is best described as being based on
a 4:3 piano stool with the rectangular face deﬁned by the C2P2 donor atoms (40).
The xanthate ligand in the anion of [Ph4P][W(CO)5(S2COEt)] (41), represented
in Fig. 19, is monodentate, forming a W
S bond distance of 2.571(3) Å. The
remaining ﬁve positions in the distorted octahedral coordination geometry are
occupied by carbonyl ligands. The ﬁnal structure to be described in this section
is that of a cation, that is, [Cp2WS2CO
i-Pr)]þ (Cp ¼ cyclopentadienyl),

obtained as its triﬂate, [CF3SO3 ] salt (42), shown in Fig. 20. The xanthate
ligand, which is deuterated at the methyl atoms, binds the tungsten atom
symmetrically forming identical W
S bond distances of 2.470(4) Å. If each
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Figure 18. Molecular structure of W(CO)2(PMe3)2(S2CO
i-Pr)2.

Figure 19. Molecular structure of the anion in [Ph4P][W(CO)5(S2COEt)].
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Figure 20. Molecular structure of the cation in [Cp2W(S2CO
i-Pr)][CF3SO3].

cyclopentadienyl ligand were considered to occupy one position in the coordination geometry, this would be described best as being distorted tetrahedral.

V.

XANTHATE STRUCTURES OF MANGANESE,
TECHNETIUM, AND RHENIUM

No binary xanthate structures of manganese, technetium, or rhenium have
been reported. Indeed, there are relatively few crystal structures known with
only a single manganese structure (two polymorphs), two phosphine adducts of
technetium and three structures containing rhenium, two of which are dinuclear.
A.

Manganese Xanthate Structures

Two polymorphs (orthorhombic and monoclinic) are known for
Mn(S2COEt)2(2,20 -bipyridine) (bpy ¼ 2,2-bipyridine) (42, 43). The molecular
structure for the orthorhombic polymorph, which has crystallographic twofold
symmetry, is shown in Fig. 21. The manganese atom exists in a distorted
octahedral geometry deﬁned by a S4N2 donor set. The chelating xanthate ligands
form slightly asymmetric Mn
S bond distances of 2.590(2) and 2.616(2) Å, and
the unique Mn
N bond distance is 2.264(6) Å (42). The molecule in the
monoclinic polymorph does not have crystallographic symmetry. One of the
xanthate ligands forms Mn
S bond distances akin to those found in the orthorhombic structure of 2.588(2) and 2.601(3) Å, respectively. By contrast, the
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Figure 21. Molecular structure of Mn(S2CO-i-Pr)2(2,20 -bpy), orthorhombic polymorph; the
molecule has twofold symmetry.

second xanthate ligand has a greater difference in the Mn
S bonds, that is,
2.556(2) and 2.625(2) Å (43). The Mn
N bond distances are equivalent to each
other at 2.247(9) and 2.253(8) Å. The differences between the structures
probably rest in the different crystal packing for the two polymorphs.
In the orthorhombic polymorph, molecules are aligned along the crystallographic b axis, as shown in Fig. 22(a). The separation of adjacent aromatic
rings corresponds to translations along this axis (i.e., 7 Å), thereby precluding
p   p interactions. There are links between these rows, extending in the c
direction of the type C
H    p involving the pyridine (py) hydrogen atoms and
the p-electron density associated with the MnS2C chelate rings so that
C
H    ring centroid distance is 3.1 Å and the angle subtended at hydrogen
is 139 . These interactions are represented in Fig. 22(b). By contrast, p   p
interactions are present in the monoclinic polymorph (43), but these are
restricted to occur between centrosymmetrically related pairs as shown in Fig.
23. The average interplanar spacing between 2,20 -bpy molecules is 3.55 Å, but
as the rings are off-set with respect to each other, these p   p interactions are
not optimized in this structure.
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Figure 22. (a) Rows of Mn(S2CO-i-Pr)2(2,20 -bpy) in the orthorhombic polymorph aligned along
the b axis and, (b) supramolecular association, mediated by C
H. . .p interactions, occurring between
molecules of Mn(S2CO-i-Pr)2(2,20 -bpy) leading to chains along the c axis.

B.

Technetium Xanthate Structures

There are two phosphine adducts of Tc(S2COR)3 that have been structurally
characterized and interestingly, these have quite distinct coordination geomen-Bu)3PPh3 (44)
tries at the central metal. The molecular structure of Tc(S2CO
has crystallographic threefold symmetry and is illustrated in Fig. 24. The
xanthate ligands form experimentally equivalent Tc
S bond distances of
2.462(2) and 2.463(2) Å and may be considered to deﬁne an octahedral
geometry about the technetium atom. The PPh3 ligand caps one of the
octahedral faces forming a Tc
P bond distance of 2.381(2) Å, without introdu-
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Figure 23. Supramolecular association between molecules of Mn(S2CO-i-Pr)2(2,20 -bpy) operating
in the monoclinic polymorph leading to dimers stabilized by p    p interactions.

cing any obvious distortion in the geometric parameters associated with this
face. The second phosphine adduct, that is, Tc(S2COEt)3(PPhMe2) (45), has
reduced steric bulk associated with the phosphine ligand as two of the
phosphorus-bound phenyl groups of Tc(S2CO
n-Bu)3PPh3 have been replaced
by methyl groups. There is a marked change in the coordination geometry for
Tc(S2COEt)3(PPhMe2) as compared to that in the aforementioned structure, as
may be seen from Fig. 25. The technetium atom is in a distorted pentagonal
bipyramidal geometry with ﬁve sulfur atoms deﬁning the pentagonal plane, and
the remaining sulfur atom and the phosphorus atom in the axial positions; the
S
Tc
P axial angle is 174.53(3) . The major distortion in the coordination
geometry may be traced to the restricted bite distance of the xanthate ligands, in
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Figure 24. Molecular structure of Tc(S2CO
n-Bu)3PPh3; the molecule has threefold symmetry.

particular for the ligand putatively spanning both axial and equatorial positions.
Despite the signiﬁcant change in molecular structure, the geometric parameters
within both molecules are remarkably similar. Thus, the Tc
Sax (ax ¼ axial)
bond distance of 2.467(1) Å is intermediate between the Tc
Seq
(eq ¼ equatorial) distances that are in the range 2.436(1)–to 2.488(1) Å; the
Tc
P bond distance is 2.353(1) Å. The appearance of quite distinct coordination
geometries for very similar molecular formulas is a theme that will be
elaborated upon in this chapter, in particular when the xanthate structures of
the main group elements are described.
C.

Rhenium Xanthate Structures

There are three rhenium xanthate structures in the literature and two of these
are binuclear. The mononuclear complex of formula (Me5C5)ReCl3(S2COCy)
(46) is represented in Fig. 26. The rhenium atom is considered to exist in a
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Figure 25. Molecular structure of Tc(S2COEt)3(PPhMe2).

Figure 26. Molecular structure of (Me5C5)ReCl3(S2COCy).
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distorted octahedral geometry deﬁned by two sulfur atoms derived from a
chelating xanthate ligand, three chlorides, and the Me5C5 group, the latter is
considered to occupy one position only. There is minor asymmetry in the mode
of coordination of the xanthate ligand so that the Re
S1 bond distance of
2.457(2) Å is shorter than that formed by the S2 atom of 2.488(2) Å, which is
trans to the Me5C5 group. As may be seen from Fig. 26, the rhenium atom is
considerably shifted out of the Cl3S1 plane in the direction of the Me5C5 group.
nThe ﬁrst of the dinuclear structures of rhenium, that is, [Re2(m-S)2(S2CO
Bu)4] (47), is neutral and is shown in Fig. 27. Here, two m2-sulﬁdo atoms link

Figure 27. Molecular structure of [Re2(m-S)2(S2CO
n-Bu)4]; the molecule is disposed about a
center of inversion.
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Figure 28. Molecular structure of the anion in [Et4N][Re2(m-S)2(m-S2)(m-S2CO
i-Bu)(S2CO
iBu)2].

two centrosymmetrically related rhenium atoms to form a central fourSbridging bond distance of 2.269(3) Å is shorter
membered Re2S2 ring. The Re
than the Re
S bond distances associated with the asymmetrically chelating
xanthate ligands that lie within the range 2.428(3)–2.511(4) Å. The coordination
geometry for rhenium is distorted octahedral. Both chelating and bidentate
bridging xanthate ligands are found in the anion of [Et4N][Re2(m-S)2(m-S2)(mi-Bu)(S2CO
i-Bu)2] (47) (see Fig. 28).
S2CO
i-Bu)(S2CO
iIn the molecular structure of the [Re2(m-S)2(m-S2)(m-S2CO
Bu)2] anion, two rhenium atoms are bridged by a m2-disulﬁdo ligand, two
m2-sulﬁdo ligands, and a bidentate bridging xanthate ligand. The ranges of bond
distances formed to rhenium by these ligands follow the order 2.259(5)–
2.263(5) Å, 2.297(5)–2.308(5) Å, and 2.461(5)–2.518(5) Å, respectively. The
Re
S bond distances involving the chelating xanthate ligands are within the
range of Re
S bond distances formed by the bridging xanthate ligand, that is,
2.466(4)–2.479(5) Å. The rhenium atoms exist in distorted octahedral geometries deﬁned by S6 donor sets. The Re
Re bond distance in this Re(IV) structure
is 2.6651(18) Å, a value that is longer than that in the aforementioned structure
n-Bu)4], that is, 2.5296(12) Å, which also contains Re(IV)
of [Re2(m-S)2(S2CO
centers (47).
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VI.

XANTHATE STRUCTURES OF IRON, RUTHENIUM,
AND OSMIUM

As with earlier sections, there is a lack of structural data on binary xanthates
for iron, ruthenium, and osmium, but there are a relatively large number of
mixed-ligand complexes, particularly organometallic species.
A.

Iron Xanthate Structures

Two binary xanthate structures of iron(III) are known, three organometallic
structures as well as a rare example of a metal complex containing a xanthate
ester. The molecular structure of Fe(S2COEt)3 has been determined twice
(48, 49) and is isomorphous with the previously mentioned chromium(III)
complex (31), which has crystallographic threefold symmetry, and is illustrated
in Fig. 10. The Fe
S bond distances are essentially equivalent at 2.308(3) and
2.326(3) Å, and are signiﬁcantly shorter than the equivalent bond distances in
the chromium(III) analogue. The distortion from the ideal octahedral geometry
is more pronounced in the iron complex as judged by the twist angle of 41
compared with 47 in the chromium structure (31). More recently, the structure
of the methylxanthate analogue, Fe(S2COMe)3, became available (50). Unlike
Fe(S2COEt)3, the molecule does not conform to crystallographic threefold
symmetry although deviations from this symmetry are relatively small. The
Fe
S bond distances are in the range 2.299(1)–2.319(1) Å, that is, there are
experimentally distinct bond lengths within the molecule, but all are equivalent,
within experimental error, to those in the structure of Fe(S2COEt)3. The
remaining iron structures are organometallic.
Two structures are available of the general formula (C5R5)Fe(CO)2(S2COEt)
with R ¼ H, illustrated in Fig. 29, and R ¼ Me (51). The iron atom in each

Figure 29. Molecular structure of CpFe(CO)2(S2COEt).
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Figure 30. Molecular structure of the anion in [Ph3PNPPh3][Fe(CO)2(CN)2(S2COEt)].

structure exists within a distorted octahedral geometry based on the premise that
the Cp rings occupy three-coordination sites. The xanthate ligand is monodentate with a Fe
S bond distance of 2.274(4) Å [2.285(2) Å for the R ¼ Me
analogue]. The pendant sulfur atom does not participate in any signiﬁcant intraor intermolecular interaction. This observation is reﬂected in the relatively large
disparity in the C
S distances (e.g., for R ¼ Me), which has been determined to
a greater level of precision, the C
S bond lengths are 1.718(6) and 1.642(5) Å.
By contrast to these structures, a chelating xanthate ligand is found, with
Fe
S distances of 2.300(3) and 2.326(3) Å, in the anion of [Ph3PNPPh3][Fe(CO)2(CN)2(S2COEt)] (52), represented in Fig. 30. The disposition of the C4S2
ligand donor set is such that the carbonyl ligands are mutually cis- and each are
trans- to a sulfur atom, implying that the cyanide ligands are trans- to each other.
The remaining iron structure to be described contains a xanthate ester as a
ligand that is included in this chapter for the sake of completeness.
The structure of dinuclear [(CO)3FeFe(CO)2P(OMe)3](MeSSCOCH2adamantyl), Fig. 31, features an interesting mode of coordination of the thiol
ligand (53). The xanthate ester is effectively tetraconnective in that one sulfur
atom bridges both iron atoms [Fe1
S1 2.224(3) and Fe2
S1 2.272(3) Å], one
sulfur forms a bond to the Fe2 atom [Fe2
S2 2.298(3) Å], and the quaternary
carbon forms a bond to the Fe1 atom [Fe1
C 1.963(11) Å]. Therefore, the iron
atoms exist is distinct octahedral coordination geometries deﬁned by C4FeS
donor set for the Fe1 center and a C2FePS2 donor set for the Fe2 center; the
Fe
Fe bond distance is 2.624(2) Å. The mode of coordination of the xanthate
ester in the present structure can be thought as being intermediate between
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Figure 31. Molecular structure of [(CO)3FeFe(CO)2P(OMe)3](MeSSCOCH2adamantyl).; one of
the carbonyl ligands on the Fe1 atom is obscured.

the tri- and pentaconnective modes of coordination found in the structures of
i-Pr)[S2C(O
i-Pr)PMe3] (Fig. 13) and Mo2(S2COEt)4Br2 (Fig. 15),
MoO(S2CO
respectively.
B.

Ruthenium Xanthate Structures

Two xanthate structures containing ruthenium are known. The ﬁrst of these,
trans-Ru(PPhMe2)2(S2COEt)2 (54), is featured in Fig. 32. The ruthenium atom
is located on a center of inversion and the distorted octahedral geometry is
deﬁned by a P2S4 donor set as the xanthate ligands are chelating. The xanthate
ligand form symmetric Ru
S bond distances of 2.380(2) and 2.404(2) Å, and
the Ru
P bond length is 2.336(2) Å. The molecular structure found here for
trans-Ru(PPhMe2)2(S2COEt)2 is as is found in some osmium analogues described below.
The second ruthenium structure is that of (C5Me5)Ru(PEt3)(S2CO
i-Pr) (55)
and is shown in Fig. 33. A chelating xanthate ligand is also found in this
complex with Ru
S bond distances of 2.393(2) and 2.406(2) Å. The coordination geometry is again distorted octahedral as the ring occupies an octahedral
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Figure 32. Molecular structure of trans-Ru(PPhMe2)2(S2COEt)2; the ruthenium atom is located on
a center of inversion.

Figure 33. Molecular structure of (C5Me5)Ru(PEt3)(S2CO
i-Pr).
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face; the sixth position about the ruthenium atom is occupied by a phosphine
ligand with Ru
P 2.302(1) Å.

C.

Osmium Xanthate Structures

Three structures are to be described in this section and all feature the
Os(PPh3)2(S2COMe)2 entity in one form or another (56). The ﬁrst structure,
namely, trans-Os(PPh3)2(S2COMe)2, adopts a structure as shown, mutatis
mutandis, akin to that shown in Fig. 32. Oxidation of the osmium(II) center
in this structure allows for the isolation of [trans-Os(PPh3)2(S2COMe)2][PF6] as
a dihydrate; the cation is also centrosymmetric. Systematic variations in the
Os
S and Os
P bond distances are evident in the two structures. The Os
S
bond distances in the osmium(II) structure are equal at 2.409(3) and 2.411(2) Å,
and these are signiﬁcantly longer than the equivalent bonds in the osmium(III)
species of 2.377(3) and 2.378(2) Å. The reverse trend is found for the Os
P
bond distances that increase from 2.365(2) to 2.439(3) Å. Despite the differences in chemical composition, the crystal structures of these two structures are
not substantially different, at least to a ﬁrst approximation. In the crystal
structure of neutral trans-Os(PPh3)2(S2COMe)2, the supramolecular association
is mediated by C
H. . .p interactions involving phenyl rings, as donors and
acceptors, and, primarily, methyl groups as donors so that the methyl groups sit
in pockets deﬁned by phenyl rings. Such an arrangement leads to the formation
of identiﬁable layers throughout the crystal structure. The presence of PF
6
anions and solvent water molecules in [trans-Os(PPh3)2(S2COMe)2][PF6] 
2H2O, disrupts this arrangement in so far as the latter constituents intercalate
the now cationic layers, allowing for the persistence of the C
H. . .p interactions
that now only involve phenyl rings. Within the anionic layers, the PF
6 anions
reside in pockets deﬁned by hydrogen atoms derived from the phenyl and
methyl groups, and it appears that the water molecules associate into dimers.
Views of the unit cell packings are shown in Fig. 34. The ﬁnal structure to be
described is the cis isomer of Os(PPh3)2(S2COMe)2 and is represented in Fig. 35.
A distorted octahedral geometry deﬁned by a P2S4 donor set is found in this
structure. While the xanthate ligands are chelating as in the other Os(PPh3)2(S2COMe)2 structures, a measure of asymmetry in the Os
S bond distances is
apparent owing to the trans effect exerted by the phosphorus atoms. Thus, the
Os
S bond distances involving sulfur atoms trans to phosphorus atoms, that is,
2.457(5) and 2.450(5) Å, are longer than the Os
S bonds with sulfur atoms
mutually trans, that is, 2.396(5) and 2.393(4) Å. The Os
S bond distances
reported for trans-Os(PPh3)2(S2COMe)2 are intermediate between those in cisP bond distances in the latter
Os(PPh3)2(S2COMe)2. Not surprisingly, the Os
structure are shortest of all three structures at 2.301(4) and 2.333(4) Å.

Figure 34. Crystal packing in (a) [trans-Os(PPh3)2(S2COMe)2] and (b) [trans-Os(PPh3)2(S2COMe)2][PF6].2H2O. Both views are down the a axis.
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Figure 35. Molecular structure of cis-Os(PPh3)2(S2COMe)2.

VII.

XANTHATE STRUCTURES OF COBALT AND RHODIUM

A variety of cobalt xanthate structures are available in the literature,
including four binary xanthates and a large range of phosphine adducts. By
contrast, only one rhodium structure is known and no structure is yet available
containing iridium.
A.

Cobalt Xanthate Structures

Four binary cobalt structures, that is, Co(S2COR)3 for R ¼ Me (57), Et (58),
2,4,6-Me3 (60), are known. The structures conform to the
i-Pr (59), and C6H2
motif shown in Fig. 10 for Cr(S2COEt)3 (31) although only the R ¼ Et complex
has crystallographic threefold symmetry. The independent Co
S bond distances
in the R ¼ Et structure are experimentally equivalent at 2.276(4) and 2.277(4) Å.
Despite the deviations from the high symmetry found for the R ¼ Me structure,
the range of Cr
S bond distances is small, that is, 2.2623(8)–2.2746(7) Å. By
contrast, more signiﬁcant differences in the Co
S bond distances are evident in
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the R ¼ i-Pr and C6H2-2,4,6-Me3 structures. For example, for R ¼ i-Pr, the two
xanthate ligands are symmetric in their mode of coordination with a range of
Cr
S bond distances of 2.264(1)–2.272(1) Å, but the other ligand is less
symmetric with Co
S bond distances of 2.254(1) and 2.284(1) Å. In the
arylxanthate structure, the differences in Co
S bond distances formed by
each xanthate ligand range from 0.02 to nearly 0.03 Å. The differences in
Co
S bond lengths probably arise owing to the dictates of efﬁcient crystal
packing, but it is interesting to note that the average Co
S separation in each of
2,4,6-Me3 (60) structures, that is,
the R ¼ Me (57), Et (58), i-Pr (59), and C6H2
2.2703(3), 2.276(4), 2.268(1), and 2.275(6) Å, respectively, are equal within
experimental error. Such an observation reinforces the notion that the xanthate
ligand-binding strength is effectively independent of the nature of the R
substituent. During attempts directed at preparing a tetrakis cobalt xanthate
anion, [Co(S2COEt)4], the species [NEt4][Co(S2COEt)2(S2CO)] was isolated
(61). Octahedral coordination is found for cobalt, as shown in Fig. 36, as all
three dithiolates are chelating. The Co
S bond distances formed by the
symmetrically coordinating xanthate ligands are within the narrow range
2.283(2)–2.289(2) Å and these, as expected, are longer than those formed by
the dinegative, dithiocarbonate dianion of 2.245(2) and 2.257(2) Å. There are no
less than six cobalt xanthate structures containing phosphine ligands.
The phosphine adducts of the cobalt xanthates will be described in order of
increasing denticity of the phosphine ligand. A ﬁve-coordinate trigonal-bipyramidal

Figure 36. Molecular structure of the anion in [NEt4][Co(S2COEt)2(S2CO)].
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cobalt center is found in the organometallic complex, Co(CO)2(PPh2
i-Bu)2(S2COMe) (62), which was isolated in the solid state as an acetonitrile solvate;
fractional atomic coordinates are not available for this structure. The xanthate
ligand coordinates in the monodentate mode, Co
S is 2.315(3) Å, and occupies
a position in the equatorial plane along with two carbon atoms, derived from the
carbonyl ligands, leaving the phosphorus atoms to deﬁne the axial positions of
the molecule. The molecular structure of the cation in [Co(Me2PCH2CH2PMe2)(S2COEt)2][BPh4] (63), containing a bidentate phosphine ligand, is shown
in Fig. 37. The cation has crystallographic twofold symmetry and the cobalt
atom exists in a distorted octahedral environment as both xanthate and the
phosphine ligands are chelating. Owing to the trans effect of the phosphine
ligand, there is signiﬁcant asymmetry in the mode of coordination of the
xanthate ligands so that the Co
S distance involving the sulfur atom opposite
the phosphorus atom is 2.290(2) Å, which is longer than 2.255(1) Å, formed by
the other sulfur atom trans to a sulfur atom. A second diphosphine adduct
structure is known and this also contains a dithiocarbonate dianion (64). The
molecular structure of Co(Ph2PCH2CH2PPh2)(S2CO)(S2COEt) is shown in Fig.
38 and shows the cobalt atom to be six coordinate within a P2S4 donor set, that
deﬁnes a distorted octahedron. The magnitude of the Co
S1, S2, S3, and S4
bond distances are 2.2886(10), 2.3182(9), 2.2643(10), and 2.2835(9) Å, respectively. Despite the diversity in bond distances, deﬁnitive trends in their
magnitudes are discernable. Thus, for each ligand, the sulfur atom trans to a
phosphorus atom forms a longer bond than the other sulfur atom that is trans to a

Figure 37. Molecular structure of the cation in [Co(Me2PCH2CH2PMe2)(S2COEt)2][BPh4]; the
cation has twofold symmetry.
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Figure 38. Molecular structure of Co(Ph2PCH2CH2PPh2)(S2CO)(S2COEt).

sulfur atom. Comparing the two bond distances for the Co
S bonds trans to a
phosphorus atom, the bond formed by the dianion is shorter; the same trend is
found for the other Co
S bonds. There are two cobalt xanthate structures
containing the tridentate phosphine ligand (Ph2PCH2)3CMe.
The structures of [Co{(Ph2PCH2)3CMe}(S2COR)][BPh4], R ¼ i-Pr and
()-menthyl, each isolated as a dichloromethane solvate, have been reported
(65) and the cation for the R ¼ i-Pr complex is represented in Fig. 39. The cobalt
atom is in a trigonal-bipyramidal P3S2 geometry with the bidentate xanthate
ligand spanning both axial and equatorial sites. The remaining three coordination sites are occupied by the phosphorus atoms of the tripodal phosphine
ligand. The Co
S bond distances are experimentally equivalent for the R ¼ i-Pr
structure at 2.286(3) and 2.290(3) Å, and these values are indistinguishable from
those in the R ¼ ()-menthyl structure (65).
The remaining cobalt crystal structure is a cluster complex, namely, (m3S)Co3(CO)7(PPh3)(S2COMe) (66), which is shown in Fig. 40. The structure
comprises a triangle of cobalt atoms that is capped by a m3-sulﬁdo ligand. One
edge of the Co3 triangle is spanned by a bidentate xanthate ligand that forms
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Figure 39. Molecular structure of the cation in [Co{(Ph2PCH2)3CMe}(S2CO
()-menthyl)][BPh4].CH2Cl2.

symmetric Co
S bond distances of 2.264(2) and 2.273(2) Å. The phosphine
ligand coordinates the cobalt atom not forming a bond to the xanthate ligand.
B.

Rhodium Xanthate Structure

The ﬁnal structure to be described for this group also contains a tridentate
phosphine ligand, but this time coordinated to rhodium. The molecular structure
of the trinuclear cation in [Rh3(Ph2PCH2PPhCH2PPh2)2(CO)3(S2COEt)2][BPh4]CH2Cl2 (67) is shown in Fig. 41. The cation comprises a linear
arrangement of three rhodium atoms so that the Rh
Rh
Rh angle is
170.5(1) . Each rhodium atom forms bonds to two phosphorus atoms, one
derived from each of the tridentate phosphine ligands. This arrangement leads to
Rh bonds are linked
an effectively planar Rh3P6 group. Finally, successive Rh
by two bridging carbonyl ligands; the third carbonyl ligand occupies a terminal
position. The xanthate ligands adopt two distinct coordination modes. One
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Figure 40. Molecular structure of (m3-S)Co3(CO)7(PPh3)(S2COMe).

xanthate ligand spans two rhodium atoms so that Rh
S are 2.476(9) and
2.482(10) Å, and the second xanthate ligand chelates the rhodium atom not
already coordinated to a thiolate so that the Rh
S bond distances are both
2.540(8) Å (i.e., marginally longer than the distances formed by the bridging
xanthate ligand).

VIII.

XANTHATE STRUCTURES OF NICKEL, PALLADIUM,
AND PLATINUM

Of the transition metals, the nickel triad has been the most studied in terms of
xanthate structures, especially nickel xanthates. Thus, binary xanthate structures
are known for all elements with no less than 15 binary nickel xanthate structures
known and these aggregate in the solid state in six distinct supramolecular
architectures. There is also a rich diversity of adducts as well as mixed-ligand
complexes, in particular for nickel.
A.
1.

Nickel Xanthate Structures

Binary Nickel Xanthate Structures

For Ni(S2COR)2, molecular structures are available for R ¼ Me (68), Et (two
polymorphs) (69–73), n-Pr (74), i-Pr (74, 75), n-Bu (76, 77), i-Bu (68),
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Figure 41. Molecular structure of the cation in [Rh3(CO)3(Ph2PCH2PPhCH2PPh2)2(S2COEt)2][BPh4].CH2Cl2.

CH2CH2
i-Pr (78, 79), CH2CH2
t-Bu (80), hex (68), CH2CF3 (81, 82),
CH2CH2OMe (83), CH2Ph (84), Cy (68), 4-MeCy (85), and 4-t-BuC6H4 (60).
Table II summarizes the salient features of the structural chemistry of the binary
nickel xanthates with data from the most precise structure determination
included for cases where more than one determination is available in the
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TABLE II
Structural Data for Binary Nickel Xanthates, Ni(S2COR)2
Ni(S2COR)2

Crystallographic
symmetry

Ni(S2COMe)2

None

Ni(S2COEt)2a
Ni(S2COEt)2b–d

1
1

Ni(S2CO
n-Pr)2

None

i-Pr)2
Ni(S2CO
Ni(S2CO
n-Bu)2
i-Bu)2
Ni(S2CO
Ni(S2COCH2CH2
i-Pr)2
t-Bu)2
Ni(S2COCH2CH2
Ni(S2COHex)2
Ni(S2COCH2CF3)2 c

1
1
1
1
1
1
None

Ni(S2COCH2CH2OMe)2
Ni(S2COCH2Ph)2
Ni(S2COCy)2

1
1
None

4-Me)2
Ni(S2COCy
Ni(S2COC6H4 4-t-Bu)2

c

1
1

Ni
S (Å)

Supramolecular
Motif

2.209(2), 2.221(2)
2.220(2), 2.221(2)
2.210(2), 2.212(2)
2.21, 2.21
2.21, 2.21
2.204(1), 2.223(1)
2.215(1), 2.215(1)
2.199(2), 2.212(2)
2.1998(9), 2.2136(9)
2.202(1), 2.215(1)
2.203(1), 2.205(2)
2.2026(8), 2.2155(9)
2.204(1), 2.2169(9)
2.202(5), 2.209(4)
2.217(5), 2.223(4)
2.2128(7), 2.2146(8)
2.2035(5), 2.2201(7)
2.2101(8), 2.2241(8)
2.2118(8), 2.2182(8)
2.205(1), 2.205(1)
2.205(5), 2.222(7)
2.213(6), 2.219(4)

Ni. . .S or
S. . .H* (Å)

Reference

A

3.167(2)

68

B
C

3.448(2)
3.23
3.29
3.275(1)

72
73

A

74
74
77
68
79
80
68
82

B
B
A

2.98*
2.94*
2.97*
3.15*
3.08*
3.09*
3.419(14)
3.434(14)
3.4975(6)
3.401(2)
3.075(3)

E

3.07*

85
60

D
E
E
E
E
E
F

83
84
68

a

Orthorhombic polymorph.
Triclinic polymorph.
c
Two independent molecules in the asymmetric unit each of which is disposed about a center of
inversion.
d
Standard uncertainty values were not given.
b

literature. The molecular structure of Ni(S2COMe)2 shown in Fig. 42 (68) serves
as the prototype for all Ni(S2COR)2 structures as all binary xanthates of
nickel(II) adopt this motif with a square-planar nickel center within an almost
S bond distances in all structures is
symmetric S4 donor set; the range of Ni

Figure 42. Molecular structure of Ni(S2COMe)2.
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Figure 43. Supramolecular association in Ni(S2COMe)2.

2.199(2)–2.223(4) Å (i.e., equal within 4s). The molecules are usually disposed
about a center of inversion or approximate this symmetry. Based on the
crystallographic results obtained for Ni(S2COR)2, it is evident that there are
no obvious differences in the donor ability in the cited xanthate ligands.
Despite the homogeneity in the molecular structures of Ni(S2COR)2, there
are six supramolecular motifs identiﬁable from their crystal structures. The
simplest supramolecular motif, motif A, is found for Ni(S2COR)2, when R ¼ Me
(68), n-Pr (74), and Cy (68). Here, centrosymmetric dimers, for R ¼ Me and
R ¼ Cy, or the two independent molecules comprising the asymmetric unit, for
R ¼ n-Pr, associate via two Ni. . .S interactions as represented for the R ¼ Me
structure in Fig. 43. The distances associated with Ni. . .S intermolecular
interactions are also collected in Table II. It is perhaps noteworthy that the
three structures adopting motif A are not centrosymmetric at nickel as this
would contravene the symmetry of the supramolecular association. As noted
above, there are two polymorphic forms for Ni(S2COEt)2 (69–73). In the
orthorhombic form, isolated as plates, and in which the nickel atom is located
on a center of inversion, a two-dimensional (2D) array arises as a result of
Ni. . .S interactions (69–72). This is motif B. Each complex molecule forms two
donor and two acceptor interactions so that, taken to an extreme, each nickel
atom exists in a tetragonally distorted octahedral geometry. The motif may be
described as comprising rows of translationally related molecules that are
associated with similarly constructed rows, but of opposite orientation, as shown
in Fig. 44(a) and (b). In terms of coordination polyhedra, the structure may be
described as being comprised of layers of corner-shared octahedral so that each
octahedron is connected to four other octahedra. Motif B is also found for the
structures of Ni(S2COCH2CH2OMe)2 (83) and Ni(S2COCH2Ph)2 (84). In the
triclinic form of Ni(S2COEt)2 (73), isolated as needles, two independent
centrosymmetric molecules comprise the asymmetric unit. The supramolecular
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Figure 44. Supramolecular association in the orthorhombic form of Ni(S2COEt)2: (a) showing the
links between alternating chains of molecules in the ab plane, (b) viewed down the axes of the chains,
and (c) showing the connectivity between the tetragonally distorted octahedral units.
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Figure 45. Supramolecular association in the triclinic form of Ni(S2COEt)2 viewed (a) normal to
the chain that runs along the c axis, (b) down the axis of the chain, and (c) showing the connectivity
between the tetragonally distorted octahedral units.
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structure is comprised of rows of molecules of alternating orientations with two
donor and two acceptor interactions associated with each complex molecule so
that tetragonally distorted octahedral geometries ensue. This motif (i.e., motif C)
is illustrated in the views of Fig. 45. The distances associated with the
interactions labeled (a) and (b) in Fig. 45(a) are 3.29 and 3.23 Å, respectively.
If the octahedral descriptions of the coordination geometries are accepted, then
the supramolecular motif C may be described as edge-shared octahedral, which
form an undulating chain as shown in Fig. 45(c). Finally, the plate and needle
morphologies of the respective crystals are consistent with the internal structures, as described, and each can be isolated from the same recrystallization
solvent [e.g., acetone (73)], indicating that the respective energies of stabilization in the solid state are similar.
The next two supramolecular motifs do not feature intermolecular Ni. . .S
interactions. Motif D is adopted by a single example, namely, Ni(S2CO
i-Pr)2
(74, 75). Translationally related rows of molecules associate via S. . .H interactions as shown in Fig. 46(a). The S. . .H interactions are not indicated in the
relevant ﬁgures for reasons of clarity, but the shortest S. . .H interaction is listed
in Table II for this structure and those adopting motif E. As highlighted in Fig. 46(b),
the rows are of opposite orientations and in this sense the supramolecular motif
resembles that described for motif B with the key difference being in the
cohesion between the components (i.e., Ni. . .S interactions for motif B and
S. . .H for motif D). Motif E is closely related to that of motif D with the obvious
difference being in the orientation of the rows of molecules as emphasized in
Fig. 47. It turns out that motif E is the predominant of the supramolecular motifs
for the binary nickel xanthates, being found for R ¼ n-Bu (76, 77), i-Bu (68),
i-Pr (78, 79), CH2CH2
t-Bu (80), hex (68), and 4-MeCy (85). The
CH2CH2
ﬁnal motif, motif F, is found for the perﬂuorinated complex [i.e., Ni(S2COCF2CF3)2 (81, 82)]. This structure features two independent centrosymmetric molecules and supramolecular Ni. . .S interactions as shown in Fig. 48.
Tetragonally distorted octahedral geometries are found in Ni(S2COCF2CF3)2, as
for motifs B and C. The distances associated with the interactions labeled (a)
and (b) in Fig. 48(a) are 3.419(14) and 3.434(14) Å, respectively, and these lead
to the formation of a chain in which the successive components are offset with
respect to each other, as highlighted in Fig. 48(b), to allow for the formation the
distorted octahedral coordination geometries. In terms of coordination polyhedra, the structure may be described as being comprised of two straight chains of
corner-shared octahedra with the links within each chain being afforded by
diagonally opposite vertices. As shown in Fig. 48(c), the two chains are linked
via the sharing of two edges so that each octahedron is associated with four
other octahedra, resembling the situation described above for motif B. Disorder
4-t-Bu)2
in the structure of the ﬁnal binary nickel xanthate [i.e., Ni(S2COC6H4
(60), precludes a detailed description of the supramolecular architecture.
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Figure 46. Two views of the packing of molecules in Ni(S2CO
i-Pr)2: (a) down the axis of the
columns that run parallel to the b axis, and (b) highlighting the relationship between columns of
molecules.

There is only one example of a metal complex containing a bis(xanthate)
ligand and this contains nickel(II) centers. The centrosymmetric structure of the
dimeric complex [Ni{S2CO(CH2CH2O)4CS2}2]2 (24) is shown in Fig. 49(a).
The coordination geometry for nickel is as for the mononuclear analogues so that
the range of Ni
S bond distances is 2.2098(7)–2.2285(6) Å. The bis(xanthate)
ligand folds over so that a cyclic molecule eventuates that has the consequence
that the coordination geometries are in close proximity. Indeed, the intradimer
Ni. . .S interactions, labeled as (a) in Fig. 49(b) are 3.6270(8) Å and the dimeric
units associate via shorter Ni
S interactions of 3.3393(8) Å, labeled (b) in
Fig. 49(b). As for the related mononuclear structures described above, the
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Figure 47. Packing of molecules in Ni(S2CO
n-Bu)2 highlighting the relationship between
columns of molecules aligned along the a axis [i.e., in contrast to the relationship shown in
Fig. 46(b)].

coordination polyhedra can be described as tetragonally distorted octahedral and
the resultant chain can be thought of as being comprised of edge-shared
octahedra as represented in Fig. 49(c). As can be noted by comparing Figs.
45(c) and 49(c), the chain formed in dimeric nickel xanthate structure is
somewhat more twisted in its topology.
There are X-ray crystal structures for ﬁve anionic species of the general
formula [Ni(S2COR)3] available in the literature. The molecular structure of
the anion in [NEt4][Ni(S2COEt)3] (86) is shown in Fig. 50. The coordination
geometry is distorted octahedral, owing in part to the restricted bite distances of
the xanthate ligands and in this respect the structure of the anion resembles
closely those of the neutral tris(xanthates) of the lighter ﬁrst-row transition
metals. The range of Ni
S bond distances is narrow at 2.419(2)–2.455(2) Å.
The structures of three closely related species are available, namely,
i-Pr)3] (87) with Ni
S in the range 2.385(3)–2.478(2) Å,
[NMe4][Ni(S2COCH2
n-Bu)3] (88) with Ni
S in the range 2.431(9)–2.463(8) Å,
[n-BuN4][Ni(S2CO
S in the range 2.393(5)–
[NMe4][Ni(S2COCy)3].acetone (89) with Ni
2.469(5) Å, and [(Ph2P(CH2)2P(Ph)(CH2)2PPh2)Ni(S2COCy)][Ni(S2COCy)3]
(90) with Ni
S in the range 2.400(3)–2.463(3) Å. The latter structure contains
a cation containing a xanthate ligand and its molecular structure is discussed
below. The range of Ni
S bond distances for the ﬁve structurally characterized
[Ni(S2COR)3] anions, [i.e., 2.385(3)–2.478(2) Å], indicates a high degree of
homogeneity in their structures.
2.

Adducts of Nickel Xanthates

There is a rich structural chemistry in the Lewis base adducts of the nickel
xanthates so that a variety of coordination geometries are found as well as
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Figure 48. Two views of the packing of molecules in Ni(S2COCH2CF3)2: (a) showing the double
chain aligned along the b axis, (b) highlighting the displaced relationship between molecules in the
columns, and (c) showing the connectivity between the tetragonally distorted octahedral units
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Figure 49. Molecular structure of [Ni{S2CO(CH2CH2O)4CS2}2]2: (a) showing the centrosymmetric dimer, (b) highlighting the intra- and intermolecular Ni. . .S interactions aligned along the b
axis, and (c) showing the connectivity between the tetragonally distorted octahedra.
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Figure 50. Molecular structure of the anion in [NEt4][Ni(S2COEt)3].

interesting inclusion chemistry. In the following, structures containing monodentate ligands are described ﬁrst following by structures containing ligands of
higher denticity.
There are ﬁve adducts containing monodentate ligands that coordinate the
nickel(II) center via a nitrogen atom. All structures are mononuclear and feature
six-coordinate, distorted octahedral geometries. The structure of trans-Ni(S2COEt)2(isoquinoline)2 (91) is shown in Fig. 51(a). The nickel atom is located on
a crystallographic twofold axis. The Ni
S bond distances are essentially the
same at 2.440(2) and 2.464(2) Å, and the Ni
N distance is 2.091(4) Å. The
crystal structure is stabilized by p   p interactions between the isoquinoline
rings with an average separation between these of 3.77 Å. Additional C
H   p
interactions appear to be evident between the methyl–H atoms the ring centroids
of the NC5 rings so that a 2D array results as shown in Fig. 51(b). The structure
i-Pr)2(benzothiazole-N)2 (92) is in agreement with that just
of trans-Ni(S2CO
described for the isoquinoline adduct except that the molecule is situated about a
center of inversion; the Ni
S distances are 2.419(1) and 2.446(1) Å, and Ni
N
is 2.123(2) Å. Supramolecular association between the molecules is evident so
that a closely related crystal structure results: the average p. . .p separation
between centrosymmetrically benzothiazole rings is 3.97 Å and the C
H. . .p

Figure 51. The structure of trans-Ni(S2COEt)2(isoquinoline)2: (a) molecular geometry, and (b)
supramolecular self-assembly in the ab plane; the molecule has crystallographic twofold symmetry.
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interactions involving the methyl–H of the isopropyl groups is 2.84 Å (the angle
at H is 131 ). The greater separation between p systems and the shorter
i-Pr)2(benC
H. . .p interactions found in the structure of trans-Ni(S2CO
H. . .p contacts are more signiﬁcant
zothiazole-N)2 (92) suggests that the C
in this structure compared with the situation in trans-Ni(S2COEt)2(isoquinoline)2 (91). The three remaining adducts feature cis-octahedral geometries.
The molecular structure of cis-Ni(S2COCH2CH2OMe)2(py)2 (93) is illustrated in Fig. 52; the nickel atom is situated on a twofold axis. The Ni
S bond
distances are disparate so that the Ni
S1 distance (i.e., trans to the pyridine–
nitrogen atom) of 2.4348(3) Å is shorter than the Ni
S2 distance of
2.4982(3) Å, which is approximately trans to the symmetry related S2 atom;
the Ni
N bond distance is 2.0915(10) Å. The molecular structures of cisS:
Ni(S2COCH2CH2OMe)2(4-picoline)2 [(94); no symmetry, range of Ni
2.4272(12) to 2.4890(12) Å, and Ni
N 2.086(3) and 2.095(3) Å] and cisS: 2.4571(11)
Ni(S2COCH2Ph)2(4-picoline)2 [(94); twofold symmetry, Ni
and 2.4744(6) Å, and Ni
N 2.0950(15) Å] have the same features as those for
cis-Ni(S2COCH2CH2OMe)2(py)2. The presence of oxygen atoms in the alkyl
residues of the xanthate residues in cis-Ni(S2COCH2CH2OMe)2(py)2 introduces
an element of structure directing functionality owing to the possibility of
C
H. . .O interactions. Thus, the crystal structure of cis-Ni(S2COCH2CH2OH. . .O interactions per molecule (i.e., two
Me)2(py)2 features four such C
acceptor and two donor interactions where the donor atom is a py
H atom;
C
H. . .O is 2.46 Å and the angle at H is 152 . There are also C
H. . .p
interactions between the py
H atoms and the ring centroids of the NiS2C
systems with separations of 2.70 Å. The resultant architecture is a layer as
emphasized in Fig. 52(b). In the structure of cis-Ni(S2COCH2Ph)2(4-picoline)2
(94), close p. . .p interactions between the 4-picoline ligands are precluded
owing to the presence of the methyl groups, but it is still these ligands that
provide the dominant cohesion between molecules. Thus, the Me
H atoms form
C
H. . .p interactions of 2.65 Å with the ring centroid of a symmetry related
4-picoline molecule and at the same time straddles two NiS2C metallacycles so
that a 2D array results (C
H. . .p is 2  3.11 Å). Similar C
H. . .p interactions
involving the Me
H atoms of the 4-picoline ligands are found in the crystal
structure of cis-Ni(S2COCH2CH2OMe)2(4-picoline)2, but no additional signiﬁcant intermolecular interactions are present involving the ether oxygen atom of
the xanthate ligands.
The three remaining monodentate adducts contain phosphine ligands. The
molecular structure of Ni(S2COEt)2PPh3 (95) is shown in Fig. 53(a). To a ﬁrst
approximation, the nickel atom exists in a square-planar geometry deﬁned by a
chelating xanthate ligand [Ni
S1 is 2.225(2) Å and Ni
S2 is 2.248(2) Å], a
monodentate xanthate ligand [Ni
S3 is 2.225(2) Å)], and the phosphorus atom

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

181

Figure 52. The structure of Ni(S2COCH2CH2OMe)2(py)2: (a) molecular geometry, and (b)
supramolecular self-assembly viewed down the a axis.

of the phosphine ligand [Ni
P is 2.209(2) Å]. The monodentate xanthate ligand
is orientated so as to place the S4 atom in close proximity to nickel so that
Ni. . .S4 is 2.654(2) Å. If this latter interaction was considered signiﬁcant, the
coordination geometry would be best described as distorted square pyramidal.
The supramolecular structure is dominated by C
H. . .p interactions where the
p-system is provided by the NiS2C chromophore formed by the chelating
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Figure 53. The structure of Ni(S2COEt)2PPh3: (a) molecular structure, and (b) chain formation, via
C
H. . .p interactions, along the b axis.

xanthate ligand. In the crystal structure, and as indicated in Fig. 53(b), a chain is
formed mediated by C
H. . .p interactions involving the labeled H atoms that
are separated by 3.34 Å from the ring centroid of NiS2C, so that the angle
H. . .p intramolecular
subtended at the H atom is 154 . There are also C
interactions of 3.26 Å. The molecular structure of Ni(S2CO
i-Pr)2PPh3 (96)
is in essential agreement with the ethylxanthate analogue so that the sequence of
Ni
S1, S2, and S3 bond distances is 2.2282(13), 2.2588(14), and 2.2382(13) Å,
respectively, with Ni
S4 being signiﬁcantly longer, at 2.816(2) Å, than the
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equivalent distance in Ni(S2COEt)2PPh3 (95); Ni
P is 2.2023(13) Å. Interactions of the type C
H. . .p also feature in the crystal structure so that chains are
formed, but in this case the interactions occur between Me
H atoms of the
isopropyl residues and the ring centroids of the neighboring phenyl rings so that
the distance is 2.78 Å and the angle at H is 158 . Supramolecular chains are also
found in the structure of Ni(S2COCy)2PPh2Me (97) and these intermolecular
H (3.21 Å, 154 ), and
contacts involve cyclohexyl
H (3.18 Å, 154 ), Me

Ph
H (3.25 Å, 151 ) with neighboring phenyl rings.
The overwhelming majority of adducts of nickel xanthates contain bidentate,
both chelating and bridging, nitrogen donor ligands. There are 16 structures of
the general formula Ni(S2COR)2(N\N) (21, 84, 92, 98–107) and the majority of
these contain ligands such as bpy, or their derivatives. The molecular structure
iof a rare non-pyridine–nitrogen adduct is shown in Fig. 54, namely, Ni(S2CO
Pr)2(Me2NCH2CH2NMe2) (21). Here, the xanthate ligands form effectively
symmetric chelates and the systematic variation in the distances are consistent
with the different trans effects of the opposite donor atoms. Thus, the shorter
Ni
S bond distances of 2.4525(12) and 2.4554(12) Å are opposite the nitrogen
donor atoms, whereas the longer Ni
S bonds of 2.4932(12) and 2.4917(13) Å
have the sulfur atoms opposite each other. However, systematic variations in the
Ni
S bond distances are not always apparent. Thus, in the structure of
i-Pr)2(NC5H4CH2NH2-2) (98), where is the amine ligand is
Ni(S2CO
2-aminomethylpyridine and for which two independent molecules comprise
the crystallographic asymmetric unit, the sulfur atoms trans to the nitrogen
donors in the ﬁrst independent molecule are shorter than those formed by the
sulfur atoms trans to each other. The reverse situation is true for the second
independent molecule. Indeed, among the 16 cited structures systematic
correlations are in fact rare. Key geometric data for the Ni(S2COR)2(N\N)

Figure 54. Molecular structure of Ni(S2CO
i-Pr)2(Me2NCH2CH2NMe2).
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TABLE III
Structural Data for Nickel Xanthate Adducts of the General Formula Ni(S2COR)2(N\N)

R; (N\N)

Ni
S1, S2; Ni
S3, S4 (Å)

Ni
N1, N2 (Å)

i-Pr; Me2NCH2CH2NMe2

2.4525(12), 2.4932(12); 2.4554(12),
2.4917(13)
2.4459(15), 2.4559(15); 2.3934(16),
2.4636(16)
2.4602(15), 2.4230(16); 2.4583(18),
2.4311(16)
2.479(2), 2.433(2); 2.520(2), 2.416(2)
2.437(2), 2.4468(19); 2.491(2),
2.4254(19)
2.419(1), 2.465(1); 2.457(1), 2.433(1)
2.455(2), 2.442(1)
2.455(1), 2.432(2); 2.446(1), 2.444(4)
2.4530(13), 2.422(2)
2.442(4), 2.456(3); 2.454(3), 2.448(4)
2.443(2), 2.444(2); 2.476(2), 2.438(2)
2.398(3), 2.454(3); 2.428(3); 2.422(3)
2.436(1), 2.450(1)
2.449(1), 2.431(1); 2.458(1), 2.438(1)
2.452(3), 2.437(3)
2.487(2), 2.376(2); 2.522(2), 2.440(2)
2.3882(7), 2.4330(8); 2.4175(8),
2.4315(8)

2.183(4), 2.189(4)
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2.065(4), 2.074(4)

98

i-Pr; NC5H4CH2NH2-2

a,b

Et; (NC5H4)NH(C5H4N)c
Et; (NC5H4)NH(C5H4N)d
i-Pr; 2,20 -bpy
CH2CH2OMe; 2,20 -bpye,f
CH2CH2OMe; 2,20 -bpy g
Pent; 2,20 -bpye
Et; 4,40 -Me2-2,20 -bpy
Et; phenh
i-Pr; phen
CH2CH2OMe; phene
CH2CH2OMe; phenc
CH2Ph; phenc,e
Et; 4,7-Me2-phen
Et; 4,5-diazaﬂuoren-9-one

Reference

2.070(5), 2.068(4)
2.067(5), 2.074(5)
2.051(6), 2.071(5)
2.072(3),
2.070(4)
2.073(3),
2.057(3)
2.073(9),
2.076(4),
2.081(7),
2.072(3)
2.082(3),
2.085(8)
2.107(4),
2.151(2),

2.061(3)
2.072(3)
2.068(8)
2.074(4)
2.062(8)
2.084(3)
2.153(3)
2.182(2)

99
98
100
101
101
102
103
104
92
105
105
84
106
107

a

Two independent molecules in the asymmetric unit.
The S2 atom is trans to the pyridine group.
c
Benzene solvate.
d
Dimethyl sulfoxide solvate.
e
Molecule has crystallographic twofold symmetry.
f
C2/c polymorph.
g
P21/n polymorph.
h
Water solvate.
b

structures are collected in Table III in which the Ni
S1 and Ni
S3 bonds are
trans to nitrogen donor atoms for each entry. Of the 16 structures, 5 are disposed
about a crystallographic twofold axis. Several of the structures crystallize with
solvent in the crystal lattice. If the solvent is removed the crystal structure
collapses indicating that these are examples of nonreversible inclusion complexes [e.g., (99)].
When the donor atoms in the Lewis bases are in diagonally opposite
positions, polymeric arrays are possible and can demonstrate reversible inclusion chemistry. There are three nickel xanthate adducts containing such ligands
capable of forming bridges. The ﬁrst of these contains pyrazine ligands as
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Figure 55. The structure of polymeric [Ni(S2CO
i-Pr)2(pyr)]1 showing (a) the linear polymeric
chain aligned along the b axis, and (b) highlighting the orthogonal relationship between the xanthate
and pyrazine ligands. The structure has symmetry in that the nickel atom is located on a center of
inversion and the pyrazine ligand is disposed about a center of inversion.

illustrated in Fig. 55(a) for [Ni(S2CO
i-Pr)2(py)]1 (pyr ¼ pyrazine) (108). The
structure has symmetry in that the nickel atom is located on a center of inversion
and the pyrazine ligand is disposed about a center of inversion. The overall
structure is a linear polymer with the Ni
S distances being virtually identical at
2.4164(12) and 2.4202(8) Å; Ni
N is 2.150(2) Å. The coordination geometry is
therefore, distorted octahedral being deﬁned by a trans-N2S4 donor set.
Increasing the distance between the nitrogen atoms in the Lewis base, as in
4,40 -bpy, still enables the formation of stable bridges between the nickel centers,
but also gives rise to the possibility of inclusion chemistry. Straight polymeric
n-Bu)2(4,40 -bpy).2CCl4]1 (99);
chains are found in the structure of [Ni(S2CO
see Fig. 56. In this structure, the nickel atom is disposed on a center of inversion
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Figure 56. The structure of polymeric [Ni(S2CO
n-Bu)2(4,40 -bpy).2CCl4]1 viewed down the a
axis; the nickel atom is situated on a center of inversion and the 4,40 -bpy ligand is similarly disposed
about a crystallographic center of inversion.

and the 4,40 -bpy ligand is similarly disposed about a crystallographic center. The
Ni
S bond distances are 2.4407(11) and 2.4505(9) Å, and Ni
N is 2.106(3) so
that a distorted trans-N2S4 octahedral geometry is found for nickel. As indicated
in the molecular formula, there are two carbon tetrachloride molecules per
nickel atom in the structure and these are accommodated in columns. Parallel
chains are shifted with respect to each other so that approximately rectangular
cavities are formed, as can be seen from Fig. 56. Further, as the layer shown in
Fig. 56 is superimposable upon translationally related layers, columns are
formed. In keeping with the notion that there are no apparent intermolecular
interactions involving the complex and solvent molecules, the incorporation of
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solvent molecules in the structure is reversible so that the global crystal structure
apparently remains intact upon removal of the solvent (99).
The ﬁnal polymeric adduct to be described adopts a unique polymeric
n-Bu)2(4,40 -bpy)]1,
topology. Thus, the polymeric structure of [Ni(S2CO
isolated as a chloroform and hemi-ethanol solvate (109), is represented in
Fig. 57; the polymer is propagated by crystallographic glide symmetry.
Immediately apparent is that rather than a linear polymeric structure as
described for the two previous structures, a zigzag polymeric chain is formed
owing to a cis disposition of the nitrogen donor atoms. The Ni
S bond distances
fall in the narrow range 2.430(3)–2.443(3) Å and the Ni
N distances are
2.067(7) and 2.092(7) Å. There is also solvent in this structure. In the lattice,
zigzag chains of alternate orientations stack on top of each so that molecular

Figure 57. The structure of polymeric [Ni(S2COEt)2(4,40 -bpy).CHCl3, 0.5EtOH]1 aligned along
the c axis; solvent molecules are omitted for clarity.
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Figure 58. The molecular structure of the cation in [(Ph2P(CH2)2P(Ph)(CH2)2PPh2)Ni(S2COCy)][Ni(S2COCy)3].

cavities are formed. It is these that accommodate the solvent molecules and as
for the mononuclear adducts, removal of the solvent results in the collapse of the
crystal lattice.
The ﬁnal adduct structure to be described contains a tridentate phosphine
ligand. As mentioned above in the description of the binary nickel xanthate
structures, the [Ni(S2COCy)3] anion cocrystallizes with a xanthate-containing
cation with a tridentate phosphine ligand, namely, [(Ph2P(CH2)2P(Ph)(CH2)2PPh2)Ni(S2COCy)]þ (90). The structure of the cation is shown in Fig. 58. The
xanthate ligand is chelating, but forms disparate Ni
S1 and Ni
S2 bond
distances of 2.237(3) and 2.358(3) Å, respectively. A range of Ni
P bond
distances is also evident [i.e., Ni
P are 2.163(3), 2.204(3), and 2.251(3) Å]. The
coordination geometry most closely resembles a trigonal bipyramid with the
axial positions deﬁned by the more tightly held S1 and phosphorus atoms so that
the axial angle is 176.6(3) .
3.

Mixed-Ligand Nickel Xanthate Structures

There are three structures with the general formula Ni(S2COR)(PPh3)X
available in the literature and these adopt two distinct coordination geometries.
The structures of Ni(S2CO
i-Pr)(PPh3)Cl (110) and Ni(S2COCH2CH2
iPr)(PPh3)Br (111) are very similar and that of the former is shown in Fig. 59.
The nickel atom exists in a square-planar geometry deﬁned by a S2PX donor set.
Reﬂecting the different trans effects of the donor atoms, the sulfur atom opposite
the halide atom forms a shorter bond at 2.185(2) Å (2.1925(15) Å for X ¼ Br)
compared with the sulfur atom trans to the phosphorus atom of 2.228(2) Å
[2.2446(11) Å]. The Ni
Cl and Ni
P bond distances are 2.167(2) and
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Figure 59. Molecular structure of Ni(S2CO
i-Pr)(PPh3)Cl.

2.177(2) Å, respectively [2.3194(14) and 2.1893(10) Å, respectively, for
X ¼ Br]. The third structure features a nitrosyl ligand in place of the halide
c-Pent)(PPh3)NO (112)] (c-Pent ¼ cyclopentyl), represented in
[i.e., Ni(S2CO
Fig. 60. The nickel atom is coordinated by a chelating xanthate ligand, the Ni
S
bond distances are equivalent at 2.328(1) and 2.329(1) Å, the phosphorus atom,
Ni
P is 2.240(1) Å, and by the nitrogen atom of the nitrosyl ligand so that
Ni
N is 1.650(4) Å. The coordination geometry is based on a tetrahedron, albeit
with signiﬁcant distortions, owing in part to the restricted bite distance of the
xanthate ligand. The range of angles subtended by the NPS2 donor set at the
nickel atom is 76.61(5) , the chelate angle, to 127.1(2) .
The next two structures to be described are formally organonickel species.
There are two structures of the general formula (Z-C5H5)Ni(S2COR)PPh3
known. The structure of the R ¼ Me (113) species is shown in Fig. 61, and
that of the R ¼ Et (114) analogue is virtually identical. The nickel atom is
considered four coordinate, being coordinated by a monodentate xanthate
ligand, Ni
S is 2.195(1) Å, a phosphorus atom, Ni
P 2.160(1) Å, and a

Figure 60. Molecular structure of Ni(S2CO
c-Pent)(PPh3)NO.
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Figure 61. Molecular structure of (Z5-C5H5)Ni(S2COMe)PPh3.

cyclopentadienyl ligand that occupies two coordination sites. The Ni
S and
Ni
P bond distances for the R ¼ Et structure are 2.197(2) and 2.184(2) Å,
respectively (114).
The ﬁnal three structures in this section are clusters. The ﬁrst cluster
structural type is formulated as Ni3S2(S2COR)2(Ph2PCH2CH2PPh2) and is found
for R ¼ Me, shown in Fig. 62, and Et (115). The structure comprises a triangle
of nickel atoms [Ni. . .Ni range from 2.7243(7) to 2.8990(8) Å] capped on either
side by a m3-sulﬁdo atom. Two of the nickel atoms are each chelated by a

Figure 62. Molecular structure of Ni3S2(S2COMe)2(Ph2PCH2CH2PPh2).
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symmetrically coordinating xanthate ligand [Ni
S is in the range 2.231(1) to
2.235(1) Å] and the other is chelated by the phosphine ligand [Ni
P are
2.168(1) and 2.170(1) Å]. The structure of the R ¼ Et analogue is essentially
the same and has the interesting feature of having four independent molecules in
the asymmetric unit. The range of Ni
S bond distances in this structure is wider
than that just mentioned at 2.198(5)–2.247(6) Å. The ﬁnal nickel xanthate
structure to be described is constructed about a Ni4O4 core.
The second nickel xanthate cluster is that of [Ni(OCH2C5H4N)(S2COEt)]4,
characterized as an acetone solvate (116), and this is represented in Fig. 63(a).
The structure is built up about a Ni4O4 core, see Fig. 63(b), which approximates

Figure 63. The molecular structure of [Ni(OCH2C5H4N)(S2COEt)]4: (a) showing all atoms, and
(b) highlighting the core.
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a cube such that each alternate corner is deﬁned by a nickel atom. Each bridging
oxygen atom is derived from a pyridine-2-methanolate anion that utilizes its
pyridine atom to coordinate to one of the nickel atoms already coordinated by
the oxygen atom. The distorted octahedral coordination geometry about each
nickel atom is completed by a chelating xanthate ligand; the Ni
S bond
distances are in the range 2.405(3)–2.511(3) Å.
B.

Palladium Xanthate Structures

There are three binary xanthate structures of palladium. The structure of
Pd(S2COEt)2 (117), with Pd
S bond distances of 2.3271(8) and 2.3363(8) Å in
the centrosymmetric and square-planar molecule, is isomorphous with the
orthorhombic form of Ni(S2COEt)2 (69–72). The supramolecular aggregation
is as shown for the latter in the various views of Fig. 44. In Pd(S2COEt)2, the
intermolecular Pd. . .S distance is 3.3579(7) Å (117). The structure of
Pd(S2COCH2CF3)2 (118) is isomorphous with the nickel analogue (81, 82),
which is illustrated in Fig. 48. In the Pd(S2COCH2CF3)2 complex, the Pd
S
bond distances are 2.321(5) and 2.326(5) Å and, referring to the atomic labeling
in Fig. 48(a), the equivalent intermolecular Pd. . .S interactions (a) and (b) are
3.413(3) and 3.557(3) Å, respectively. The structure of the arylxanthate complex, namely, Pd(S2COC6H2-2,4,6-Me3)2 (60) also features a centrosymmetric
and square-planar coordination geometry with Pd
S bond distances of 2.328(3)
and 2.333(4) Å. Supramolecular association between molecules is as repren-Bu)2 (i.e., mediated by intermolecular S. . .H
sented in Fig. 47 for Ni(S2CO
interactions so that in the present case the closest S. . .H separation is 2.99 Å).
The remaining palladium xanthate structure to be described is heterometallic
and is also a mixed-ligand complex. The structure of Pd(S2COEt)Br[P(2MeC6H4)2(C6H4CH2)HgBr].HgBr2.ClCH2CH2Cl (119) is shown in Fig. 64.

Figure 64. The molecular structure of the complex
Me
C6H4)2(C6H4CH2)HgBr].HgBr2.ClCH2CH2Cl.

molecule

in

Pd(S2COEt)Br[P(2-
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The immediate coordination geometry about the palladium atom is as found in
the structures of the general formula Ni(S2COR)(PPh3)X (110, 111), as
illustrated in Fig. 59 for R ¼ i-Pr and X ¼ Cl. The Pd
S1 and Pd
S2 bond
distances are disparate at 2.288(3) and 2.389(2) Å, respectively, a result that
reﬂects the different trans effects of the other donor atoms; Pd
P is 2.305(2) and
Pd
Br is 2.454(1) Å. The mercury atom approaches the palladium center so that
the Pd. . .Hg separation is 3.098(1) Å and if considered signiﬁcant, leads to a
square-pyramidal geometry for palladium.
C.

Platinum Xanthate Structures

There are only four platinum xanthate structures available in the literature.
The structure of Pt(S2COEt)2 (120) is isomorphous with the orthorhombic
nickel (69–72) and palladium (117) analogues. The Pt
S bond distances in the
centrosymmetric structure are 2.313(6) and 2.320(7) Å. Referring to Fig. 44 of
Ni(S2COEt)2, the intermolecular Pt. . .S interactions are 3.531(7) Å. The structure of the [Pt(S2COEt)3] anion, isolated as the [AsPh4]þ salt (121), also
features a square-planar geometry about the platinum center as shown in Fig. 65.
This conﬁguration arises as a result of the presence of a bidentate xanthate
ligand, Pt
S1 and Pt
S2 are 2.293(27) and 2.327(17) Å, respectively, and two
monodentate xanthate ligands, Pt
S3 is 2.294(32) Å and Pt
S5 is 2.315(19) Å.
The ﬁnal two structures in the nickel–triad xanthates are organoplatinum
structures. The molecular structure of the mononuclear anion in [nBu4N][(C6F5)2Pt(S2COEt)] (122) is shown in Fig. 66. A square-planar geometry
is also found in the anion, in this case deﬁned by a symmetrically chelating
xanthate ligand, Pt
S are 2  2.361(2) Å, and two ispo carbon atoms of the
perﬂuoropentyl groups. The structure of the tetranuclear analogue is also known,

Figure 65. The molecular structure of the anion in [AsPh4][Pt(S2COEt)3].
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Figure 66. The molecular structure of the anion in [n-Bu4N][(C6F5)2Pt(S2COEt)].

that is, [n-Bu4N]2[(C6F5)8Pt4(S2COEt)2] (122); the structure of the dianion is
shown in Fig. 67. The dianion is centrosymmetric and is constructed about a
central Pt2S2 core. Two aryl groups are bound to each of the endocyclic
platinum atoms, deﬁning a square-planar geometry. Each of the exocyclic
platinum atoms is linked to the core via a bridging xanthate ligand that chelates
this atom and at the same time provides the sulfur bridge to the core. The
chelating Pt
S bond distances are 2.348(4) and 2.370(3) Å with the marginally
longer distance being associated with the sulfur atom forming the bridge to the
endocyclic platinum atom; the Pt
S distance involving the endocyclic platinum
atom is 2.373(2) Å indicating that the m-sulﬁdo bridge is symmetric. The
coordination geometry about the platinum center, consistent with all of the
platinum xanthate structures, is square planar.

Figure 67. The molecular structure of the dianion in [n-Bu4N]2[(C6F5)8Pt4(S2COEt)2]; the
molecule is situated about a center of inversion.
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XANTHATE STRUCTURES OF COPPER, SILVER,
AND GOLD

A wide range of structural motifs are found for the copper–triad xanthates,
ranging from monomeric species to layer structures. This variety of structures
can be ascribed to the ﬂexible coordination modes adopted by the xanthate
ligands in this group, in particular for the copper and silver xanthates. However,
there is a dearth of binary xanthate structures with only two available for copper
and one each for silver and gold. The paucity of data can be ascribed directly to
the inability to obtain suitable crystals for structure determination. Phosphine
adducts are known for all three elements of this group and in the case of both
copper and silver, mixed-metal species are also known.
A.

Copper Xanthate Structures

Two binary copper xanthate structures are known, that is, Cu(S2COMe)
2,6-t-Bu2
4-Me) (124), and both of these feature
(123) and Cu(S2COC6H2
signiﬁcant aggregation in the solid state. The ﬁrst structure to be described is
that of [Cu(S2COMe)]1 (123), a structure that features extensive supramolecular associations so that a 2D array results. This arises as each xanthate ligand
is tetra-connective so that each sulfur atom forms two bonds to copper and
therefore, the copper atom exists in a distorted S4 environment, which approximates a tetrahedral geometry. The immediately recognizable characteristic of
the structure is a centrosymmetric [Cu(S2COMe)]2 entity that adopts a Cu2S4C2
chair conﬁguration as shown in Fig. 68(a); Cu
S1i is 2.2910(17) Å and Cu
S2
is 2.3054(18) Å. In addition to these eight-membered metallacycles are Cu4S4
eight-membered rings. One of these is intricately related to the already
S links are orientated above
mentioned [Cu(S2COMe)]2 ring in that two Cu
S2iii is 2.2914(17) Å] thereby forming
and below the [Cu(S2COMe)]2 ring [Cu
a chair conﬁguration of Cu4S4, but of the opposite orientation to that exhibited
by [Cu(S2COMe)]2; this is also evident from Fig. 68. There is a second Cu4S4
entity incorporating a Cu
S
Cu fragment of the ﬁrst described Cu4S4 ring and
ﬁnally, there is a six-membered CuSCuSCS ring associated with each copper
atom; Cu
S1ii is 2.6368(19) Å. Thus, each copper atom is at the vertex of one
six-membered and three eight-membered rings, and these extend out in two
dimensions so as to form a layer structure as indicated in the views in Fig. 68(b)
and (c). The substitution of the methyl group in [Cu(S2COMe)]1 by a trisubstituted aryl group leads to a completely different structural motif.
The molecular structure of [Cu(S2COC6H2
2,6-t-Bu2-4-Me)]4 (124) is
shown in Fig. 69. The structure is tetrameric comprising a tetrahedron of copper
atoms with Cu. . .Cu distances in the range 2.636(5)–2.810(6) Å; these are not
shown in Fig. 69 for reasons of clarity. Linked to each tetrahedral face is a
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Figure 68. The structure of [Cu(S2COMe)]1: (a) six- and eight-membered rings, (b) layer
structure viewed (c) normal to the layer formed in the ab plane viewed side on; symmetry operations:
1
1
i, 1  x, y; z; ii, 12  x, 1
2 þ y, z; iii, 2  x, 2 þ y, z.
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Figure 69. Molecular structure of tetrameric [Cu(S2COC6H2 2,6-t-Bu2 4-Me)]4.

tri-connective xanthate ligand that coordinates in a m3-bridging mode so that one
sulfur atom coordinates one copper atom and the other bridges two copper
atoms. The ranges of Cu
S distances formed by the mono- and bidentate sulfur
atoms overlap so that overall range of Cu
S distances is 2.246(9)–2.292(9) Å.
The copper atoms exist in distorted tetrahedral geometries deﬁned by CuS3
donor sets. Clearly, the presence of bulky substituents in the structure of
precludes extensive supramolecular aggregation as found in the structure of
[Cu(S2COMe)]1. Nevertheless, the aforementioned aggregation is disrupted
somewhat by the addition of base as evidenced in the mononuclear structure
found for the bis(phosphine) adduct of Cu(S2COEt).
The molecular structure of (Ph3P)2Cu(S2COEt) (125, 126) is shown in
Fig. 70. As for the binary copper xanthates, the copper atom is four coordinate,
but now existing within a P2S2 donor set that deﬁnes a distorted tetrahedral
geometry; the S
Cu
S and P
Cu
P planes are effectively at right angles to
each other. The xanthate ligand is chelating and forms slightly disparate Cu
S1
and Cu
S2 bond distances of 2.404(2) and 2.451(2) Å, respectively, and the
Cu
P bond distances are shorter than these distances at 2.245(2) and 2.265(2) Å
(125). The greatest distortion from the ideal tetrahedral geometry can be traced
to restricted bite distance of the xanthate ligand; the S
Cu
S chelate angle is
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Figure 70. Molecular structure of (Ph3P)2Cu(S2COEt).

74.6(1) . The structure of the methylxanthate analogue, (Ph3P)2Cu(S2COMe), is
also known and this essentially adopts the same structure as described above
(127). The remaining copper xanthate structures are mixed-metal species.
The structures of (Ph3PCuS)3(S2COEt)M
O, M ¼ Mo (128) and W (129),
are isomorphous and that for the M ¼ W species is shown in Fig. 71(a). The
molecule is constructed about a (distorted) cube that can be identiﬁed from
Fig. 71(a) as having one face comprising the tungsten, one copper atom, and two
sulfur atoms with the opposite face being deﬁned by the two remaining copper
and two sulfur atoms. The metal core can be thought of as a WCu3 tetrahedron,
but the copper atoms are separated by distances >3.1 Å, and therefore are not
considered as forming signiﬁcant interactions to each other. This not withstanding, the xanthate ligand bridges the Cu3 tetrahedral face as described above
2,6-t-Bu2
4-Me) (124).
in the structure of the binary xanthate, Cu(S2COC6H2
For the M ¼ Mo structure, the Cu
S1 distance of 2.322(2) Å is signiﬁcantly
shorter than the Cu
S2 distances of 2.482(2) and 2.567(2) Å, and the same
pattern is repeated in the M ¼ W structure [i.e., 2.312(3), 2.457(3), and
2.536(3) Å]. From the foregoing, it is clear that in the xanthate structures of
copper described, a range of coordination modes of the xanthate ligand [i.e., bitri-, and tetraconnective] are found and a similar situation pertains in the silver
xanthate structures.
B.

Silver Xanthate Structures

The structure of the only binary xanthate structure of silver, that is,
[Ag(S2COEt)]1, has only just recently become available (130). There is
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Figure 71. The structure of (Ph3PCuS)3(S2COEt)W O: (a) molecular structure, and (b) the
molecular core.

signiﬁcant intermolecular aggregation in this structure as each sulfur atom
bridges two distinct silver atoms so that each silver atom is surrounded by four
sulfur atoms. There are also Ag   Ag contacts of 3.0540(8) Å. If these latter
contacts are regarded as signiﬁcant, the coordination geometry is best described
as being based on a distorted trigonal bipyramid with the axial positions
occupied by a silver atom and one of the sulfur atoms. The clearly identiﬁable
motif in the structure is an eight-membered ring reminiscent to that found in the
copper xanthate structure, [Cu(S2COMe)]1, shown in Fig. 68(a). Referring to
Fig. 72(a), two connected silver atoms [the interaction of 3.0540(8) Å is not
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Figure 72. The structure of polymeric [Ag(S2COEt)]1 showing (a) a portion of the chain motif
(Ag. . .Ag interactions are omitted) and (b) the layer arrangement in the bc plane. Symmetry
operations: i, 1  x, 12 þ y, 12  z; ii, x, 12  y,  12  z.
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shown in the ﬁgure] are linked by two bidentate bridging xanthate ligands so
that the Ag
S1 and Ag
S2 distances are 2.5073(15) and 2.5302(15) Å,
respectively. A chain motif is formed, along the screw axis, by the linking of
S bonds, Ag
S1ii is
eight-membered, [AgSCS]2, rings via two Ag
i
2.8379(14) Å and S2
Ag is 2.5578(14) Å, on either side of the molecule.
Similar Ag
S bonds are formed above and below the chain so that in all, there
are four such pairs of contacts with the result that a 2D structure is formed as
represented in Fig. 72(b). In summary, the structure may be thought of as being
comprised of eight-membered rings interconnected to each other via sixmembered AgSAgSCS rings as can be readily delineated from Fig. 72(a). As
for the copper xanthates, the addition of a Lewis base results in the disruption of
the polymeric structure and the adoption of a monomeric motif as exempliﬁed in
the polymorphic system, (Ph3P)2Ag(S2COEt) (131, 132).
There are two polymorphs for (Ph3P)2Ag(S2COEt) and each molecular
structure is in essential agreement with the structure adopted for (Ph3P)2Cu(S2COEt), shown in Fig. 70. In the orthorhombic form, the xanthate ligand chelates
the silver atom forming almost symmetric Ag
S bond distances of 2.601(4) and
2.686(4) Å and similarly, the Ag
P bond distances are equivalent at 2.469(4)
and 2.470(4) Å (131). By contrast, a measure of asymmetry is found in the
structure of the recently determined triclinic polymorph so that Ag
S are
2.5489(6) and 2.8055(7) Å, and Ag
P are 2.4196(7) and 2.4612(7) Å (132). In
terms of the variation of geometric parameters, it is the triclinic form of
(Ph3P)2Ag(S2COMe) that most closely resembles the structure of (Ph3P)2Cu(S2COEt). The presence of nonsystematic variations in chemically equivalent
geometric parameters forms a constant theme throughout the structural chemistry of metal xanthates. The remaining silver xanthate structures are heterometallic.
There are three closely related silver xanthate structures in that each features
a varying number of Cp2MoH2 moieties that results in various degrees of
molecular aggregation. Thus, the crystal structures of (Cp2MoH2)2Ag(S2COEt)
i-Pr)]2 (134), and {(Cp2MoH2)[Ag(S2CO
i(133), (Cp2MoH2)2[Ag(S2CO
Pr)]4}1 (133) are available. In monomeric (Cp2MoH2)2Ag(S2COEt) (133),
shown in Fig. 73, the silver atom is tetrahedrally coordinated by a chelating
xanthate ligand, that forms disparate Ag
S1 and Ag
S2 bond distances of
2.728(3) and 2.917(3) Å, respectively, and two molybdenum atoms that form
Ag
Mo bonds of 3.054(2) and 3.062(3) Å, and a Mo
Ag
Mo angle of
127.7(1) . Additionally, there are links between the silver and molybdenum
atoms afforded by hydrides (Mo
H are 1.56 and 1.69 Å, and Ag
H are 2.15
and 2.16 Å). Ignoring the hydrides for the moment, the coordination geometry
about the silver atom resembles closely that for the polymorphic (Ph3P)2Ag(S2COEt) compounds described above in that the phosphine ligands have been
replaced by Cp2MoH2 ligands. Decreasing the ratio of Cp2MoH2 to silver
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Figure 73. Molecular structure of (Cp2MoH2)2Ag(S2COEt).

xanthate to 1:1, results in the formation of a dimeric structure,
i-Pr)]2, as shown in Fig. 74. In this structure, which
(Cp2MoH2)2[Ag(S2CO
is located about an inversion center and which was isolated as a dichloromethane solvate (1 dimer:1 solvent), two silver atoms [Ag. . .Ag is 2.942(4) Å],
S1 is
are bridged by two bidentate bridging xanthate ligands so that Agi
2.515(4) Å and Agi
S2 is 2.572(3) Å. The remaining position in the distorted
tetrahedral geometry about the silver atom is occupied by a molybdenum atom

Figure 74. Molecular structure of (Cp2MoH2)2[Ag(S2CO
i-Pr)]2.CH2Cl2; the molecule is situated
about a center of inversion and the CH2Cl2 solvent molecule is omitted for clarity. Symmetry
operation: i, 1  x, y, 1  z.
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so that Ag. . .Mo is 2.966(2) Å. The arrangement of the metal centers is such so
as to form a partial zigzag chain as all four atoms are coplanar. As with the
structure above, the Mo
H distances (1.57 and 1.61 Å) are signiﬁcantly shorter
than the Ag
H distances (2.16 and 2.17 Å). The ﬁnal structure in this heteroi-Pr) decreased further
metallic subset sees the ratio of Cp2MoH2 to Ag(S2CO
to 1:4.
i-Pr)]4}1 (133) is shown in
The asymmetric unit in {(Cp2MoH2)[Ag(S2CO
Fig. 75(a); the Ag. . .Ag bonds are not shown for reasons of clarity and the
Mo
H atoms were not located in the X-ray study, but presumably are found
between the molybedenum and silver atoms, as shown in Fig. 74 for
(Cp2MoH2)2[Ag(S2CO
i-Pr)]2. There are four distinct silver atom coordination
geometries. Thus, the Ag1 atom is four coordinate, being connected to the Ag2,
S1, S3, and S6 atoms with bond distances of 3.0610(13), 2.459(4), 2.617(3), and
2.493(3) Å, respectively; the likely weak Ag. . .H interactions are ignored in this
description. A ﬁve-coordinate geometry is found for Ag2 so that it exists in a
Ag2MoS2 environment with Ag2. . .Ag3 of 3.0004(16) Å, Ag2
Mo of
2.8959(15) Å, Ag2
S2 of 2.479(3) Å, and Ag
S5i being signiﬁcantly longer
at 2.941(4) Å. The Ag3 environment is also ﬁve coordinate, but is deﬁned by a
AgS4 donor set including the Ag2 atom and four sulfur atoms, S2, S3, S5i, and
S7, which form Ag
S distances of 2.972(3), 2.527(3), 2.537(3), and 2.483(3) Å,
respectively. Finally, the Ag4 atom is three coordinate within a S3 geometry so
that Ag4
S4 and Ag
S8ii of 2.447(4) and 2.426(4) Å, respectively, are shorter
than Ag4
S6 of 2.958(3) Å. Such a lack in homogeneity in coordination
geometries can be traced to a large part by the variable coordination modes
of the xanthate ligand that can be adopted in these structures, as alluded to
above, as well as the presence of metal
metal bonds. Thus, the xanthate ligand
containing the S7, S8 atoms is bidentate bridging, linking two silver atoms. The
S5, S6 ligand is also bridging, but in this case each sulfur atom links two silver
atoms so that the ligand is tetraconnective. An intermediate coordination mode
is found for the two remaining xanthate ligands that are also bridging. For these
ligands, one sulfur atom is bound a single silver atom, whereas the second sulfur
atom is linked to two silver atoms. A particularly interesting feature of the
i-Pr)]4}1 is the crystal packing. The
structure of {(Cp2MoH2)[Ag(S2CO
overall structure is comprised of successive layers related to each other by a
center of inversion. Within each layer, the Cp2MoH2 groups are surrounded by
rings that can be identiﬁed as 28-membered [Ag
S
C
S]7 rings giving the
highly distorted chicken-wire-type arrangement shown in Fig. 75(b).
C.

Gold Xanthate Structures

A relatively large number of gold xanthate structures are known, but these
conform to a relatively small number of motifs. There is a sole example of a
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Figure 75. Diagrams showing (a) the crystallographic asymmetric unit of {(Cp2MoH2)[Ag(S2CO
i-Pr)]4}1 in which the Ag    Ag interactions are not shown for clarity; the Mo
H
atoms were not located in the X-ray study, and (b) supramolecular aggregation, viewed down the c
axis, showing only the Ag
S
C(O)
S and (C5H5)2Mo groups, for clarity. Symmetry operations: i,
1 12  x, 12 þ y, 1 12  z; ii, 2 12  x,  12 þ y, 1 12  z.
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Figure 76. Supramolecular aggregation mediated by Au. . .Au interactions in the structure of
n-Bu)]1.
[Au(S2CO

binary gold xanthate with the empirical formula Au(S2CO
n-Bu) (135). The
familiar eight-membered ring, as found in the structures of [Cu(S2COMe)]1,
Fig. 68, and [Ag(S2COEt)]1, Fig. 72, is also found in the structure of
[Au(S2CO
n-Bu)]1 as shown in Fig. 76. As for the silver xanthate, there is a
transannular M. . .M interaction, in this case Au. . .Au is 2.8495(18) Å. The
xanthate ligands form symmetric bridges so that Au1
S1 and Au2
S2 are
2.291(7) and 2.289(7) Å, and Au1
S3 and Au2
S4 are 2.274(7) and
2.312(7) Å, respectively. Despite the presence of the intramolecular Au. . .Au
interaction, the gold atoms exist in effectively linear geometries as seen in the
angles subtended at the Au1 and Au2 atoms of 173.2(2) and 173.6(2) ,
respectively. As can be seen from Fig. 76, there are signiﬁcant intermolecular
interactions operating in the crystal structure so that the Au. . .Au distances
indicated with (a), (b), and (c) in Fig. 76 are 3.644(2), 3.811(2), and 3.727(2) Å,
respectively. These separations serve to link the dimeric units into a step-like
chain. The overwhelming majority of gold xanthate structures contain one or
more phosphine ligands.
In keeping with that observed for the copper and silver xanthates, the
addition of base destroys the extensive supramolecular association found in
n-Bu)]1 and presumably of the other, yet to be
the structure of [Au(S2CO
n-Pr)
characterized, gold xanthates. The molecular structure of Ph3PAu(S2CO
is shown in Fig. 77 and this serves as the prototype for the majority of the
structures adopting the general formula R3PAu(S2COR0 ). The gold atom exists
in a linear geometry deﬁned by sulfur and phosphorus atoms as the xanthate
ligand coordinates in the monodentate mode. It is the oxygen atom that is in
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Figure 77. Molecular structure of Ph3PAu(S2CO
n-Bu), a representative of the S,O motif for this
class of compound.

close proximity to the gold atom rather than the sulfur atom. A second structural
motif is found for a minority of R3PAu(S2COR0 ) structures as exempliﬁed in
i-Pr). Of the 14 structures of the general formula
Fig. 78 for Cy3PAu(S2CO
R3PAu(S2COR0 ) (136–144), nine adopt the ‘‘S,O’’ motif and ﬁve, the ‘‘S,S’’
motif. Selected geometric parameters are collected in Table IV for all
R3PAu(S2COR0 ) structures.
The observation of the ‘‘S,O’’ motif in the majority of these structures runs
contrary to what might be expected on the basis of the hard acid–soft base
(HASB) theory. This observation suggests some other factor is inﬂuencing the
adoption of one coordination motif of the xanthate ligand over the other. A

Figure 78. Molecular structure of Cy3PAu(S2CO
i-Pr), a representative of the S,S motif for this
class of compound.
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common feature of the structures adopting the ‘‘S,S’’ motif is the presence of
bulky substituents on both the oxygen and phosphorus atoms. Conversely, in the
absence of obvious steric hindrance, the ‘‘S,O’’ coordination motif is found. A
qualitative argument has been put forward to explain this variation on the basis
of global crystal packing considerations (138, 144). Thus, the presence of the
intramolecular (or hypervalent) Au. . .O or Au. . .S interaction is inﬂuenced by
the overall shape of the molecule. In the case where the ‘‘S,O’’ coordination
motif is formed, the overall shape of the molecular is approximately spherical
(globular) and this gives rise to favorable crystal packing of spheres. On the
other hand, when the spherical shape cannot be adopted owing to steric
constraints, the ‘‘S,S’’ motif is formed, with a favorable intramolecular
Au. . .S interaction, but with less favorable, in terms of crystal packing, rodlike shaped molecules. Clearly, the ﬁne tuning of steric proﬁle of the ligands
about the gold atom can dictate the adoption of one motif over the other. The
examination of the geometric parameters listed in Table IV reveals a number of
interesting features for the R3PAu(S2COR0 ) structures.
There is no apparent correlation between the magnitude of the intermolecular
Au. . .O or Au. . .S interaction and the distortion from the ideal linear geometry
about the gold atom. For example, the structure of (o-MeC6H4)3PAu(S2CO
iPr) (141) features the closest intramolecular Au. . .O contact of 2.892(7) Å, but
the smallest deviation from linearity [i.e., 179.6(1) ]. This emphasizes the weak
nature of these intramolecular interactions. As for the nickel xanthates, there are

TABLE IV
Structural Data for Phosphinegold(I) Xanthates, R3PAu(S2COR)
R3PAu(S2COR)
Ph3PAu(S2COMe)
Ph3PAu(S2COEt)
Cy3PAu(S2COEt)
(p-MeOC6H4)3PAu(S2COEt)
Ph3PAu(S2CO
n-Pr)
Cy3PAu(S2CO
n-Pr)
(o-MeC6H4)3PAu(S2CO
i-Pr)
i-Pr)
(p-MeOC6H4)3PAu(S2CO
Cy3PAu(S2CO
i-Pr)
Ph3PAu(S2CO
n-Bu)
(o-MeC6H4)3PAu(S2COCH2CH2OMe)
Et3PAu(S2COCy)
Ph3PAu(S2COCy)
Cy3PAu(S2COCy)

Au
S1 (Å)

Au. . .O or
S2 (Å)

Au
P
(Å)

S1
Au
P
( )

Reference

2.3107(13)
2.305(4)
2.313(3)
2.3004(8)
2.323(2)
2.312(2)
2.285(2)
2.3159(11)
2.320(4)
2.3179(7)
2.278(2)

2.959(5); O
3.028(7); O
3.066(6); O
3.4239(11); S2
3.066(6); O
3.088(4); O
2.892(7); O
3.2856(16); S2
3.346(5); S2
3.078(2); O
3.347(4); S2

2.2614(12)
2.260(3)
2.277(3)
2.2505(7)
2.272(2)
2.277(2)
2.253(2)
2.2560(11)
2.273(3)
2.2627(7)
2.247(2)

174.10(5)
179.87(14)
179.20(13)
175.87(3)
173.0(1)
177.5(1)
179.6(1)
176.75(5)
178.7(1)
170.92(3)
173.48(8)

136
137
138
139
140
138
141
142
138
143
141

2.329(3)
2.310(2)
2.339(6)

3.051(9); O
2.935(6); O
3.167(6); S2

2.265(3)
2.253(2)
2.257(5)

177.7(1)
177.5(1)
177.8(2)

144
144
144
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no apparent systematic variations in the Au
S bond distances that range from
2.278(2) to 2.339(6) Å. Although this range is experimentally signiﬁcant,
variations can be traced to the nature of the intramolecular interactions, the
phosphine, and so on. This conclusion is supported by a consideration of the ﬁve
triphenylphosphinegold(I) structures alone in which only the ‘‘S,O’’ mode of
coordination is found. Here, the Au
S distances are experimentally equivalent
with a range 2.305(4)–2.323(2) Å. The most noteworthy aspect of the crystal
packing of the R3PAu(S2COR0 ) structures is the presence of Au. . .Au interactions.
n-Pr) (140), Ph3PAu(S2CO
n-Bu)
Three structures [i.e., Ph3PAu(S2CO
(143), and Et3PAu(S2COCy) (144)] feature Au. . .Au interactions of 3.2445(10), 3.2531(3), and 3.1201(6) Å, respectively, leading to dimers, and a one of
n-Bu), is illustrated in Fig. 79. In keeping with
these, namely, Ph3PAu(S2CO
the above steric arguments, it might be signiﬁcant that Au. . .Au interactions are
only found in the structures in which the ‘‘S,O’’ coordination motif of the
xanthate ligand is found. A systematic analysis of the crystal packing characteristics of R3PAu(S2COR0 ) (136–144) shows that there is no dominant
intermolecular interaction for this class of compounds. In their detailed analysis
of ‘‘phenyl embraces’’ [i.e., concerted C
H. . .p interactions between triphenylphosphine groups], Dance and Scudder (145, 146) cited the structure of
Ph3PAu(S2COEt) as an example of a pseudo-sixfold phenyl embrace in which
there are only two edge to face interactions. An analysis of all Ph3PAu(S2COR0 )
structures reveals varying types of phenyl embraces, but no ‘‘classic’’ sixfold
embraces. In addition to these monophosphine adducts, there are two bis(phosphine) adducts of gold xanthates in the literature.

Figure 79. Dimer formation mediated by Au. . .Au interactions in the structure of Ph3PAu(S2CO
n-Bu).

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

209

The structures of (Ph3P)2Au(S2COEt) and [(NCCH2CH2)3P]2Au(S2COEt)
(147) adopt essentially the same structure as their copper and silver analogues as
represented in Fig. 70 for (Ph3P)2Cu(S2COEt). There is signiﬁcant degree of
asymmetry in the mode of coordination of the xanthate ligand in (Ph3P)2Au(S2COEt) so that Au
S1 is 2.530(2) Å and Au
S2 is signiﬁcantly longer at
3.112(2) Å. Indeed, the difference between the short and long Au
S bond
distances is reminiscent to those found in the monophosphine adducts. There is
also a small difference in the Au
P bond distances of 2.315(2) and 2.349(1) Å.
S1 distance
In the structure of [(NCCH2CH2)3P]2Au(S2COEt), the shorter Au
has lengthened somewhat to 2.745(2) Å and the longer Au
S2 distance has
shortened to 2.934(2) Å, compared to the situation in (Ph3P)2Au(S2COEt), so
that the xanthate ligand might be thought of as only weakly associated to the
gold atom. In this structure, the Au
P bond distances are equivalent at 2.306(1)
and 2.310(2) Å (147). The different modes of coordination of the xanthate
ligands is reﬂected in a systematic variation of the P
Au
P bond angles so that
in (Ph3P)2Au(S2COEt), with a closely bound sulfur atom, this angle is 130.1(1)
and this expands to 145.3(1) in [(NCCH2CH2)3P]2Au(S2COEt), where the
xanthate ligand is less strongly bound. The two remaining structures to be
described are organometallic in that they feature Au
C bonds.
The structure of Au2[m2-(CH2)2Ph2P](S2CO
i-Pr) is shown in Fig. 80 and is
dinuclear in which a transannular Au. . .Au interaction of 2.8809(9) Å is formed
within the eight-membered ring (148). The xanthate ligand symmetrically
bridges the gold(I) atoms forming equivalent Au
S bond distances of
2.296(3) and 2.309(3) Å and the Au
C distances are also equal to each other
at 2.073(10) and 2.077(9) Å. The gold atoms exist in linear S
Au
C coordination geometries with angles subtended at the gold atom of 176.6(3) and
176.3(3) . Oxidation of the methylxanthate analogue of Au2[m2-(CH2)2Ph2P]i-Pr) with Br2 results in the formation of Au2[m-(CH2)2Ph2P](S2CO(S2CO
Me)Br2, which also features an eight-membered ring (Fig. 81); the complex
crystallizes with two complex molecules and two solvent dichloromethane

Figure 80. Molecular structure of Au2[m2-(CH2)2Ph2P](S2CO
i-Pr).
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Figure 81. Molecular structure of one of the independent molecules in the crystal structure of
Au2[m-(CH2)2Ph2P](S2COMe)Br2; the solvent dichloromethane molecule is not shown.

molecules in the crystallographic asymmetric unit (148). The transannular
Au. . .Au interaction now involves two gold(II) centers and has contracted to
2.5660(10) Å; 2.5710(11) Å for the second independent molecule. The Au
S
bond distances lie in the narrow range 2.346(3)–2.357(3) Å and the coordination
geometry about the gold centers are distorted square planar. The shortest
intermolecular Au. . .Au contact between molecules is 3.8326(14) Å and these,
along with weak Au. . .S and Au. . .Br interactions, link the molecules into
loosely associated chains.

X.

XANTHATE STRUCTURES OF ZINC, CADMIUM,
AND MERCURY

A fascinating structural chemistry is found for the binary xanthates of the
zinc–triad elements as summarized recently in a review of these and related 1,1dithiolate structures (149). Whereas there is a measure of homogeneity in the
structures of the previously described binary xanthates of the transition metal
elements, this is not true for this group where structures varying from monomeric molecular to supramolecular oligomeric and to various degrees of
polymeric are found. Accordingly, there are a large number of structures for
this group, but these can be readily categorized according to their structural
motif. A qualitative argument rationalizing the adoption of one structural motif
over another is available (149). In addition to the binary xanthate structures,
there are a wide variety of adducts that invariably have a lower degree of
supramolecular aggregation than the parent xanthate.
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Zinc Xanthate Structures

Binary Zinc Xanthate Structures

The characteristic feature of the binary zinc xanthates is the presence of a
centrosymmetric 16-membered [ZnSCS]4 ring. In each of the three motifs found
for Zn(S2COR)2, rings of this type are connected in different fashions. The
structure of [Zn(S2COEt)2]1 (150), hereafter labeled as motif A, is represented
in Fig. 82. Important geometric parameters for this and other zinc binary
xanthates adopting this structural motif are collected in Table V. In this
structure, each xanthate ligand is bidentate, bridging two zinc atoms, so that
each zinc atom is four coordinate with a geometry approximating a tetrahedron.
The distortions from ideal tetrahedral symmetry are relatively minor with
the range of S
Zn
S angles being 102.6(3)–115.2(3) and Zn
S distances
range from 2.337(10) to 2.369(11) Å. The overall structure is a square grid as
may be seen from Fig. 82(a), which is essentially planar so as to give a layer
structure separated by hydrophobic interactions as shown in Fig. 82(c); a
simpliﬁed representation of the grid is shown in Fig. 82(c) The simple substitution of the ethyl substituent in [Zn(S2COEt)2]1, to give [Zn(S2CO
n-Pr)2]1,
gives rise to a distinct structure (158), labeled motif B. In this structure, one out
of every three xanthate ligands is now chelating compared with the situation in
motif A so that the 16-membered [ZnSCS]4 rings are connected at opposite
corners with the two remaining corners being terminal in so far as the zinc atoms
are chelated by xanthate ligands. There are two distinct zinc atom environments
in the structure, but the coordination geometries are based on tetrahedra. For the
corner shared zinc atoms (i.e., those connected to bridging xanthate ligands
exclusively), the S
Zn
S angles range from 104.34(4) to 118.61(4) and the
Zn
S distances from 2.336(1) to 2.358(1) Å. The distortions from the ideal
tetrahedral geometry are somewhat greater for the remaining zinc atoms owing
to the presence of chelating xanthate ligands, which give rise to acute S
Zn
S
angles, so that the range of S
Zn
S is 75.96(4)–120.07(4) and the range of
Zn
S is 2.303(1)–2.419(1) Å. The variations in the Zn
S bond distances are
systematic in so far as the longer Zn
S distances are formed by the chelating
xanthates. The overall topology of the polymer is that of chain as shown in the
two views of Fig. 83. The introduction of branching in the n-propyl group gives
rise to a third motif for Zn(S2COR)2, (i.e., motif C).
By contrast to the preceding structures, the structure of the isopropyl
analogue is isolated, but tetrameric as it still features a centrosymmetric
16-membered [ZnSCS]4 ring as illustrated in Fig. 84 (159). In this, structure,
the ratio of bridging/chelating xanthate ligands is 1:1. There is no bridging
between 16-membered rings as this functionality is ‘‘turned off’’ owing to the
presence of four chelating xanthate ligands. The range of S
Zn
S angles is
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Figure 82. Interconnected 16-membered rings in the structure of polymeric [Zn(S2COEt)2]1
emphasizing (a) the square grid viewed down the a axis, (b) simpliﬁed version showing only the acarbon atoms of the xanthate ligands, and (c) the layer structure.
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Figure 82. (Continued)

76.7(2)–122.1(2) and the range of Zn
S is 2.307(8)–2.408(7) Å. A second
n-Bu)2]1 that was characterstructure also adopts motif C, namely, [Zn(S2CO
ized as a benzene solvate so that for every tetrameric ring, there are three
benzene molecules (160). No evidence for host–guest chemistry was found
owing to the small size of the 16-membered ring. In this structure, the ranges of
S
Zn
S angles and Zn
S bond distances are 76.5(1)–128.7(1) and 2.298(3)–
2.397(3) Å, respectively. Considering the three structures adopted for
Zn(S2COR)2, a qualitative argument can be put forward to rationalize the
different structures observed in the solid state.

TABLE V
Structural Data for Zinc-Triad Binary Xanthates that Adopt Motif A
M(S2COR)2
Zn(S2COEt)2
Cd(S2COEt)2
Cd(S2CO
i-Pr)2
Cd(S2CO
n-Bu)2
Hg(S2COEt)2 a
Hg(S2COEt)2 b
n-Pr)2
Hg(S2CO
Hg(S2CO
n-Bu)2
Hg(S2COPent)2
Hg(S2COCH2CH2 i-Pr)2
Hg(S2COCH2CH2 t-Bu)2
a
b

Range of M (Å)
2.337(10)–2.369(11)
2.544(2)–2.590(3)
2.536(1)–2.585(1)
2.560(9)–2.619(8)
2.313(8)–2.943(10)
2.417(4)–2.854(4)
2.418(3)–2.835(4)
2.413(5)–2.842(5)
2.524(3)–2.572(3)
2.498(7)–2.568(9)
2.505(3)–2.586(3)

Noncentrosymmetric monoclinic polymorph, P21.
Centrosymmetric monoclinic polymorph, P21/c.

Range of S
M
S ( )
102.6(3)–115.2(3)
94.47(5)–121.29(5)
90.86(2)–114.60(2)
95.3(3)–121.5(3)
81.8(3)–148.8(3)
84.3(1)–147.7(1)
82.0(3)–148.9(3)
81.8(2)–150.8(3)
99.1(1)–120.51(9)
98.5(3)–121.1(3)
99.9(1)–120.0(1)

Reference
150
151
152
153
154
155
156
157
157
157
157
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Figure 83. Interconnected 16-membered rings in the structure of [Zn(S2CO
n-Pr)]1 showing (a)
the polymeric chain and (b) simpliﬁed version showing only the a-carbon atoms of the xanthate
ligands.

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

215

Figure 83. (Continued)

The important point to appreciate is that the formal valency of zinc is
satisﬁed by two bonds to sulfur so that the additional interactions are indeed
hypervalent interactions. Thus, the nature of the adopted structures arises from
the ability of the central element to form hypervalent, or secondary, interactions
and it is proposed that this ability is moderated by steric considerations
associated with the alkyl substituents. As noted from the structural studies for
the uncoordinated xanthate anions summarized earlier in Section II, there are no
electronic differences among the xanthate ligands that can be correlated with the
nature of the oxygen-bound substituent. This conclusion is vindicated by the
homogeneity of the molecular structures of the binary nickel xanthates as
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Figure 84. The isolated tetrameric structure of [Zn(S2CO
i-Pr)]4.

described in Section VIII. Thus, any differences in the structures in the binary
zinc xanthates must be due to nonelectronic factors. An argument has been put
forward where the size of the oxygen-bound group dictates the amount of
i-Pr)2]4, which
supramolecular aggregation. Thus, in the structure of [Zn(S2CO
contains, relatively speaking, bulky substituents, no supramolecular aggregation
over and beyond the formation of tetrameric rings is found. Reducing the steric
bulk from isopropyl to n-propyl allow for the aggregation among 16-membered
rings but, only in one dimension so as to form a chain-like array. Further
reduction in steric bulk to ethyl substituents, enables the linking among all 16membered rings so as to form a layer structure. Thus, a design strategy for
engineering molecular solids, based on steric considerations, is evident for this
and related systems (149, 158). As mentioned in the preamble, the aggregated
structures described above are destroyed upon the addition of base and this is
demonstrated time and time again in Lewis base adducts of Zn(S2COR)2, as
described below.
2.

Adducts of Zinc Xanthates

The molecular structure of Zn(S2COEt)2(py) (161) is shown in Fig. 85; the
molecule has crystallographic twofold symmetry. The xanthate ligands are
chelating but, form asymmetric Zn
S1 and Zn
S2 bond distances of
2.294(3) and 2.748(3) Å, respectively; the Zn
N bond distance is 2.03(1) Å.
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Figure 85. Molecular structure of Zn(S2COEt)2(py); the molecule has twofold symmetry.

The coordination geometry is based on a trigonal bipyramid with the axial
positions being occupied by the weakly bound sulfur atoms that deﬁne an angle
of 152.3(1) at zinc. A series of adducts of the general formula Zn(S2COR)2(2,20 -bpy) for R ¼ Et (162), i-Pr, (156), and i-Bu (163) are also available.
i-Pr)2(2,20 -bpy) (163) is shown in
The molecular structure of Zn(S2CO
Fig. 86(a) and that of the ethyl analogue (162) is essentially the same. One
xanthate ligand coordinates the zinc atom in the conventional S,S mode but,
forms very asymmetric Zn
S1 and Zn
S2 bond distances of 2.341(1) and
3.024(2) Å, respectively. A S,O coordination motif is found for the second
xanthate ligand so that Zn
S3 is 2.284(2) Å and the Zn. . .O separation is
0
3.044(4) Å. The 2,2 -bpy ligand is chelating, forming almost identical Zn
N
bond distances of 2.078(4) and 2.100(4) Å. To a ﬁrst approximation, the
coordination geometry is distorted tetrahedral. The molecular structure of the
isobutyl analogue is essentially the same, but both xanthate ligands coordinate in
the S,S mode as shown in Fig. 87. The Zn
S1 and Zn
S2 bond distances in
Zn(S2CO
i-Bu)2(2,20 -bpy) are 2.298(2) and 3.027(2) Å, respectively (163), and
there is even more asymmetry in the mode of coordination of the second
xanthate ligand as evidenced by the Zn
S3 and Zn
S4 bond distances of
2.316(1) and 3.290(1) Å, respectively. The coordination geometry is again best
described as been based on a tetrahedron, the longer Zn   S secondary bond
interactions notwithstanding. A common feature of the three structures with the
general formula Zn(S2COR)2(2,20 -bpy) is their mode of association in the solid
state. As illustrated in Fig. 86(b) for Zn(S2CO
i-Pr)2(2,20 -bpy), centrosymmetrically related molecules form dimers stabilized by p. . .p interactions. The
ﬂexibility in the mode of coordination of the xanthate ligands is demonstrated
again in the closely related, phen adducts.
There are two polymorphic forms of Zn(S2CO
i-Pr)2(phen) (164), both
monoclinic with space group P21/n, and the molecular structures for these are
shown in Figs. 88 and 89, respectively. In polymorphic form I, Fig. 88, one of
the xanthate ligands is clearly chelating forming Zn
S1 and Zn
S2 bond
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Figure 86. The structure of Zn(S2CO
i-Pr)2(2,20 -bpy) showing (a) the molecular geometry, and
.
.
.
(b) dimer formation via p p interactions.

distances of 2.436(2) and 2.527(2) Å, respectively, whereas the other is clearly
monodentate as Zn
S3 is 2.321(2) Å and the Zn. . .S4 separation is 3.404(2) Å.
The Zn
N bond distances are also asymmetric at 2.102(5) and 2.199(4) Å. The
coordination geometry is intermediate between trigonal bipyramidal and square
pyramidal. In the second form of Zn(S2CO
i-Pr)2(phen), Fig. 89, both xanthate
ligands are effectively chelating. Thus, Zn
S1 and Zn
S2 are 2.507(1) and
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Figure 87. Molecular structure of Zn(S2CO
i-Bu)2(2,20 -bpy).

2.528(1) Å, respectively, indicating a more symmetric form of coordination
than the second xanthate ligand that forms Zn
S3 and Zn
S4 bond distances
of 2.425(1) and 2.697(1) Å, respectively. Similarly, the Zn
N distances are
more symmetric in this polymorphic form II form than in the other at 2.149(3)
and 2.174(3) Å. The coordination geometry is distorted octahedral with
distortions being ascribed to the restricted bite distances of the chelating ligands.
In terms of crystal packing, p. . .p interactions, as described above for

Figure 88. Molecular structure of Zn(S2CO
i-Pr)2(phen), polymorphic form I.
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Figure 89. Molecular structure of Zn(S2CO
i-Pr)2(phen), polymorphic form II.

Zn(S2CO
i-Pr)2(2,20 -bpy), are present in the polymorphic form I of
i-Pr)2(phen), but not in form II. The difference in crystal packing
Zn(S2CO
was given as the reason for the different modes of coordination of the xanthate
ligands (164); this issue is later analyzed in more detail for related cadmium
xanthate adducts. The structure of Zn(S2CO
i-Bu)2(phen) (165) is similar to
i-Pr)2(phen). The pairs of
that described for polymorphic form II of Zn(S2CO
Zn
S bond distances formed by the xanthate ligands are 2.497(5) and
2.560(4) Å, and 2.428(3) and 2.672(5) Å. Centrosymmetrically related dimers
are held together by p. . .p interactions in this structure. The addition of methyl
isubstituents in the 4- and 7- positions of the phen ligand giving Zn(S2CO
Pr)2(4,7-dimethyl-phen) (166) reveals a mode of coordination similar to that
i-Bu)2(2,20 -bpy), illustrated in Fig. 87. In the former
observed in Zn(S2CO
compound, which has crystallographic twofold symmetry, the Zn
S1 and
Zn
S2 bond distances are 2.2920(3) and 3.1988(4) Å, respectively. No evidence
for p. . .p interactions is found in this structure possibility owing to the presence
of the methyl groups on the phen ligand. The preceding nitrogen-containing
adducts are examples of chelates and monomeric species. By contrast, in the
following discussion, the nitrogen donor atoms are trans to each other, as in 4,4bpy, giving rise to the possibility of polymer formation.
A dinuclear complex is found in the structure of Zn(S2CO
i-Pr)2(4,40 i-Pr)2 (167) as shown in Fig. 90; the molecule crystallizes as a
bpy)Zn(S2CO
1:1 dichloromethane solvate. The molecule is disposed about a twofold axis
coincident with the Zn
N vector and another twofold axis normal to this axis,
that passes through the C
C bond of the 4,40 -bpy ligand so that the molecule
has overall crystallographic 22 symmetry. The independent xanthate ligand
forms Zn
S1 and Zn
S2 bond distances of 2.348(1) and 2.581(1) Å; Zn
N
is 2.045(5) Å. The coordination geometry is intermediate between trigonal
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Figure 90. The molecular structure of Zn(S2CO
i-Pr)2(4,40 -bpy)Zn(S2CO
i-Pr)2.0.5CH2Cl2; the
zinc atom lies on a twofold axis and the 4,40 -bpy molecule also lies on a twofold axis, normal to the
ﬁrst twofold axis; the solvent CH2Cl2 molecule is omitted for clarity.

bipyramidal and square pyramidal with a leaning toward the former description.
Altering the ratio of zinc/ligand to 1:1 gives rise to a polymeric species, namely,
i-Bu)2(4,40 -bpy)]1 (168). A portion of the structure is shown in
[Zn(S2CO
Fig. 91. There are two independent 4,40 -bpy ligands in the polymer and each is
symmetric about the central C
C bond such that one is disposed about a center

Figure 91. The supramolecular polymeric structure of [Zn(S2CO
i-Bu)2(4,40 -bpy)]1 viewed
along the c axis; the molecule is centrosymmetric about half of the C
C bonds of the 4,40 -bpy
molecules and the other half are disposed about a twofold axis.
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of inversion (resulting in planar 4,40 -bpy ligands) and the other is disposed about
a twofold axis (resulting in twisted bridging ligands). The xanthate ligands are
effectively monodentate with Zn
S1 being 2.283(2) Å and Zn
S3 being
2.302(2) Å. The xanthate ligands are orientated in a fashion akin to that
i-Pr)2(2,20 -bpy) (156) so that Zn
S2 is
observed in the structure of Zn(S2CO
.
.
.
3.095(4) Å and Zn O2 is 3.115(7) Å. If the weaker Zn
S interaction is taken
into consideration, the coordination geometry is based on a trigonal bipyramid
with the axial positions deﬁned by the S4 atom and the nitrogen atom forming
the longer Zn
N bond [i.e., 2.155(6) vs. 2.037(6) Å]. There are two more zinc
xanthate adducts available in the literature and these feature bidentate phosphine
ligands.
The molecular structure of [Zn(S2CO
i-Pr)2]2(Ph2PCH2CH2PPh2) (169) is
shown in Fig. 92. Although there is no crystallographically symmetry in the
molecule, the molecule is almost centrosymmetric about the central ethyl link of
the diphosphine ligand. The xanthate ligands are chelating and form narrow
ranges of Zn
Sshort and Zn
Slong bond distances of 2.3222(7)–2.3380(7) Å and
2.6097(7)–2.6440(7) Å, respectively. The two Zn
P bond distances are very
similar at 2.4118(7) and 2.4173(7) Å. As with many of the adducts described
above, there is no well-deﬁned coordination geometry for the ﬁve-coordinate
zinc centers and the present structure is no exception, again with a leaning
toward one based on a trigonal bipyramid. The molecular structure of
[Zn(S2COEt)2]2(Ph2P(CH2)4PPh2) (170) is in essential agreement with that

Figure 92. Molecular structure of [Zn(S2CO
i-Pr)2]2(Ph2PCH2CH2PPh2).
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just described. The xanthate ligands form a wider range of Zn
S bond distances
[i.e., from 2.3192(16) to 2.6860(15) Å].
3.

Mixed-Ligand Zinc Xanthate Structures

The molecular structure of the mixed-ligand anion, [Zn(S2CNMe2)2(S2COEt)], characterized as its [n-Bu4N]þ salt (171), is shown in Fig. 93. Consistent
with the greater coordinating potential of the dithiocarbamate over the xanthate
ligand, the two dithiocarbamate ligands are chelating even if one asymmetrically while the xanthate ligand is clearly monodentate. Thus, the Zn
S1 bond
distance is 2.316(7) Å and of the other two potential donor atoms, it is the
oxygen atom that is orientated toward the zinc atom so that Zn. . .O is
2.992(7) Å, but this is not considered to represent a signiﬁcant bonding
interaction. One of the dithiocarbamate ligands is effectively chelating forming
Zn
S3 and Zn
S4 bond distances of 2.366(7) and 2.540(7) Å, respectively,
while the second dithiocarbamate forms asymmetric Zn
S bond distances with
Zn
S5 of 2.301(7) Å being signiﬁcantly shorter than Zn
S6 of 2.932(7) Å. The
geometry is based on a trigonal bipyramid with the weakly bound S4 and S6
deﬁning the axial positions.
There are two closely related structures, that is, [Zn{(2-Me-5-Ph-pyrPh)-pyrazole)3BH}(S2azole)3BH}(S2COMe)] (172) and [Zn{(2-Me-5-(4-i-Pr
COEt)] (173), in which the putative Zn. . .O secondary bond interactions alluded
to above attain a higher level of signiﬁcance. The molecular structure of the
former molecule is shown in Fig. 94 from which it can be seen that three
coordination sites about the zinc center are occupied by nitrogen atoms derived
from the substituted pyrazole ligand. The xanthate ligand coordinates via the S1

Figure 93. The molecular structure of the anion in [NEt4][Zn(S2CNMe2)2(S2COEt)].
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Figure 94. Molecular structure of [Zn{(2-Me-5-Ph-pyrazol)3BH}(S2COMe)].

atom so that the bond distance is 2.244(3) Å [i.e., the shortest Zn
S distance
amongst the zinc xanthates]. The xanthate ligand is orientated so as to place the
oxygen atom close to zinc and the resulting Zn. . .O separation of 2.685(3) Å is
the shortest such contact in the zinc xanthates. In the closely related structure of
[Zn{(2-Me-5-(4-i-Pr
Ph)-pyrazole)3BH}(S2COEt)] (166), the Zn
S and Zn. . .O
distances are 2.264(1) and 2.971(3) Å, respectively.
B.
1.

Cadmium Xanthate Structures

Binary Cadmium Xanthate Structures

There are two distinct structures found for the binary cadmium xanthates.
The structure of Cd(S2COMe)2 (174) represents one of the two examples of
motif D for the binary zinc–triad xanthates. The cadmium atom is situated on a
center of inversion and exists within a square-planar geometry with equivalent
Cd
S bond distances of 2.6364(6) and 2.6413(5) Å, respectively. Deviations
from the ideal geometry are largely due to the restricted bite distance of the
xanthate ligand so that the range of S
Cd
S bond angles is 69.37(2) to 180 ;
the latter angle is determined from the crystallographic symmetry. The molecular structure is shown in Fig. 95, which also highlights the mode of association
among translationally related molecules via intermolecular Cd. . .S secondary
bond interactions of 2.8926(6) Å. If the additional interactions are taken into
account, the coordination geometry of the central atom would be best described
as tetragonally distorted octahedral. The coordination polyhedra are linked in a
fashion to that exhibited in Fig. 49(c) for [Ni{S2CO(CH2CH2O)4CS2}2]2.
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Figure 95. The supramolecular structure of Cd(S2COMe)2: (a) aligned along the b axis and (b)
viewed down the b axis; individual molecules are disposed about a center of inversion.

The molecular structure of centrosymmetric Cd(S2COCH2CH2OMe)2 also
adopts motif D (83). Thus, the Cd
S bond distances are 2.6265(5) and
2.6397(7) Å, and the range of S
Cd
S bond angles is 69.21(1)–180 . The
supramolecular association operating in the structure of Cd(S2COCH2CH2OMe)2 is as described for the methylxanthate and the intermolecular
Cd. . .S secondary bond interactions are 3.0225(6) Å. The remaining cadmium
xanthate structures adopt motif A of the binary zinc–triad xanthates as
illustrated in Fig. 82 for [Zn(S2COEt)2]1; geometric parameters are collected
in Table V. Thus, this motif is found in Cd(S2COR)2 for R ¼ Et (151), R ¼ i-Pr
(152, 175, 176), and R ¼ n-Bu (153, 177). There are two tris(xanthates) of
cadmium available in the literature and these, too, adopt different structures
from each other.
The molecular structure of the [Cd(S2COEt)3] anion, isolated as its [NEt4]þ
salt (178), is as shown in Fig. 93 for the anion in [n-Bu4N][Zn(S2CNMe2)2(S2COEt)]. The structure features a symmetrically chelating, Cd
S1 is 2.652(5) Å
and Cd
S2 is 2.654(4) Å, a slightly asymmetrically chelating, Cd
S3 is
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Figure 96. The molecular structure of the anion in [NEt4][Cd(S2COCH2CH2OMe)3].

2.647(4) Å and Cd
S4 is 2.716(5) Å, and monodentate xanthate ligands, Cd
S5
2.508(4) Å. The S5 donor set more closely deﬁnes a coordination geometry
based on a square pyramid in which the S5 atom in the axial position. This
monodentate ligand is orientated so that the oxygen atom is 2.956(8) Å from the
cadmium atom. Substitution of the ethyl group by CH2CH2OMe gives rise to a
distinct structure. The anion in [NEt4][Cd(S2COCH2CH2OMe)3] (179) is shown
in Fig. 96. Here, the cadmium exists in a geometry deﬁned by six sulfur atoms as
one xanthate ligand chelates symmetrically [Cd
S1 is 2.692(3) Å and Cd
S2 is
2.696(2) Å] and the other two form slightly asymmetric Cd
S bond distances
[Cd
S3 is 2.642(2) Å and Cd
S4 is 2.774(2) Å, and Cd
S5 is 2.654(2) Å and
Cd
S6 is 2.743(2) Å]. Indeed, the two modes of coordination found in the
[Cd(S2COCH2CH2OMe)3] anion resemble the two chelating xanthates in
[Cd(S2COEt)3], that is, one symmetric and one less asymmetric, with the
key difference between the two anions being in the mode of coordination of the
third ligand. The coordination geometry is intermediate between octahedral and
trigonal prismatic.
2.

Adducts of Cadmium Xanthates

There exists a variety of Lewis base adducts of cadmium xanthates containing different donor atoms and ligands of varying denticity. The bis(pyridine)
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adduct of cadmium butylxanthate (177, 180) is monomeric and features a trans
nitrogen arrangement resembling that shown in Fig. 51 for Ni(S2COEt)2(isoquinoline)2 (91); the cadmium atom is located on a crystallographic center of
inversion. The xanthate ligand forms similar Cd
S1 and Cd
S2 bond distances
of 2.644(5) and 2.730(5) Å, respectively, and Cd
N is 2.399(17) Å. The
coordination geometry is distorted octahedral. A reduced coordination number
is found in the monophosphine adduct Cd(S2CO
i-Pr)2PPh3 (181). As indicated
in Fig. 97(a), one xanthate ligand forms almost symmetric Cd
S bond distances
so that Cd
S1 and Cd
S2 are 2.574(1) and 2.691(1) Å, respectively, while the
other has a greater degree of asymmetry as seen in the disparity in the Cd
S3
and Cd
S4 distances of 2.519(1) and 2.810(1) Å, respectively; the Cd
P
distance is 2.612(1) Å. The coordination geometry is intermediate between

Figure 97. The structure of Cd(S2CO
i-Pr)2PPh3. (a) molecular structure and (b) supramolecular
association leading to a loosely associated chain aligned along the a axis.
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trigonal bipyramidal and square pyramidal. It has already been mentioned that
phenyl–H. . .p interactions, where the p-system is the MS2C chelate ring, have
some prominence in stabilizing the crystal structures of the metal xanthates.
Indeed, these will be demonstrated to be important in rationalizing the different
coordination modes of the xanthate ligand in some cadmium xanthate adducts,
as discussed in detail below. These interactions often exist, but are not usually
the dominant intermolecular interaction in operation. However, in the structure
of Cd(S2CO
i-Pr)2PPh3 the C
H. . .p interactions are apparently dominant
leading to a chain shown in Fig. 97(b). The C
H. . .ring centroid of the
CdS2C ring, formed by the symmetric xanthate ligand, contact is 3.00 Å and
the angle at H is 135 ; shown as Ha in Fig. 97(b). There is an even closer
intramolecular contact of 2.69 Å (angle: 146 ) involving the asymmetrically
coordinating xanthate ligand; shown as Hb in Fig. 97(b). The ﬁnal adduct
involving a monodentate Lewis base is found in the dimeric structure of
{Cd(S2COEt)2[S
C(N(H)C6H4OMe-4)2]}2 (182), represented in Fig. 98. The
central cadmium xanthate core in this adduct resembles that found in the
overwhelming majority of binary cadmium dithiocarbamate structures, formulated as [Cd(S2CNR2)2]2 (149). Thus, in this centrosymmetric structure, one
xanthate ligand is chelating, forming Cd
S1 and Cd
S2 bond distances of
2.606(2) and 2.710(2) Å, respectively. The second xanthate is also chelating,
forming Cd
S3 and Cd
S4 distances of 2.646(2) and 2.831(2) Å, respectively,
but simultaneously bridges the symmetry related cadmium atom forming a

Figure 98. The molecular structure of dimeric {Cd(S2COEt)2[S C(N(H)C6H4OMe-4)2]}2; the
molecule is centrosymmetric. Symmetry operation: i  x, y, z.
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Figure 99. The molecular structure of Cd(S2COCH2CH2OMe)2(2,20 -bpy); the molecule has
crystallographic twofold symmetry.

S2
Cdi distance of 2.765(1) Å (i.e., a separation shorter that the chelate Cd
S4
distance underlying the strength of the bridge). Completing the approximately
octahedral coordination geometry about the cadmium atom is the S6 atom of the
thione ligand; Cd
S6 2.641(2) Å. The remaining cadmium xanthate adducts
contain bidentate Lewis bases.
There are ﬁve adducts containing chelating dipyridine ligands (183–186) and
a range of xanthate binding modes is evident in these. The molecular structure
of Cd(S2COCH2CH2OMe)2(2,20 -bpy) is shown in Fig. 99 (183). The molecule
has crystallographic twofold symmetry and the xanthate ligands appear to
coordinate essentially in the monodentate mode, with Cd
S1 and Cd
S2
separations of 2.4887(5) and 3.1088(7) Å, respectively; Cd
N is 2.3336(16)
Å. The coordination geometry is highly distorted owing to (1) the presence of
the tight chelate angle and (2) the close approach of the S2 atoms. The range of
angles subtended at cadmium is thus 70.85(8)–135.10(3) , with the widest angle
involving the more tightly bound sulfur atoms. This geometry contrasts the
n-Bu)2(2,20 -bpy) (183),
situation in the n-butylxanthate analogue, Cd(S2CO
illustrated in Fig. 100, in which one ligand remains monodentate [Cd
S1 is
2.5227(6) Å and Cd. . .S2 is 3.0449(6) Å] and the other is chelating, albeit
forming asymmetric Cd
S3 and Cd
S4 bond distances of 2.5412(6) and
2.8592(6) Å, respectively; Cd
N is 2.3417(18) and 2.3539(18) Å. The assignment of coordination geometry is problematic. However, there is a systematic
variation in the bond distances in that the bonds in low-coordinate
Cd(S2COCH2CH2OMe)2(2,20 -bpy) structure are clearly shorter and therefore
stronger. Thus, the substitution of the four-membered chain, CH2CH2OMe, by
an n-butyl group, results in a distinct coordination geometry although the ligand
donor abilities are indistinguishable; see Section II. An examination of the
residues involved in the crystal packing of these molecules gives a clue as to
why different coordination geometries are found.
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Figure 100. Molecular structure of Cd(S2CO
n-Bu)2(2,20 -bpy).

In the crystal structure of Cd(S2COCH2CH2OMe)2(2,20 -bpy), there are both
C
H. . .O interactions as well as C
H. . .p interactions. A view highlighting the
.
.
.
C
H O contacts involving the ether–oxygen atoms (H. . .O is 2.48 Å and
the angle at H is 137 ) operating in the structure is shown in Fig. 101(a). These
serve to link molecules into a supramolecular chain-like array. A cohesive
crystal structure is completed by a layer, shown in Fig. 101(b), mediated by
C
H. . .p interactions involving the bpy rings and the CdS2C chromophores, as
well as C
H. . .p interactions involving the terminal methyl groups and the
nCdS2C, CdN2C2, and pyridine rings. In the crystal structure of Cd(S2CO
H. . .O interactions are not
Bu)2(2,20 -bpy), where the above-mentioned C
possible, the chains are, instead, mediated by p. . .p interactions as shown in
Fig. 102(a). In addition, there are C
H. . .p interactions involving the CdS2C
chromophores, but in this case, one C
H atom straddles both chromophores;
there are also C
H. . .p interactions involving the n-butyl hydrogen atoms (183).
Chains of molecules mediated by the C
H. . .p(CdS2C) interactions are adjacent
to neighboring chains of opposite orientation in contrast to the situation in
Cd(S2COCH2CH2OMe)2(2,20 -bpy) [Fig. 101(b)]. The clear differences in the
crystal packing of Cd(S2COR)2(2,20 -bpy) leads to a proposition that may
account for the different modes of coordination of the xanthate in these
structures. In the n-butyl analogue, the presence of p. . .p interactions between
the 2,20 -bpy ligands reduce the strength of the associated Cd
N bonds thereby
increasing the Lewis acidity of the cadmium atom allowing for the formation
of a xanthate chelate. The absence of p. . .p interactions in the structure of
Cd(S2COCH2CH2OMe)2(2,20 -bpy) is compensated by the formation of
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Figure 101. Two views down the c axis of the supramolecular association in Cd(S2COCH2CH2OMe)2(2,20 -bpy).

C
H. . .O interactions. The three remaining adducts contain phen or its 4,7dimethyl derivative.
The molecular structure of Cd(S2COEt)2(phen) (184) is shown in Fig. 103.
The molecule has crystallographic twofold symmetry and the xanthate ligands
are best described as chelating as the Cd
S1 and Cd
S2 bond distances are
2.647(3) and 2.727(3) Å, respectively; the Cd
N distance is 2.386(8) Å. The
coordination geometry is distorted octahedral. The structure of the isopropyl
analogue (185) is in essential agreement with that of Cd(S2COEt)2(phen) but,
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Figure 102. Two views down the c axis of the supramolecular association in Cd(S2CO
nBu)2(2,20 -bpy).

lacks the crystallographic twofold symmetry. The two xanthate ligands are
chelating, forming almost identical Cd
S bond distances to each other and to
those of the ethyl analogue [i.e., 2.634(5) and 2.725(5) Å, and 2.664(6) and

2.732(6) Å]. Similarly, the structure of Cd(S2COCH2CH2OMe)2(4,7-Me2
phen) (182) conforms to this motif so that the pairs of Cd
S bond distances
formed by the xanthate ligands are 2.6028(6) and 2.7960(7) Å, and 2.6401(7)
and 2.7018(6) Å, respectively. The ﬁnal cadmium xanthate adduct to be
described contains the 4,4-bpy ligand.

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

233

Figure 103. The molecular structure of Cd(S2COEt)2(phen); the molecule has crystallographic
twofold symmetry.

The polymeric structure of [Cd(S2CO
i-Pr)2(4,40 -bpy)]1 (187) is shown in
Figs. 104(a) and (b). There are two independent molecules in the asymmetric
unit and each of these has crystallographic symmetry so that each independent
cadmium atom is located on a twofold axis of symmetry as the 4,4-bpy ligands
are disposed about this axis. The Cd
S1 bond distance of 2.615(1) Å is shorter
than the Cd
S2 separation of 2.715(2) Å, and Cd
N are 2.457(6) and
2.478(6) Å; the equivalent distances for the second independent molecule are
2.628(2), 2.720(1), 2.442(6), and 2.495(6) Å, respectively. The overall structure
is a linear polymer as emphasized in both views of Fig. 104. The importance of
C
H. . .p(MS2C) interactions have already been noted above. In the present
structure, there are such two such interactions for each of the two independent
xanthate ligands ranging from 2.62 to 2.66 Å as the 4,4-bpy is orientated so as to
allow for these interactions. In the analogous nickel (99, 108, 109) and zinc
(168) complexes that adopt both linear (Figs. 55 and 56) and zigzag (Figs. 57
and 91) structures, there are no such H. . .p(MS2C) interactions. The reason for
this difference is not certain, but steric considerations probably come into play
as it is noted that the Ni
N and Zn
N distances are signiﬁcantly shorter at
2.1 Å compared with the Cd
N interactions at 2.5 Å. If the C
H. . .p(MS2C) interactions were to persist in the nickel and zinc structures, these
separations would be impossibly close and would be considered as repulsive.
3.

Mixed-Ligand Cadmium Xanthate Structures

The molecular structure of the [Cd(S2CNMe2)2(S2COEt)] anion, characterized as its [Ph4P]þ salt (171), resembles closely that found for
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Figure 104. The polymeric structure of [Cd(S2CO
i-Pr)2(4,40 -bpy)]1: viewed (a) to highlight the
linear chain running parallel to the c axis, and (b) down the Cd. . .Cd axis; the cadmium atom is
situated on a twofold axis of symmetry.

[Cd(S2COCH2CH2OMe)3] (179) and is shown in Fig. 105. The coordination
geometry is also intermediate between octahedral and trigonal prismatic with a
slight preference to the later. The xanthate ligand in the Cd(S2CNMe2)2(S2COEt)] anion, by contrast to that observed in the analogous zinc structure
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Figure 105. The molecular structure of the anion in [PPh4][Cd(S2CNEt2)2(S2COEt)].

(see Fig. 93) chelates the cadmium atom via the sulfur atoms so that asymmetric
Cd
S1 and Cd
S2 bond distances of 2.653(6) and 2.861(6) Å, respectively, are
formed. The dithiocarbamate ligands are, on average, more tightly bound
forming Cd
S3 and Cd
S4 bond distances of 2.611(5) and 2.737(6) Å,
respectively, and Cd
S5 and Cd
S6 of 2.625(6) and 2.725(6) Å, respectively.
The structure of the mixed-xanthate–halide structure, namely, [Cd2(S2CO
iPr)3I]1 (188), is supramolecular polymeric and various views of the structure
are shown in Fig. 106. In this structure each xanthate ligand is tridentate,
forming a chelate to one cadmium atom and simultaneously one sulfur atom
bridges a neighboring cadmium. The ﬁrst independent cadmium atom, Cd1, is
ﬁve coordinate being coordinated by one chelating ligand and three sulfur atoms
derived from three bridging ligands so that a highly distorted trigonal-bipyramidal geometry results as may be seen from Fig. 106(a). In this description, the
weakly bound S4 atom of the chelating xanthate [Cd1
S4 is 2.953(1) Å] and the
symmetry related S4i atom [2.616(1) Å] deﬁne the axial positions. The approximate trigonal plane is deﬁned the more tightly bound sulfur atoms [i.e., Cd1
S3
of the chelate is 2.556(1) Å, Cd1
S1 is 2.530(1) Å, and Cd1
S5 is 2.607(1) Å].
A notable feature of the structure is a centrosymmetric Cd2I2 rectangle in which
the Cd
I bond distances are similar at 2.8650(5) and 2.8673(5) Å. The Cd2
atom exists in a distorted tetrahedral geometry as shown in Fig. 106(b). The
geometry is deﬁned by two iodide and two sulfur atoms so that Cd2
S6 is
2.530(1) Å and Cd2
S2 is 2.546(1) Å. There are also weaker intramolecular
Cd2. . .S5 and Cd2. . .S1 secondary bond interactions of 3.102(1) and 3.049(1) Å,
respectively; these weaker contacts are not shown in Fig. 106(b) so as to
emphasize the formation of a 12-membered [CdSCS]3 ring. The central Cd2I2
core serves to link these [CdSCS]3 rings that are, in turn, linked to neighbors in a
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Figure 106. The polymeric structure of [Cd2(S2CO
i-Pr)3I]1 showing (a) the coordination
environment about the Cd1 atom, (b) the coordination geometry about the Cd2 atom, (c) the layer
structure in the bc plane, (d) the undulation in the layer, and (e) the relative disposition of the Cd2I2
links. In views (c)–(e), only the a-carbon atoms of the xanthate ligands are shown. Symmetry
operations: i, x, 12  y,  12 þ z.

direction orthogonal to the bridging Cd2I2 units. This connectivity is highlighted
in the various views illustrated in Fig. 106(c)–(e). The overall motif is a layer, Fig.
106(c), but this is not planar as seen in the undulation apparent in Fig. 106(d). The
approximate orthogonal relationship among the residues containing the Cd1 and
Cd2 atoms is evident from Fig. 106(e). The mixed-ligand xanthate phenoxide
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Figure 106. (Continued)

structure, that is, [Cd(OR)(S2COR)]2, where R ¼ 2,6-diphenylphenoxide, has
been isolated as a THF solvate (189). This structure has been determined to a
low level of precision owing to disorder in the 2,6-diphenylphenoxide groups
and so only the molecular core is shown in Fig. 107. The structure has a

Figure 107. The molecular structure of [Cd(OR)(S2COR)]2, where R is 2,6-diphenylphenoxide; the
molecule has twofold symmetry so that the OR groups lie about this axis.
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crystallographic twofold axis passing through the two 2,6-diphenylphenoxide
ligands. The xanthate ligands form slightly asymmetric Cd
S bond distances of
2.532(6) and 2.660(7) Å for Cd
S1 and Cd
S2, respectively. The Cd
O bond
distances of the central Cd2O2 core are also symmetric at 2.145(12) and
2.197(13) Å. The ﬁnal cadmium xanthate structure to be described sees the
xanthate ligands serving as bridges between neighboring cadmium clusters
(190). The structure of [S4Cd17(SPh)24(S2COMe)2]1 was crystallized with one
methanol molecule per cluster unit. Details of the cluster structure are available
in the original publication, but of interest in the context of the present review is
the role of the xanthate ligands. As indicated in Fig. 108, each cluster is
associated with four bridging xanthate ligands. These serve to link four
neighboring clusters to form a three-dimensional (3D) array so that the Cd
S
distances are indistinguishable at 2.553(12) and 2.554(12) Å.

Figure 108. A portion of the polymeric structure of [S4Cd17(SPh)24(S2COMe)2]1; the solvent
methanol molecule is not shown. Here, the xanthate ligands serve to bridge neighboring clusters
resulting in a 3D array. The SPh groups are represented as SR for clarity.
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C.
1.

Mercury Xanthate Structures

Binary Mercury Xanthate Structures

A relatively large number of binary mercury xanthate structures are known
and these adopt three distinct structural motifs in the solid state, including two
unique motifs for the binary zinc–triad xanthates (149). The structure of the
mercury methylxanthate, [Hg(S2COMe)2]1, is the solitary example of motif E
(191). As illustrated in Fig. 109(a), the structure is polymeric and indeed is
helical as the polymer is propagated by crystallographic screw (21) symmetry.
The mercury atom is three coordinate being coordinated by three sulfur atoms
derived from three different xanthate ligands. One xanthate ligand is bidentate

Figure 109. The structure of [Hg(S2COMe)2]1 highlighting the (a) helical polymer formed along
the b axis, (b) the supramolecular association between chains, and (c) the layer motif.
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Figure 109. (Continued)

bridging, forming disparate Hg
S bond distances of 2.383(3) and 2.924(3) Å,
and the other independent xanthate ligand is monodentate forming a Hg
S
distance of 2.365(3) Å. The coordination geometry is T-shaped with the longer
Hg
S bond being perpendicular to the other two. Both xanthate ligands are
orientated so as to direct the oxygen atoms toward the mercury atom and these
distances are 2.932(8) and 2.926(8) Å, for the bi- and monodentate xanthate
ligands, respectively. These are not considered to represent signiﬁcant bonding
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interactions. In addition, the sulfur atom forming the short Hg
S bridging
distance also forms a weak interaction to a neighboring mercury atom so this
separation is 3.313(3) Å. These interactions occur between atoms within the
chain. A unique feature of this motif is the low formal coordination number of
the mercury atom, compared with the other motifs. It is probable that the abovementioned intramolecular Hg. . .S and Hg. . .O secondary bond interactions serve
to satisfy the coordination requirements of the mercury center. Besides the
formation of the helical polymer, there are limited intermolecular interactions.
Translationally related chains are linked into a layer structure via Hg. . .S
secondary bonds of 3.475(3) Å involving the coordinated sulfur atom of the
monodentate ligand; see Fig. 109(b) and (c). The majority of the Hg(S2COR)2
structures conform to the predominant motif for the binary zinc–triad xanthates
(i.e., motif A).
The structures of [Hg(S2COR)2]1 for R ¼ Et, polymorphic form I (154) and
i-Pr (157), (CH2 )2
t-Bu (157),
form II (155), n-Pr (156), n-Bu (157), (CH2)2
and (CH2)4Me (157), all essentially conform to the motif shown in Fig. 82 for
the structure of [Zn(S2COEt)2]1 (150). Selected geometric parameters are
collected in Table V. There are variations in the coordination geometries in
these structures with a greater deal of asymmetry in the Hg
S bond distances
and concomitant distortion from tetrahedral geometry for the straight-chain
alkylxanthate derivatives as seen in the range of Hg
S bond distances for these
structures of 2.313(8)–2.943(10) Å and range of S
Hg
S angles of 81.8(3)–
150.8(3) . This contrasts the decidedly narrower ranges of Hg
S distances and
S
Hg
S angles in the branched structures of 2.498(7)–2.586(3) Å and 98.5(3)–
121.1(3) , respectively, so that these latter structures more closely resemble that
established for motif A. The difference in the polymorphic structures of
[Hg(S2COEt)2]2 (154, 155) relate to the stacking of the layers. In polymorphic
form II (155), layers separated by hydrophobic interactions are related to each
other by centers of symmetry, whereas for the polymorphic form I, the layers are
related by translational symmetry (154). The ﬁnal zinc–triad binary structure to
be described is that of [Hg(S2CO
i-Pr)2]1 (192) and this adopts a unique
structure and is therefore labeled motif F.
The 16-membered rings featured in many of the motifs for this triad is also
i-Pr)2]1 (192) as shown in Fig. 110(a).
found in the structure of [Hg(S2CO
Here, a pair of diagonally opposite mercury atoms is precluded from further
bridging owing to the presence of a chelating xanthate ligand. The remaining
mercury atoms are surrounded by four bridging xanthate ligands but the
arrangement of the xanthate bridges is such that these do not extend out laterally
as for motif B. Here, one xanthate ligand at each mercury atom bridges in a
direction approximately coplanar with the 16-membered ring [see Fig. 110(b].
The remaining two xanthate ligands bridge 16-membered rings, one above and
the other below the 16-membered ring, labeled (a) in Fig. 110(c), so that a 3D
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Figure 110. Two views of the polymeric structure of [Hg(S2CO
i-Pr)2]1: (a) highlighting the
connection between 16-membered rings, (b) as for (a) but showing only the a-carbon atoms of the
xanthate ligands, and (c) the planarity of the 16-membered ring.

network is generated. Thus, the zinc–triad xanthate structures range from
isolated molecules, tetramers, and 1D, 2D, and 3D self-assembled supramolecular structures underlying the fascinating structural chemistry of this group.
The basic structural motifs for the binary zinc–xanthates are summarized in
Fig. 111.
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Figure 110. (Continued)

2.

Adducts of Mercury Xanthates

Three phosphine adducts are known for the mercury xanthates and each
structure reveals that the aggregation observed in the parent compounds no
longer persists.
The molecular structure of Hg(S2CO
i-Pr)2PPh3 (181) is shown in
Fig. 112(a). The structure is similar to that shown in Fig. 97 for the cadmium
analogue except in the mode of coordination of the xanthate ligands. Thus, one
xanthate ligand chelates the mercury atom forming Hg
S1 and Hg
S2 bond
distances of 2.647(4) and 2.711(4) Å, respectively, with the other ligand being
effectively monodentate so that Hg
S3 is 2.444(4) and Hg. . .S4 is 3.357(4) Å;
Hg
P is 2.437(3) Å. Centrosymmetrically related dimers associate about a
center of inversion, as shown in Fig. 112(b), so that the Hg. . .S1 distances are
3.566(4) Å. The structure of the cyclohexylphosphine analogue, Hg(S2CO
ii-Pr)2PPh3
Pr)2PCy3 (181), is in essential agreement with that of the Cd(S2CO
structure (181) in that the xanthate ligands are chelating: Hg
S1 and Hg
S2 are
2.503(2) and 2.916(2) Å, respectively, and Hg
S3 and Hg
S4 are 2.538(3) and
3.119(3) Å, respectively. Presumably, it is the steric bulk that precludes the
formation of loosely associated dimers in the crystal structure of Hg(S2CO
iPr)2PCy3, as found in the triphenylphosphine analogue. Interestingly, there are
discernible intra- and intermolecular C
H. . .p interactions in the crystal
structure where the p-system is provided by the HgS2C metallacycle formed
by the more symmetrically chelating xanthate ligand. The C
H. . .p interactions
result in a chain propagated by crystallographic glide symmetry. The third
phosphine adduct is cationic as only one xanthate ligand is bound to mercury.

(a)

(b)

(c)

(e)

(d )

(f)

Figure 111. Simpliﬁed versions of the different structural motifs observed for the binary zinc–triad
xanthates. Based on (1) 16-membered rings: (a) 2D motif A, (b) chain motif B, (c) tetrameric motif
C, (d) 3D motif F; (2) monomer: (e) square-planar motif D; and polymer: (f) linear chain motif E.
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Figure 112. The structure of Hg(S2CO
i-Pr)2PPh3 showing (a) the molecular structure, and (b) the
supramolecular association mediated by Hg. . .S interactions.

The structure of the cation in [Hg(S2CO
i-Pr)(PCy3)2]ClO4 (193) is shown in
Fig. 113; the structure was characterized as its dichloromethane solvate. The
mercury atom exists in a distorted tetrahedral environment deﬁned by a
chelating xanthate ligand, Hg
S1 and Hg
S2 are 2.655(3) and 2.747(3) Å,
respectively, and two phosphine ligands that form Hg
P bond distances of
2.449(2) and 2.460(2) Å.
3.

Organomercury Xanthate Structures

By contrast to the zinc and cadmium xanthates, for which organoelement
xanthate structures are not known, there exists a rich structural chemistry of
organomercury xanthates.
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Figure 113. The molecular structure of the cation in [Hg(S2CO
i-Pr)(PCy3)2]ClO4.CH2Cl2.

There are seven structures of the general formula RHg(S2COR0 ) and a review
of their structural characteristics as well as those of related organomercury 1,1dithiolates has recently appeared (194). The molecular structure of all
RHg(S2COR0 ) compounds is in essential agreement with that shown for
MeHg(S2COMe) (195) in Fig. 114(a); the molecule has crystallographic mirror
symmetry so that all non-hydrogen atoms lie on the mirror plane. The mercury
atom exists in a linear geometry deﬁned by a sulfur atom of an effectively
monodentate xanthate ligand and the carbon atom of the organo substituent that
may be either a methyl or phenyl group. The second sulfur atom is invariably
orientated towards the mercury atom in each of the structures. There are no
obvious differences in the geometric parameters describing the mercury atom
geometries that can be correlated with the nature of the mercury-bound group so
that the ranges of Hg
Sshort distances is 2.343(3)–2.397(12) Å, Hg
Slong is
3.039(4)–3.259(3), and C
Hg
C angles is 170.8(16) to 177.0(4) . A common
feature of all structures is the presence of extensive Hg. . .S secondary bond
associations leading, at least, to identiﬁable chain-like supramolecular selfassembled arrays.
In the crystal structure of MeHg(S2COMe) (195), successive centrosymmetrically related pairs of molecules associate via Hg. . .S contacts of 3.568(2) Å so
as to form edge shared Hg2S2 rectangles that are connected into an undulating
ribbon as shown in Fig. 114(b). The interactions leading to ribbon formation are
indicated by (a) in Fig. 114(b) and involve the tightly bound S1 atom.
Translationally related chains are linked into a 2D array by weaker Hg. . .S
contacts of 3.983(5) Å, labeled as (b) in Fig. 114(b), involving the weakly
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Figure 114. The structure of MeHg(S2COEt) showing (a) the molecular structure, and (b) the
supramolecular association mediated by Hg. . .S interactions in the ab plane; the molecule has
crystallographic mirror symmetry so that all non-hydrogen atoms lie on the mirror plane.

associated S2 atom. An essentially isolated chain is found in each of the
remaining MeHg(S2COR0 ) structures.
The chain is helical in the structure of MeHg(S2COEt) (196) as it is
propagated by a crystallographic screw (21) axis. The magnitude of the
Hg. . .S secondary bond interactions highlighted with letter symbols (a)–(d) in
Fig. 115 are 3.562(13), 3.826(14), 3.763(15), and 3.916(15) Å, respectively. An
undulating ribbon can also be discerned in the structure by considering the
interactions involving the more tightly bound S1 atom, labeled (a) and (b).
Rather than linking the chains into a 2D array, as above for the methylxanthate
analog, the Hg. . .S2 contacts in MeHg(S2COEt) serve to reinforce the chain. It
is likely that it is the steric bulk of the ethyl group, as opposed to the methyl
group, that precludes the close approach of the chains to form a layer structure.
A similar structure to that just described is found for MeHg(S2CO
i-Pr) (196).
Here, the Hg. . .S1 contacts forming the Hg2S2 rectangle of the undulating chain
are 3.403(3) and 3.681(3) Å. The difference between the two structures arises in
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Figure 115. The supramolecular association, mediated by Hg. . .S interactions, leading to a chain
along the b axis in the structure of MeHg(S2COEt).

the nature of the reinforcing Hg. . .S2 contacts as there is only one operating in
the present structure [i.e., 3.890(4) Å]. A variation of a theme is found in the
structure of the benzylxanthate, that is, MeHg(S2COCH2Ph) (196). As illustrated in Fig. 116, a chain is also found. Also noteworthy is that the xanthate

Figure 116. The supramolecular association, mediated by Hg. . .S interactions, leading to a chain,
along the a axis, in the structure of MeHg(S2COCH2Ph).
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ligands approach coplanarity unlike the previous MeHg(S2COR0 ) structures.
This has the key result that the rectangles generating the undulating chain are
deﬁned by the mercury and weakly bound S2 atoms rather than the more tightly
bound S1 atoms that, in this case, form interactions to stabilize the chain, that is,
opposite to the situation to that found in the previous three MeHg(S2COR0 )
structures. The Hg. . .S2 secondary bond interactions forming Hg2S2 rectangles
within a centrosymmetric pair, that is, labeled (a) in Fig. 116, involve an
intramolecular Hg. . .S2 contact of 3.250(2) Å and an intermolecular Hg. . .S2
contact of 3.803(2) Å. These pairs associate with neighboring centrosymmetric
pairs via interactions of 3.682(2) Å, labeled (b) in Fig. 116. Finally, the chain is
stabilized by Hg. . .S1 secondary bond interactions of 3.426(2) Å.
The three remaining structures are of the general formula PhHg(S2COR0 ).
The supramolecular structure of PhHg(S2COMe) (197) comprises chain-like
arrays as shown in Fig. 117(a). In this topology, translationally related
molecules associate via Hg. . .S1 secondary bond interactions of 3.466(13) Å
(i.e., involving the strongly bound S1 atoms). These chains associate with
neighboring chains via Hg. . .S secondary bond interactions involving the
weakly bound S2 atoms at distances of 3.539(10) Å, as shown in Fig. 117(b).
This has the result that a 2D layer structure is formed. A closely related 2D
structure is also found in for the PhHg(S2COEt) (198) analogue. The chain
formed in PhHg(S2COEt) is shown in Fig. 118(a). Centrosymmetrically pairs
associate via Hg. . .S2 secondary bond interactions of 3.495(5) Å and successive
pairs are linked, also via centers of inversion, by Hg. . .S1 interactions of
3.477(5) Å. The sequence of four-membered rings can be thought of as Hg2S2
(involving S1), (HgS2C), and Hg2S2 (involving S2) rings. As seen in Fig. 118(b),
these chains self-assemble with neighboring chains so that the closest Hg. . .S
contact, involving the S2 atoms, is 3.538(5) Å. The difference in the 2D arrays
for PhHg(S2COMe) and PhHg(S2COEt) clearly relates to the relative disposition
of the alkyl and aryl groups (i.e., is related to the symmetry of chain
propagation; see Figs. 117 and 118). Thus, in PhHg(S2COMe) the alkyl and
aryl groups lie in rows to alternate sides of the layer, whereas rows are
comprised of alternate alkyl and aryl groups in the structure of PhHg(S2COEt).
The ﬁnal mononuclear organomercury xanthate structure to be described is
arguably the most complicated of all, owing, in part, to the fact that three
independent PhHg(S2CO
i-Pr) molecules comprise the crystallographic asymmetric unit (197) (see Fig. 119). There are a total of ten intermolecular Hg. . .S
secondary bond interactions, ranging from 3.306(4) to 3.750(5) Å, operating in
the structure and these serve to link the molecules in two dimensions resulting in
the formation of a layer structure. Thus, the common feature of all three
phenylmercury xanthate structures is the formation of a 2D motif.
The ﬁnal structure to be described for the zinc–triad xanthates is a binuclear
organomercury species. The molecular structure of 1,2-C6H4[Hg(S2COMe)]2
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Figure 117. The supramolecular association, mediated by Hg. . .S interactions, leading to (a)
chains along the b axis and (b) a layer, in the structure of PhHg(S2COMe); intramolecular Hg. . .S
interactions are omitted for clarity.

(199) is shown in Fig. 120(a); the structure was characterized as a dichloromethane solvate. The mercury atom geometries are as found for the mononuclear analogs so that Hg1
S1 and Hg1. . .S2 are 2.379(5) and 3.151(5) Å,
respectively, and the C
Hg
S1 angle is 175.5(5) ; the equivalent values for the
Hg2 atom are 2.401(4) and 3.015(5) Å, and 179.5(4) . There is also an
intramolecular Hg2. . .S2 contact of 3.504(5) Å and the Hg. . .Hg distance is
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Figure 118. The supramolecular association, mediated by Hg. . .S interactions, leading to (a)
chains along the c axis and (b) a layer, in the structure of PhHg(S2COEt); intramolecular Hg. . .S
interactions are omitted for clarity.
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Figure 119. The supramolecular association, mediated by Hg. . .S interactions, in the structure of
PhHg(S2CO
i-Pr).

3.5713(12) Å. As with the mononuclear organomercury xanthates, there are
extensive Hg. . .S secondary bond interactions operating in the crystal structure.
Centrosymmetrically related molecules associate via Hg. . .S interactions of
3.488(5) Å, involving tightly bound S3 atoms, so that 10-membered
[HgC2HgS]2 are formed; these contacts are labeled as (a) in Fig. 120(b). Further
stabilization between these molecules arises from Hg. . .S interactions of
3.347(5) Å, labeled as (b) in Fig. 120(b), involving the weakly bound S2 atoms.
Links between these 10-membered rings are afforded by Hg. . .S1 secondary
bond interactions of 3.496(5) Å, labeled as (c) in Fig. 120(b), and Hg. . .S2
interactions of 3.354(5) Å, labeled as (d), so that eight-membered [Hg2S2]2 rings
are formed. The overall topology of the supramolecular aggregate is that of a
chain.

XI.

XANTHATE STRUCTURES OF GALLIUM, INDIUM,
AND THALLIUM

Only four structures are available for the aluminum-group xanthates. The
crystal structures of Ga(S2COEt)3 and In(S2COEt)3 (200) are isomorphous with
each other and with the chromium analog, Cr(S2COEt)3 (31), which is shown in
Fig. 10. Thus, each molecule has crystallographic threefold symmetry and
essentially equivalent Ga
S [2.405(2) and 2.465(2) Å] and In
S [2.574(1) and
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Figure 120. The structure of 1,2-C6H4[Hg(S2COMe)]2.CH2Cl2 showing (a) the molecular
structure, and (b) the supramolecular association mediated by Hg. . .S interactions leading to a
chain along the c axis; intramolecular Hg. . .S interactions (in (b)) and CH2Cl2 solvent molecule are
omitted for clarity.

2.622(1) Å] bond distances. The restricted bite distances of the xanthate ligands
[the S
M
S chelate angles are 73.50(6) and 69.77(4) , respectively] are most
the likely source for the deviations from the ideal octahedral geometries. The
distortions are best seen in the twists of the triangular faces, that is, 40.27(7) and
46.43(5) for the gallium and indium structures, respectively, compared to the
ideal octahedral angle of 60 . Enantiomeric pairs associate in their respective
crystal lattices via S. . .S contacts of 3.598(4) and 3.592(2) Å, respectively.
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Figure 121. The relationship between enantiomeric pairs of Ga(S2COEt)3: (a) two molecules
viewed down the crystallographic threefold axis (along the c axis), and (b) two molecules viewed
normal to the threefold axis.

Figure 121(a) shows a view down the crystallographic threefold axis of an
enantiomeric pair of Ga(S2COEt)3 and Fig. 121(b) highlights the S. . .S interactions between the molecules. In the structure of Ga(S2COEt)3, the S. . .S
interactions shown in Fig. 121(b) involve the more tightly bound sulfur atoms
whereas the opposite is true for the indium analogue. This observation serves to
highlight the very weak nature of these interactions.
The remaining structures for this group are organothallium(III) structures.
The immediate coordination geometry about the thallium center in the structure
of Me2Tl(S2COMe) (201) is shown in Fig. 122. The xanthate ligand chelates one

Figure 122. The structure of Me2Tl(S2COMe): (a) immediate coordination geometry, (b)
supramolecular association viewed normal to the layer structure in the ac plane, and (c) viewed
side-on to the layer; the Tl. . .O interactions are not shown. Symmetry operations: i, 1  x, y,
1
1
1
1
2 þ z; ii,  2 þ x, y, þz; iii, 1  x, y,  2 þ z; iv, 2 þ x, y, z.
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thallium atom forming Tl
S1 and Tl
S2 bond distances of 2.96(3) and
2.98(2) Å, respectively, and simultaneously this ligand bridges a symmetry
related thallium so that S2. . .Tli is 3.19(2) Å. In addition the S1 atom is involved
in a weaker interaction of 3.34(2) Å with another thallium atom. Finally, the
oxygen atoms also form intermolecular contacts so that O. . .Tli is 3.15(2) Å. If
considered signiﬁcant, all of the indicated hypervalent interactions (i.e.,
2  Tl. . .S and 1  Tl. . .O) indicate that the xanthate ligand is pentaconnective
and, as such, this mode of coordination gives rise to a distorted pentagonal
bipyramidal geometry about the thallium center with the carbon atoms occupying the axial positions; the C
Tl
C angle is 171(3) . From the above, it appears
that the putative stereochemically active lone pair of electrons is not operational
in this structure as it does not seem to occupy a well-deﬁned position in the
coordination environment about the thallium atom. The presence of the
relatively large number of hypervalent interactions in the structure of Me2Tl(S2COMe) gives rise to a cohesive crystal structure. The intermolecular Tl. . .S2 and
Tl. . .O associations lead to the formation of chains as shown in Fig. 122(b); the
intermolecular Tl. . .S2 interactions are indicated as (a) in this ﬁgure but, the
Tl. . .O contacts are not shown. Neighboring chains are linked via the somewhat
weaker Tl. . .S1 contacts that result in the formation of a layer structure
illustrated in Fig. 122(b); the Tl. . .S1 contacts are indicated by a (b). The layer
structure is emphasized in Fig. 122(c) and adjacent layers are separated by
hydrophobic interactions. The substitution of the thallium-bound methyl groups
by phenyl groups gives rise to a similar but, distinct molecular geometry.
However, as will be demonstrated, effectively the same crystal structure is found
for both compounds.
The immediate coordination geometry about the thallium atom in
Ph2Tl(S2COMe) (202) is shown in Fig. 123(a). To a ﬁrst approximation, this
is similar to that shown in Fig. 122 for Me2Tl(S2COMe), but without the
additional Tl. . .S1 interaction. Thus, the xanthate ligand is tri-connective if one
considers only the sulfur atoms [Tl
S1 2.845(3), Tl
S2 3.001(2) and Tl
S2ii
ii
.
.
.
2.993(2) Å] but tetraconnective if one considers the Tl O interaction of
3.204(7) Å as important. The equality of the Tl
S bond distances in
Ph2Tl(S2COMe) contrasts the situation in Me2Tl(S2COMe), but the major
difference between the two R2Tl(S2COMe) structures is the nature of the
seventh interaction to thallium (i.e., that deﬁning the ﬁfth position in the
pentagonal plane). In Me2Tl(S2COMe) this was a symmetry related S1 atom,
in Ph2Tl(S2COMe), this position is occupied by a phenyl ring. In this way, the
distance between the thallium and the centroid of a symmetry related thalliumbound phenyl ring is 3.89 Å. Thus, the crystal structure can be thought of as
being comprised of chains, mediated by Tl. . .S and Tl. . .O interactions as shown
in Fig. 123(b); this is akin to the chains formed in Me2Tl(S2COMe) shown in
Fig. 122(b). In this case, the chains are linked via centrosymmetric pairs of
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Figure 123. The structure of Ph2Tl(S2COMe): (a) the immediate coordination geometry, (b)
showing the chain motif, (c) supramolecular association showing viewed normal to the layer
structure in the bc plane mediated by Tl. . .p interactions (hydrogen atoms have been removed for
clarity), and (d) side-on to the layer; the Tl. . .O interactions are not shown. Symmetry operations: i,
1  x,  12 þ y, 12  z; ii, 1  x, 12 þ y, 12  z.

molecules that are associated via Tl. . .p interactions as shown in Fig. 123(c).
The view of the layer structure in Fig. 123(c) is somewhat deceptive in that it
might appear that the indicated interactions are of the type p. . .p and so it is
noted that the separation between these phenyl groups is nearly 5.2 Å. The
Tl. . .p interactions occur alternatively on either side of the chain so that a layer
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structure results. Viewed side-on, Fig. 123(d), an undulating arrangement is
found that is very close to that observed in the crystal structure of Me2Tl(S2COMe); layers are separated by hydrophobic interactions. Thus, while the
supramolecular association between the individual molecules (molecular tectons) is distinct, the resultant crystal-packing arrangements are similar.

XII.

XANTHATE STRUCTURES OF GERMANIUM, TIN,
AND LEAD

There are a variety of structural motifs for the xanthate structures for each of
germanium, tin, and lead, and the majority of these are organometallic in nature.
Only germanium(IV) species have been characterized crystallographically. In
the case of tin, with the exception of one structure, all others contain tin(IV). By
contrast, all of the lead structures have the central element in the þII oxidation
state. An interesting feature of many of the structures of this group is the
presence of M. . .O intramolecular contacts in preference to M. . .S interactions, a
result that may be traced to the preference of the central element to associate
with the oxygen atom of the xanthate ligand rather than sulfur based on (1)
bonding considerations and/or (2) steric inﬂuences. Alternatively, this apparent
preference for the S,O over the S,S coordination motif may not necessarily
reﬂect anything else, but the dictates of crystal packing as suggested above for
the phosphinegold(I) xanthates (see Section IX.C).
A.

Germanium Xanthate Structures

There are three structures of the general formula Ge(S2COR)4, that is, where
R ¼ Me, Et, and i-Pr (203). The molecular structure of the R ¼ Me compound is
illustrated in Fig. 124, in which, along with the R ¼ Et structure, the germanium
atom is located on a crystallographic site of symmetry 4; the R ¼ Et species was
isolated as a carbon disulﬁde (1:1) solvate. While not possessing the high
symmetry of its lower congeners, the structural features of Ge(S2CO
i-Pr)4 are
essentially identical. The independent Ge
S bond distance in Ge(S2COMe)4 of
2.200(2) Å is shorter than that in Ge(S2COEt)4 of 2.238(2) Å and the range of
i-Pr)4, that is, 2.231(2) to
Ge
S bond distances in nonsymmetric Ge(S2CO
2.241(2) Å. A consistent feature of each of the structures is the relative
orientation of the xanthate ligands in that each is directed so as to place the
oxygen atom, rather than the noncoordinating sulfur atom, in close proximity
to the germanium atom. For the R ¼ Me structure, the Ge. . .O contact is
2.945(5) Å and this is indistinguishable from 2.932(4) Å in the R ¼ Et

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

261

Figure 124. The molecular structure of Ge(S2COMe)4; the molecule is disposed about a
crystallographic site of symmetry 4.

compound and 2.965(7) Å (average value) for the R ¼ i-Pr structure. If the
Ge. . .O interactions were considered signiﬁcant, the coordination geometry
could be described as distorted cubic, but a more realistic description is one
based on a tetrahedron within a S4 donor set, with distortions due to the close
approach of the oxygen atoms. The distortions from the ideal tetrahedral
geometry are greatest for the R ¼ Me compound as seen in the range of angles
subtended at germanium of 92.4(1) (2) to 118.62(7) (4). This can be
compared to 106.88(5) (4) to 114.8(1) (2) for Ge(S2COEt)4. The tetrai-Pr)4 structure fall into two classes with four
hedral angles for the Ge(S2CO
less than the ideal angle [range: 103.34(8)–105.96(8) ] and two greater [i.e.,
119.08(8) and 120.15(7) ]. While an exhaustive analysis of the crystal structures for these compounds is not warranted, the crystal packing evident in
Ge(S2COMe)4 serves to emphasise the important of S. . .H interactions in the
stabilizations of the crystal lattices of these compounds and hence, a brief description
is given here.
A view of the crystal-packing arrangement in Ge(S2COMe)4 is shown in
Fig. 125, which highlights the tetragonal symmetry in the crystal lattice. Each of
the noncoordinating (i.e., pendent), sulfur atoms forms two intermolecular
S. . .H interactions. Chains of molecules are formed via four S. . .H contacts
(each 2.91 Å) so that two such contacts occur above and below each molecule.
Extending laterally, forming links to four different molecules, are S. . .H contacts
of 2.98 Å so that a stable crystal lattice results, facilitated by S. . .H interactions.
The remaining germanium xanthate structures feature germanium to carbon
bonds.

262

EDWARD R. T. TIEKINK AND IONEL HAIDUC

Figure 125. Crystal packing in Ge(S2COMe)4 viewed down the c axis.

Examples of mono-, di-, and triorganogermanium xanthate structures are
known. In Fig. 126, the molecular structure of MeGe(S2COEt)3, which was
isolated as a carbon disulﬁde solvate (1:0.37), is shown and this is virtually
identical in terms of the coordination geometry to that adopted by
MeGe(S2CO
i-Pr)3, that was also isolated as a carbon disulﬁde solvate
i-Pr)3 in the
(1:0.5) and features two independent molecules of MeGe(S2CO
asymmetric unit (204). Although crystallographic symmetry is not present in
these structures, effective threefold symmetry is found so that the range of
Ge
S bond distances is 2.247(6)–2.251(6) Å for MeGe(S2COMe)3 and is
i-Pr)3.
indistinguishable to the range of 2.236(5)–2.259(5) Å for MeGe(S2CO
Close Ge. . .O interactions are also present in these structures [i.e., 2.91(2)–
2.95(2) Å and 2.892(9)–2.93(1) Å, respectively]. These contacts may be respon-
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Figure 126. Molecular structure of MeGe(S2COEt)3; the solvent carbon disulﬁde molecule is not
shown.

sible for distortions from ideal tetrahedral geometries in these compounds as the
ranges of angles subtended at germanium are 102.0(3)–116.2(6) and 101.7(2)–
116.6(4) , respectively.
Effectively, tetrahedral geometries are found in the two known diphenylgermanium xanthate structures, but unlike the homogeneity in the foregoing
structures, two distinct structures are found. The molecular structure of
Ph2Ge(S2COMe)2 is shown in Fig. 127 and has crystallographic twofold
symmetry (205). The xanthate ligands coordinate in effectively the monodentate
mode with a Ge
S bond distance of 2.262(3) Å. The coordination geometry is
Ge
S, to
distorted tetrahedral with the range of angles being 93.4(2) , for S
Ge
C. The xanthate ligands are orientated so that Ge. . .O
117.1(3) for C

Figure 127. Molecular structure of Ph2Ge(S2COMe)2; the molecule is disposed about a crystallographic twofold axis.
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Figure 128. Molecular structure of Ph2Ge(S2CO
i-Pr)2.

contacts of 2.920(8) Å is evident. The immediate coordination geometry in the
i-Pr)2 (206) (Fig. 128)
structure of the isopropyl analogue, that is, Ph2Ge(S2CO
is in essential agreement to that just described. Thus, the Ge
S bond distances
are 2.251(3) and 2.252(3) Å, the Ge. . .O contacts are 3.009(8) and 2.981(8) Å,
but the range of tetrahedral angles is somewhat narrower, that is, 102.2(2)
(S
Ge
S)–115.6(3) (C
Ge
C). The difference between the Ph2Ge(S2COR)2
structures relates to the different orientations of the xanthate ligands. In Fig. 127,
it is obvious that the two xanthate ligands are coplanar and lie to either side of
the germanium atom in the same orientation, as dictated by crystallographic
i-Pr)2, illustrated in Fig. 128, there has
symmetry. By contrast, for Ph2Ge(S2CO
been a rotation about one of the Ge
S bonds so that the xanthate ligands are
now approximately orthogonal to each other. An examination of the crystal
packing arrangements of the two structures enables a rationalization of the
observed different conformations.
A view of the crystal packing in the structure of Ph2Ge(S2COMe)2 is shown
in Fig. 129. As shown in this diagram, the molecules are connected into
supramolecular chain-like arrays, running across the diagram, via C
H. . .p
interactions between neighboring molecules so that the C(phenyl)
H. . .ring
centroid distance is 3.20 Å and the angle subtended at the H atom is 130 ; the
relevant H atoms are labeled in Fig. 129. Linking chains into a layer structure
are S. . .H interactions of 2.89 Å involving the pendent sulfur atoms. As each
phenyl ring functions as a C
H. . .p donor as well as a C
H. . .p acceptor, each
molecule must be connected to four others. Thus, the additional C
H. . .p
contacts occur above and below the layer shown in Fig. 130, leading to a
cohesive crystal structure. The important point to note in the context of the
present discussion is the nonparticipation of the xanthate-bound methyl groups
in the primary stabilization of the crystal lattice. A different situation pertains in
the structure of the isopropyl analogue.
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Figure 129. Crystal packing, via C
H. . .p and S. . .H interactions, in Ph2Ge(S2COMe)2. viewed
normal to the ac plane.

A portion of the crystal packing in operation in the structure of
i-Pr)2 is shown in Fig. 130. In this case, the most important
Ph2Ge(S2CO
C
H. . .p contacts involve the alkyl hydrogen rather the phenyl hydrogen atoms.
Thus, there is an intramolecular C
H. . .p contact involving one of the methyl
hydrogen atoms and the phenyl ring as can be discerned from close proximity of
these atoms, as shown in the top of Fig. 128; the C
H. . .ring centroid distance is

3.09 Å and the angle at H is 151 . There is also an intermolecular C
H. . .p
contact involving the second phenyl ring and the methane hydrogen of the
second isopropyl substituent. These interactions (3.04 Å and 154 ) serve to link
the molecules into chains running across the diagram in Fig. 130. Chains are
linked into a layer structure via orthogonal S. . .H interactions. The contacts
indicated with an (a) in Fig. 130 involve the pendent S2 and a phenyl–H atom,
which are separated by 2.94 Å. In addition to these, there are S. . .H interactions
involving the S4 and a Me–H atom, labeled as (b), and these are 3.12 Å apart.
The layers are linked into a 3D structure via weaker S. . .H interactions. It is
likely that it is the conformational ﬂexibility of the isopropyl group, compared
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Figure 130. Crystal packing, via C
H. . .p and S. . .H interactions in the ac plane, in
Ph2Ge(S2CO
i-Pr)2.

with the methyl group, which allows for the folding of this substituent to form
an intramolecular C
H. . .p contact that is responsible for the different orientations of the xanthate ligands in these structures. If this is so, the clear implication
is that the energy of stabilization provided to the crystal structure by a C
H. . .p
.
.
.
interaction is similar to that contributed by a S H interaction otherwise the
C
H. . .p interactions only involving the phenyl groups would be structure
directing in both instances.
The remaining germanium structures to be described are triphenylgermanium
xanthates. The molecular structure of Ph3Ge(S2COMe) is shown in Fig. 131 and
that of the isopropyl analogue is essentially the same (206). The Ge
S distances
are 2.249(4) and 2.272(2) Å, respectively, and the ranges of the tetrahedral
angles are 98.1(2)–112.2(2) and 98.7(4)–114.6(6) , respectively. In each case
there is a close Ge. . .O contact of 3.155(4) and 2.98(1) Å, respectively. As just
mentioned, there are close Ge. . .O contacts in the Ph3Ge(S2COR) structures and
this is indeed true for all of the germanium xanthates that have been structurally
characterized. The range of Ge. . .O distances is 2.892(9) Å, found in the
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Figure 131. Molecular structure of Ph3Ge(S2COMe).

structure of MeGe(S2CO
i-Pr)3, to a maximum of 3.155(4) Å in the structure of
i-Pr), as a result of the respective orientations of the xanthate
Ph3Ge(S2CO
ligands. Noteworthy is the fact that there is an increase of at least 0.2 Å in
Ge. . .O, allowing for experimental error, as more organic substituents are bound
to the germanium center, which implies that there is a correlation between the
strength of the Ge. . .O interaction and the Lewis acidity of the germanium atom.
This correlation indicates that these Ge. . .O contacts are indeed important in
satisfying the valency of the central atom and therefore, suggest a preference of
the germanium atom for oxygen over sulfur in these structures. This preference
is entirely consistent with what would be expected on the basis of HASB
concepts.
B.
1.

Tin Xanthate Structures

Binary Tin Xanthate Structures

The only example of a tin(II) xanthate structure is that of Sn(S2COMe)2
(207) and this is illustrated in Fig. 132(a). The xanthate ligands are each
chelating, but form asymmetric Sn
S bond distances so that the Sn
S1 and
Sn
S3 bond distances of 2.604(4) and 2.643(3) Å, respectively, are signiﬁcantly
longer than the Sn
S2 and Sn
S4 separations of 2.802(3) and 2.838(3) Å,
respectively. The coordination geometry is based on a trigonal bipyramid in
which a stereochemically active lone pair of electrons occupies an equatorial
position. In this description, the two weakly bound sulfur atoms deﬁne the axial
positions. The deviation of the S2
Sn
S4 angle from 180 to 140.8(1) can be
attributed to the dual effects of the restricted bite distance of the xanthate ligand
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Figure 132. The structure of Sn(S2COMe)2: (a) molecular geometry, and (b) supramolecular
association leading to a chain along the b axis.

and the repulsions exerted by the lone pair of electrons. Translationally related
molecules associate in the lattice via Sn. . .S secondary bond interactions to form
the chain motif shown in Fig. 132(b). The parameters associated with these
interactions, each of which involves the more tightly bound sulfur atoms, are
Sn. . .S1i 3.393(4) Å and Sn1. . .S2i 3.454(4) Å, labeled (a) and (b), respectively.
If the weaker Sn. . .S interactions are taken to occupy positions about the tin
center, the coordination geometry could be construed as being based on an
octahedron. In keeping with previous discussion, the crystal structure can be
thought of being comprised of chains of edge-connected octahedral resembling
that represented for [Ni{S2CO(CH2CH2O)4CS2}2]2 in Fig. 49(c).
The remaining tin xanthate structures feature tin(IV) centers. There is only
one binary xanthate of tin(IV). The molecular structure of Sn(S2COEt)4 (208) is
represented in Fig. 133 and shows the tin atom to be six coordinate, distorted
octahedral. This arises as two of the xanthate ligands are chelating, forming
almost symmetric Sn
S bonds [Sn
S1 and Sn
S2 are 2.562(2) and 2.617(2) Å,
respectively, and Sn
S3 and Sn
S4 are 2.539(2) and 2.627(2) Å, respectively]
and the other two are monodentate forming somewhat shorter Sn
S bond
distances [Sn
S5 is 2.488(2) Å and Sn
S7 is 2.499(2) Å]. The monodentate
xanthate ligands occupy mutually cis-positions and are orientated so as to place
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Figure 133. Molecular structure of Sn(S2COEt)4.

the oxygen atom in close proximity to the tin atom so that the Sn. . .O4 contact is
3.185(5) Å and the Sn. . .O3 separation is 3.348(9) Å. There are three mixedxanthate–halide structures with the general formula Sn(S2COEt)2X2 that can be
considered directly derived from the structure of Sn(S2COEt)4 in that the
monodentate xanthate ligands are simply substituted by halides.
2.

Mixed-Ligand Tin Xanthate Structures

The molecular structure of Sn(S2COEt)2Cl2 (209) is shown in Fig. 134 and
the bromide and iodide structures (210) are virtually identical. All three
structures have molecular twofold symmetry but, this is only found crystallographically in the case of the bromide analogue. Based on unit cell data, the
Sn(S2COEt)2Cl2 compound is polymorphic. It also exists in the high-symmetry
form, that is, isomorphous with the bromide analogue, but a full structural
analysis was not performed (210). A comparison of the chloride and bromide
structures shows that the difference between the two polymorphic forms relates
only to the relative orientations of the xanthate ligands. Minor differences in the
mode of coordination of the xanthate ligands are noted for the series of

Figure 134. Molecular structure of Sn(S2COEt)2Cl2.
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Figure 135. Molecular structure of Sn(S2COEt)2(8-quinolinate)2.

structures Sn(S2COEt)2X2. For X ¼ Cl, one ligand is symmetrically chelating
[Sn
S 2.518(1) and 2.554(2) Å] while the other is more asymmetric [Sn
S
2.500(2) and 2.623(1) Å]. For the X ¼ Br structure, the xanthate ligands form
Sn
S bond distances of 2.520(3) and 2.588(3) Å (i.e., with an intermediate
degree of asymmetry compared with the X ¼ Cl structure). In the iodide, both
ligands coordinate with a measure of asymmetry so that one xanthate forms
Sn
S distances of 2.525(2) and 2.645(2) Å, and the other 2.525(2) and
2.638(2) Å. The range of Sn
S distances in the three structures is 2.500(2)–
2.645(2) Å and, interestingly, from the foregoing it is evident that there are no
systematic variations in the Sn
S bond distances in the three structures. By
contrast, there is a clear trend (i.e., a monotonic increase) in the Sn
X bond
distances passing from X ¼ Cl [2.376(2) and 2.374(2) Å], to X ¼ Br
[2.537(2) Å], and, ﬁnally, to X ¼ I [2.738(1) and 2.761(1) Å].
The ﬁnal structure of the type Sn(S2COEt)2X2 to be described has X as a
uninegative, but bidentate ligand. The molecular structure of Sn(S2COEt)2(8quinolinate)2 (211), (Fig. 135) has two monodentate xanthate ligands as a result
of the presence of the two chelating 8-quinolate ligands. The sulfur atoms are cis
and form Sn
S1 and Sn
S3 distances of 2.484(4) and 2.510(4) Å, respectively,
that is, similar to those observed for the monodentate xanthate ligands in the
structure of Sn(S2COEt)4. Again, the xanthate ligands are orientated so as to
place the oxygen atoms in close proximity to the tin atom as seen in the Sn. . .O1
and Sn. . .O2 separations of 3.183(10) and 3.262(9) Å, respectively.
3.

Organotin Xanthate Structures

The remaining tin xanthate structures feature organotin centers. There are
eight structures with the general formula R2Sn(S2COR0 )2 (212–219) and seven
of these adopt the molecular geometry akin to that shown for Me2Sn(S2COEt)2
in Fig. 136. While most of the structures have no crystallographic symmetry,
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Figure 136. Molecular structure of Me2Sn(S2COEt)2.

Me2Sn(S2COEt)2 has mirror symmetry such as to relate the tin-bound methyl
groups to each other (212). Mirror symmetry is also found in the structure of
Me2Sn(S2COCy)2, but in this case the two xanthate ligands are related to each
Sn
CMe atoms. Salient
other across the mirror plane (214) deﬁned by the CMe
geometric parameters are collected in Table VI. In each structure the xanthate
ligands chelate the tin center, but form greatly asymmetric Sn
S bond distances
of 2.5 Å [range of short Sn
S distances: 2.478(2)–2.519(2) Å] and 3.1 Å
[range of long Sn
S distances: 2.975(4) to 3.220(1) Å]. The coordination
geometry is completed by two organic groups. The coordination geometry is
best deﬁned as being based on a skew-trapezoidal bipyramidal geometry in
which the tin-bound organic groups lie over the weaker Sn
S bonds. The
coordination geometries for each of the molecules are quite homogeneous as
evidenced by the relatively narrow range of S
Sn
S and C
Sn
C angles (see
Table VI). There is one other structure of the type R2Sn(S2COR0 )2 but, this
TABLE VI
Structural Data for Diorganotin Xanthates, R2Sn(S2COR0 )2
R2Sn(S2COR0 )2
Me2Sn(S2COEt)2a
Me2Sn(S2CO
i-Pr)2b
Me2Sn(S2COCy)2c
Ph(Me)Sn(S2COMe)2
Ph2Sn(S2COMe)2

Ph2Sn(S2COEt)2
Ph2Sn(S2CO
i-Pr)2

Sn
S1,
S2 (Å)
2.486(3), 3.088(3)
2.496(2), 3.044(4)
2.511(2), 2.975(4)
2.478(2), 3.072(2)
2.498(2), 3.019(2)
2.498(1), 3.126(1)
2.4975(11),3.0404
(12)
2.486(1), 3.052(1)
2.482(1), 3.179(1)

Sn
S3,
S4 (Å)
2.501(3), 3.151(3)
2.514(3), 3.059(4)
2.519(2), 3.164(4)
2.478(2), 3.072(2)
2.509(2), 3.089(2)
2.502(1), 3.042(1)
2.4938(11), 3.1266
(12)
2.484(1), 3.220(1)
2.500(1), 3.067(1)

S1
Sn
S3
( )
83.52(9)
88.90(7)
83.73(7)
87.18(10)
87.08(6)
85.48(4)
85.63(4)
83.9(1)
84.0(1)

C
Sn
C Refe( )
rences
130.1(3)
135.5(4)
139.0(3)
134.7(13)
132.9(3)
134.4(1)
134.06
(14)
126.5(1)
128.6(1)

212
213
214
215
215

217
218

a
Molecule has a mirror symmetry so that the methyl groups are related to each other across the
plane.
b
Two independent molecules comprise the asymmetric unit.
c
Molecule has a mirror symmetry so that the xanthate ligands are related to each other across the
plane.
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Figure 137. Molecular structure of Me2Sn(S2COMe)2.

adopts a distinct structural form in the solid state. The structure of Me2Sn(S2COMe)2 (215) is shown in Fig. 137. Here, one of the xanthate ligands
coordinates as described above forming Sn
S1 and Sn
S2 bond distances of
2.482(1) and 2.900(1) Å, respectively. By contrast to the R2Sn(S2COR0 )2
structures described above, the second xanthate ligand is orientated so as to
have the oxygen atom close to the tin center; Sn
S3 is 2.538(2) Å and Sn. . .O2
is 2.890(4) Å. The coordination geometry is in essential agreement with the
other structures except that the skewed trapezoidal plane is deﬁned by the S3O
donor set; the methyl groups are orientated over the Sn
S2 and Sn. . .O2 (i.e.,
weaker interactions).
The observation of the unusual structure for Me2Sn(S2COMe)2 prompted a
theoretical study of the series of compounds R2Sn(S2COMe)2, where
R2 ¼ (Me)2, (Ph, Me), and (Ph)2 (215). Based on the previous description of
the R2Sn(S2COR0 )2 structures and the observed structure of Ph2Ge(S2COMe)2,
shown in Fig. 127, which had both xanthate ligands orientated with the oxygen
atoms directed toward the germanium center (205), three distinct isomers can be
envisaged for the R2Sn(S2COMe)2 structures as shown in Fig. 138. In structure
A, both xanthate ligands coordinate in the S,S mode, in B, one xanthate
coordinates in the S,S mode and the other in the S,O coordination motif, and,
ﬁnally, in C, both ligands adopt the S,O coordination motif. Starting with
structures constructed from the experimentally determined fractional atomic
coordinates and deliberately perturbed structures so as to achieve conformations
resembling those in Fig. 138, all nine possibilities were subjected to geometry
optimization calculations with no restraints, symmetry, or otherwise. For each of
the Me2Sn(S2COMe)2, Ph(Me)Sn(S2COMe)2, and Ph2Sn(S2COMe)2 structures,
the most stable conformation was that corresponding to the structure C shown in
Fig. 138. This result is entirely consistent with HASB theory and, at the same
time, entirely inconsistent with the experimental (i.e., crystallographic), results.
Thus, there is a clear disparity between the experimental and theoretical
structures, but these key differences can be directly related to the state in which
they exist, that is, solid state for the experimental structures and gas phase for
the theoretical structures. This gives a clue as to the source of the apparent
disparity (i.e., the inﬂuence of crystal packing). The advantages of forming
intramolecular Sn. . .O interactions in these structures are counterbalanced by
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Figure 138. Three possible structures for R2Sn(S2COMe)2.

the advantages gained, in terms of stabilization of the overall crystal lattice, by
placing the electronegative oxygen atoms in positions to facilitate C
H. . .O
interactions (215). Finally, the results of the calculations show that more
symmetric structures are always adopted in the solid state so that nonsystematic
differences in geometric parameters no longer exist in the gas-phase theoretical
structures, again emphasizing the importance of crystal-packing effects upon
molecular geometry.
The next structure to be described also contains two tin-bound organic
groups, but only one xanthate ligand. The molecular structure of
i-Pr)Cl is represented in Fig. 139 and features a ﬁve-coordinated
Ph2Sn(S2CO
tin center within a C2ClS2 donor set (218). The xanthate ligand is chelating but
forms asymmetric Sn
S1 and Sn
S2 bond distances of 2.450(2) and
2.826(1) Å, respectively. The axial positions in the distorted trigonal-bipyramidal geometry is occupied by the less tightly bound S2 atom and the chloride that
subtend an angle of 156.25(6) at the tin atom; the distortion is due, at least in
part, to the restricted bite distance of the xanthate ligand.
The remaining diorganotin xanthate structures to be described are examples
of oxotin clusters. The structures of [(i-PrOCS2)Me2Sn(OEt)OSnMe2]2 (220)
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Figure 139. Molecular structure of Ph2Sn(S2CO
i-Pr)Cl.

and [(PhCH2OCS2)Me2Sn(OCH2Ph)OSnMe2]2 (221) are mixed-xanthate–
alkoxide species and adopt essentially the same structures allowing for differences in composition; the molecular structure of the former is shown in Fig. 140.
The structure of [(i-PrOCS2)Me2Sn(OEt)OSnMe2]2 is tetranuclear comprising
two endocyclic tin atoms connected to two oxygen atoms to form a rectangle
that is disposed about a center of inversion. Off each of the oxygen atoms is an
exocyclic tin atom so that these oxygen atoms are triconnective, m3-oxo centers.
The three linked Sn2O2 units thus formed are effectively planar. Additional links
between pairs of endo- and exocyclic tin atoms are afforded by m2-ethoxide
anions. The two xanthate ligands occupy terminal positions in that they
coordinate in the monodentate mode to the exocyclic tin atoms exclusively.
The Sn
S1 and Sn
S2 separations are 2.575(2) and 3.257(2) Å, respectively;
the comparable parameters for the benzylxanthate analogue are 2.591(2) and

Figure 140. Molecular structure of [(i-PrOCS2)Me2Sn(OEt)OSnMe2]2; the molecule is disposed
about a center of inversion.
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3.263(3) Å. The distorted trigonal-bipyramidal coordination geometries about
all tin atoms are completed by methyl groups with the axial positions being
deﬁned by the m3-oxo and m2-ethoxide atoms for the endocyclic tin atoms, and
the m3-oxo and sulfur atoms for the exocyclic tin atoms (220, 221).
The remaining xanthate structures each feature a triphenyltin group. The
i-Pr) [monoclinic polymorph (222) and triclinic
structures of Ph3Sn(S2CO
polymorph (223)] and Ph3Sn(S2COCH2CH2OMe) (224) resemble closely that
S1 and Sn. . .O
found for Ph3Ge(S2COMe) (206), shown in Fig. 131. The Sn
i-Pr) are 2.445(1) and
distances in the monoclinic polymorph of Ph3Sn(S2CO
2.950(3) Å (222), and these match those found for the three independent
molecules in the triclinic polymorph (223), which was reﬁned with restrained
geometric parameters. In Ph3Sn(S2COCH2CH2OMe), for which two independent molecules comprise the asymmetric unit, the Sn
S1 and Sn. . .O parameters were determined to be 2.456(3) and 3.107(8) Å, respectively, for
molecule a and 2.447(3) and 3.094(8) Å, respectively for molecule b.
The ﬁnal structure to be discussed for the tin xanthates is in essence an
i-Pr). The molecular structure of Ph3Sn(S2CO
iadduct of Ph3Sn(S2CO
Pr)(quinoline N-oxide) is shown in Fig. 141 (225). The coordination geometry
about the tin atom is distorted trigonal bipyramidal with the equatorial plane
being occupied by the ipso-carbon atoms of the three phenyl groups. The axial
positions are occupied by a sulfur atom, derived from a monodentate xanthate
ligand [Sn
S is 2.544(2) Å] and the oxygen atom of the quinoline N-oxide
ligand [Sn
O is 2.448(4) Å]; the S
Sn
O angle is 167.4(1) . As with
the other triphenyltin xanthate structures, it is the oxygen atom that forms the
hypervalent interaction to tin, in this case Sn. . .O is 2.950(3) Å, rather than the
sulfur atom.

Figure 141. Molecular structure of Ph3Sn(S2CO
i-Pr)(quinoline N-oxide).
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C.

Lead Xanthate Structures

There are three binary lead(II) xanthates and these adopt essentially the same
structure in the solid state and differ only in their supramolecular association.
The immediate coordination geometry about the lead atom in [Pb(S2COMe)2]1
(226) resembles that found for the tin analogue (207) [Fig. 132(a)]. In
[Pb(S2COMe)2]1, the lead atom lies on a crystallographic twofold axis and
the independent xanthate ligand is effectively chelating [Pb
S1 is 2.92(1) Å and
Pb
S(2) is 3.01(2) Å] in contrast to that asymmetric mode of coordination
found in the structure of Sn(S2COMe)2 (207). Molecules aggregate via Pb. . .S
secondary bond interactions, again similar to that found in Sn(S2COMe)2, but in
the present case, the bridging Pb
S2i distance of 3.02(2) Å is indistinguishable
from the intramolecular Pb
S2 distance (see Fig. 142). Thus, the structure is
quite properly formulated as polymeric. The chain is formed about the twofold
axis with a repeat distance of 4.2596(7) Å that corresponds to a unit cell edge.
The structure may be described as being comprised of chains of edge-shared
octahedral akin to that shown in Fig. 49(c) for [Ni{S2CO(CH2CH2O)4CS2}2]2.
S bond distances range from 2.74(3) to
In [Pb(S2COEt)2]1, the chelating Pb
2.95(3) Å (227), that is, generally shorter than in the methylxanthate. Chains are
formed, as shown in Fig. 143(a) and (b). The Pb. . .S distances leading to the
formation of the supramolecular chain-like arrays are somewhat longer than in
the methylxanthate analogue at 3.32(3) Å, labeled (a) in Fig. 143(a), and
3.35(3) Å, labeled (b) in Fig. 143(a), reﬂecting the tighter binding mode of
the xanthate ligands within the asymmetric unit. Chains thus formed are selfassembled via a series of Pb. . .S secondary bond interactions of 3.49(3) Å that
occur between pairs of chains so that a double chain array results as emphasized

Figure 142. The polymeric structure of [Pb(S2COMe)2]1 aligned along the b axis.
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Figure 143. The structure of Pb(S2COEt)2: (a) supramolecular association, and (b) highlighting the
formation of the double chain along the b axis via Pb. . .S secondary bond interactions.

in Fig. 143(b); these later Pb. . .S interactions are labeled as (c) in Fig. 143(a)
and (b). The repeat distance with the chain again corresponds to a unit cell edge
[i.e., 4.301(15) Å]. Precise geometric parameters are not available for the
structure of [Pb(S2CO
n-Bu)2]1 owing to disorder, but chains of molecules
are again evident (228). The repeat distance is 4.58(11) Å and there do not
appear to be interchain Pb. . .S interactions so that the structure probably more
closely resembles that for the methylxanthate analog.
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Figure 144. Dimer formation between centrosymmetrically related pairs of Pb(S2COEt)3 anions,
via Pb. . .S secondary bond interactions, in the structure of [NEt4][Pb(S2COEt)3].

The structure of the [Pb(S2COEt)3] anion has been characterized as its
[NEt4]þ salt (229, 230). The lead atom is chelated by three xanthate ligands so
that the greatest asymmetry is found in the xanthate ligand that occupies a
position effectively orthogonal to the other two; the Pb
S1 and Pb
S2 bond
distances are 2.754(4) and 3.086(3) Å, respectively (see Fig. 144). Of the other
two xanthates, one forms almost symmetric Pb
S bonds of 2.946(3) and
3.029(3) Å, and the other is slightly asymmetric with Pb
S5 and Pb
S6
bond distances of 2.942(3) and 3.126(3) Å, respectively. The latter ligand forms
two intermolecular Pb. . .S secondary bonds with a centrosymmetrically related
molecule so that Pb. . .S5i and Pb. . .S6i are 3.556(3) and 3.545(3) Å, respectively. From the foregoing descriptions of the binary lead xanthates, it is clear
that the lead atom expands its coordination number via supramolecular aggregation and this trend is repeated in most of the other lead xanthate structures that
are available.
The Pb. . .S mediated chains observed in the structure of polymeric
Pb(S2COEt)2 are disrupted upon the addition of base. The immediate coordination geometry about the lead atom in the adduct Pb(S2CO
i-Pr)2(py) (231) is
shown in Fig. 145(a). The lead atom is coordinated by the pyridine nitrogen
atom and two xanthate ligands, one that forms asymmetric Pb
S1 and Pb
S2
distances of 2.72(2) and 3.06(2) Å, and one that forms symmetric bonds of
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Figure 145. The structure of Pb(S2CO
i-Pr)2(py) showing (a) the immediate coordination
geometry about the lead atom, and (b) the chain along the c axis that is stabilized via Pb. . .S and
Pb. . .O secondary bond interactions.

2.83(2) and 2.90(1) Å for Pb
S3 and Pb
S4, respectively. This latter ligand
also forms a bridge to a neighboring lead atom via the less tightly held S4 atom
and the O2 atom of the same ligand so that S4
Pbi is 3.32(2) Å and O2
Pbi is
3.41(5) Å. This association results in the formation of a chain as shown in
Fig. 145(b). Increasing the denticity of the base from one (py) to two, as in phen,
does not reduce the supramolecular aggregation, but rather results in an increase
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in the (formal) coordination number. The immediate environment about the lead
i-Pr)2phen) adduct (179) is shown in
atom in the structure of the Pb(S2CO
Fig. 146(a). The lead atom is chelated by the phenanthroline ligand [Pb
N are
2.56(2) and 2.67(2) Å compared 2.55(4) Å in the pyridine adduct (231) described above] and two xanthate ligands. The xanthate not involved in bridging
forms symmetric Pb
S1 and Pb
S2 bond distances of 2.917(6) and 2.927(6) Å,
respectively. The second xanthate ligand forms longer Pb
S distances of
3.040(6) Å and 3.185(6) Å with the shortest of these involving the S3 atom
that simultaneously forms a link to a symmetry related lead atom so that S3
Pbi
is 3.115(6) Å. This has the result that a chain structure is once again found as

Figure 146. Structure of Pb(S2CO
i-Pr)2(phen) showing (a) the immediate coordination geometry
about the lead atom, and (b) the chain along the a axis that is stabilized via Pb. . .S and Pb. . .O
secondary bond interactions.
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Figure 147. Chain formation mediated by p. . .p interactions in the dimeric structure of
[Pb(S2COEt)(8-quinolinate)]2.

illustrated in Fig. 146(b). The ﬁnal structure in this category to be analyzed is
the mixed-ligand species [Pb(S2COEt)(8-quinolinate)]2.
As indicated by the molecular formula, the structure of [Pb(S2COEt)(8quinolinate)]2 is dimeric, being disposed about a center of inversion (230), as
shown in Fig. 147. The lead atoms are bridged by two oxygen atoms [Pb
O is
2.296(5) Å and Pb
Oi is 2.548(4) Å] derived from two 8-quinolinate anions
[each of which forms another bond to lead so that Pb
N is 2.479(6) Å]. Each
xanthate ligand asymmetrically chelates a lead atom forming Pb
S1 and Pb
S2
bond distances of 2.705(3) and 3.173(3) Å, respectively. In all of the foregoing
lead xanthate structures, supramolecular association of one form or another has
directly involved the participation of the lead atom leading, invariably, to chain
motifs. In the present structure, the lead atom does form intermolecular
interactions but, only to form a dimer. However, a chain motif is still formed,
as may be seen from Fig. 147. In this case, the translationally related dimers are
linked via p. . .p interactions with the separation between aromatic rings being
3.56 Å.

XIII.

XANTHATE STRUCTURES OF PHOSPHORUS, ARSENIC,
ANTIMONY, AND BISMUTH

In contrast with all of the other groups described in this chapter, the majority
of the structures for the phosphorus-group xanthates are in fact binary xanthates.
There are four discernable structural motifs for these compounds, but all are
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closely related, basically differing in the degree of asymmetry in the mode of
coordination of the xanthate ligand and in their supramolecular association.
Both of these features can be related to the greater propensity of the central
element to increase its coordination number going down the group. Outside
these structures, the xanthate structural chemistry of this group is rather limited
and further exploration is justiﬁed.
A.

Phosphorus Xanthate Structure

The molecular structure of P(S2COEt)3 (232), illustrated in Fig. 148, closely
resembles that of the Cr(S2COEt)3 (31) (Fig. 10) and other related transition
metal xanthates, as well as those of gallium and indium (200). Consistent with
these structures, P(S2COEt)3 has crystallographic threefold symmetry. The key
difference relates to the magnitude of the P
S bond distances [i.e., one, P
S1 of
2.165(4) Å, is considerably shorter than the other P. . .S2 bond distance of
2.974(4) Å]. The latter cannot be considered as a bonding interaction. Indeed,
the difference between these distances indicates that the xanthate ligands are
functioning in the monodentate mode so that the phosphorus atom must be
considered as existing in a trigonal-pyramidal geometry based on a tetrahedral
arrangment of three bonding pairs of electrons and one lone pair of electrons.
This structure is labeled motif A for the binary xanthates of this group.
B.

Arsenic Xanthate Structures

There are four structures of the general formula As(S2COR)3 (233–238);
selected geometric parameters are collected in Table VII. Three of these are
isomorphous with P(S2COEt)3 [i.e., adopt motif A, shown in Fig. 148]. The only

Figure 148. Molecular structure of P(S2COEt)3; the molecule has threefold symmetry.
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TABLE VII
Structural Data for the Arsenic(III) Xanthates, As(S2COR)3
Compound
As(S2COMe)3
As(S2COMe)3a
As(S2COEt)3
i-Pr)3
As(S2CO
As(S2COCH2CH2
t-Bu)3
a

As
S1short (Å)
2.300(1)
2.304(2), 2.305(2), 2.307(2)
2.296(2), 2.302(2), 2.304(2)
2.3069(7)
2.305(2)
2.294(2), 2.295(1), 2.299(1)

As. . .S2 (Å)
2.998(1)
2.930(2), 2.966(2), 2.996(2)
3.026(2), 2.991(2), 2.999(2)
2.9560(7)
2.978(2)
3.016(2), 3.063(2), 3.002(2)

Motif Reference
A
A0
A0
A
A
A0

233
233
236
237
238

Two independent molecules comprise the asymmetric unit.

exception is for the monoclinic polymorph of As(S2COMe)3 (233) for which
two independent molecules, neither with crystallographic symmetry comprise
the asymmetric unit. Despite the lack of symmetry in this structure, both
molecules are essentially identical to that of motif A and so monoclinic
As(S2COEt)3 is labeled as motif A’, but only to indicate the reduced symmetry
in the molecules. The similarity between the four binary arsenic structures is
borne out in the very narrow ranges of the As
Sshort and As
Slong bond
distances of 2.294(2)–2.307(2) Å, and 2.9560(7)–3.063(2) Å, respectively. The
only other arsenic xanthate structure is an organoarsenic compound.
The structure of PhAs(S2CO
i-Pr)2 (239) is shown in Fig. 149. The xanthate
Sshort
ligands are monodentate, resembling those in As(S2COR)3, forming As
bond distances of 2.2974(9) and 2.3005(8) Å, which are signiﬁcantly shorter
than the other nonbonding As. . .S separations of 3.0226(7) and 3.0596(8) Å.
The coordination geometry is trigonal pyramidal.
C.

Antimony Xanthate Structures

There are four structures with the general formula Sb(S2COR)3 available in
the literature (233, 237, 238, 240, 241); important bond distances for these are

Figure 149. Molecular structure of PhAs(S2CO
i-Pr)2.
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TABLE VIII
Structural Data for the Antimony(III) Xanthates, Sb(S2COR)3

Compound
Sb(S2COMe)3
Sb(S2COEt)3
Sb(S2CO
i-Pr)3
Sb(S2COCH2CH2 t-Bu)3
Sb(S2COEt)3.La

Sb
S1short (Å)
2.477(1), 2.569(1),
2.591(1)
2.511(2)
2.508(1)
2.471(2), 2.602(2),
2.617(2)
2.477(2), 2.612(2),
2.615(2)

Sb
S2long (Å)
3.079(1), 2.930(1),
2.966(1)
3.002(3)
3.006(1)
3.082(2), 2.877(2),
2.866(2)
3.091(2), 2.878(2),
2.892(2)

Sb. . .S

Motif

Reference

3.520(1)

B

233

3.597(2)

A
A
B

241
237
238

3.540(2)

B

242

This structure is a 4,40 -bpy hemiadduct (see text).

a

listed in Table VIII. Two of these structures [i.e., with R ¼ Et (240, 241) and i-Pr
(237)], adopt motif A for the binary xanthates of this group. The Sb
S
interatomic distances are 2.5 and 3.0 Å. This indicates a great deal of
asymmetry in the mode of coordination of the xanthate ligands, but this disparity
in bond distances has been attributed to the inﬂuence of a lone pair of electrons.
Thus, to a ﬁrst approximation, the coordination geometry may be considered as
distorted octahedral, as shown in Fig. 10, for Cr(S2COEt)3 (31). The lone pair is
considered to project out through one of the octahedral faces and in so doing,
expands the triangular face thereby elongating the associated Sb
S distances. In
terms of electron pairs, the coordination environment may be described as a
capped octahedron. A second motif for the binary xanthates, motif B, is found in
the R ¼ Me (233) and CH2CH2
t-Bu (238) structures. The arrangement of the
xanthate ligands is quite distinct in this motif in that two are effectively coplanar
and one ligand is approximately orthogonal to these as shown in Fig. 150.

Figure 150. Dimer formation, via Sb. . .S secondary bond interactions, in the structure of
Sb(S2COMe)3; the dimer is disposed about a crystallographic center of inversion.
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Figure 151. The structure of polymeric [Sb(S2COEt)2Br]1 aligned along the c direction.

Indeed, the latter xanthate ligand, which forms the most asymmetric Sb
S bond
distances of the three ligands (Table VIII) may be thought of as deﬁning an
approximate mirror plane. Molecules associate around a center of inversion, via
Sb. . .S intermolecular secondary bond interactions, to form dimers, as shown in
Fig. 150. There is a lattice adduct of Sb(S2COEt)3, namely, Sb(S2COEt)3.0.5(4,40 -bpy) (242). However, there is no obvious connection among the constituent
molecules, an intriguing observation in itself. The coordination geometry and
dimer formation is as found for the structures that adopt motif B (Table VIII).
There are two structures available in which xanthate ligands have been
substituted by different anions.
The structure of polymeric [Sb(S2COEt)2Br]1 is shown in Fig. 151 (243).
The polymeric chain-like array is propagated by crystallographic glide symmetry via intermolecular Sb
Br interactions that give rise to asymmetric
Br and Sb
Bri of 2.780(2) and 3.269(2) Å, respecSb
Br
Sbi bridges of Sb
tively. One xanthate ligand forms asymmetric bond distances of Sb
S1 and
Sb
S2 of 2.493(5) and 2.993(4) Å, respectively, and the other with more
symmetric Sb
S3 and Sb
S4 bond distances of 2.513(5) and 2.699(4) Å,
respectively. As described above, the lone of electrons is thought to project
through the octahedral face deﬁned by the weakly bound sulfur and two bromide
atoms. The second mixed-ligand structure is one in which two xanthate ligands
have been substituted by 8-quinolinate anions. The molecular structure of
Sb(S2COEt)(8-quinolinate)2 (241) is represented in Fig. 152. The antimony
atom is chelated by two 8-quinolinate ligands and is the xanthate ligand also
weakly associated. Both Sb
S bond distances are long at 3.059(2) and
3.171(2) Å, revealing an unusual mode of coordination for the xanthate ligand.
The coordination geometry about the antimony atom is distorted pentagonal
bipyramidal with the lone pair of electrons occupying a position trans to the
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Figure 152. Molecular structure of Sb(S2COEt)(8-quinolinate)2.

axial oxygen atom. Centrosymmetrically related molecules face each other in
the unit cell but are offset with respect to each other. This arrangement allow for
the relatively close approach of the molecules via Sb. . .S contacts of 3.649(3)
and 3.595(2) Å for S1 and S2, respectively.
The two remaining structures feature organoantimony centers. The structure
of PhSb(S2COEt)2 (244), illustrated in Fig. 153, is similar to that reported for
i-Pr)2 (239). The key difference between the
the arsenic analogue PhAs(S2CO
structures rests with the mode of coordination of the xanthate ligands. These are
considered as chelating in PhSb(S2COEt)2 as Sb
S1 is 2.5377(19) Å, Sb
S2 is
3.1051(15) Å, Sb
S3 is 2.4987(17) Å, and Sb
S4 2.9981(16) Å, that is, similar
to the distances found in the binary xanthates, and so a distorted squarepyramidal geometry results for antimony in which the lone pair of electrons is
proposed to be trans to the phenyl groups. A similar coordination geometry is
found in the structure of MeSb(S2COEt)2 (245). In terms of molecular geometry,
there is a reduced degree of asymmetry in the mode of coordination of the
xanthate ligands as seen in the Sb
S1 and Sb
S2 distances of 2.581(2) and

Figure 153. Molecular structure of PhSb(S2COEt)2.
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2.834(2) Å, respectively, and Sb
S3 and Sb
S4 of 2.617(2) and 2.904(2) Å,
respectively. Also, unlike the phenyl analogue, signiﬁcant supramolecular
Sb. . .S secondary bond interactions are present in the structure so as to generate
a chain motif shown in Fig. 154. The intermolecular Sb. . .S4 distances are
3.353(2) Å and the resultant double-chain is helical as it is disposed about a
crystallographic screw (21 ) axis.

Figure 154. Supramolecular association, via Sb. . .S secondary bond interactions, along the b axis
in the structure of MeSb(S2COEt)2.
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D. Bismuth Xanthate Structures
Seven structures of the general formula Bi(S2COR)3 are known (233, 237,
238, 246–249) and the salient geometric parameters for these are collected in
t-Bu)3 (238) is in essential
Table IX. The structure of Bi(S2COCH2CH2
agreement with motif B for the binary xanthates of this group. All remaining
bismuth xanthates adopt different motifs from those already described. The
dimeric motif for Bi(S2COCy)3 (249) is closely related to motif B but, features
two additional intermolecular secondary bond interactions so that there are four
Bi. . .S contacts between centrosymmetric pairs. Indeed, this structure very
closely resembles that of the anion in [NEt4][Pb(S2COEt)3] (229, 230), shown
in Fig. 144. Given the close similarity between the structure of Bi(S2COCy)3
and those of motif B, the former is labeled as motif B0 . A third motif is found for
the R ¼ Me (233), Et (246), n-Bu (248), and CH2Ph (249) bismuth xanthates
and this is labeled motif C. The centrosymmetric dimers, represented in Fig. 150
for Sb(S2COMe)3 (233), are also found in motif C; see Table IX for geometric
parameters deﬁning these associations. The difference arises as a result of
additional, albeit weaker, secondary bond Bi. . .S interactions that serve to link
the dimers into double chains as shown in Fig. 155 for Bi(S2COMe)3 (233). In
Fig. 155, the Bi. . .S contacts leading to dimer formation are labeled with (a) and
those linking the dimers are labeled with (b). The next binary bismuth xanthate

Figure 155. Supramolecular association, via Bi. . .S secondary bond interactions along the a axis,
in the structure of Bi(S2COMe)3.
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2.578(4), 2.730(4), 2.795(4)

2.599(2), 2.726(2), 2.847(2)

2.597(1), 2.808(1), 2.75(1)

Bi(S2COCH2CH2
t-Bu)3

Bi(S2COCy)3

Bi(S2COCH2Ph)3

Two independent molecules comprise the asymmetric unit.

a

2.682(2), 2.682(2), 2.825(3)
2.589(9), 2.716(8), 2.812(7)

2.96(1), 2.935(9), 2.91(1)

2.617(8), 2.74(1), 2.804(9)

Bi(S2CO
i-Pr)3
Bi(S2CO
n-Bu)3

2.99(1), 2.892(9), 2.906(9)

2.605(8), 2.756(9), 2.828(9)

Bi(S2COEt)3a

3.025(1), 2.930(1), 2.863(1)

2.964(2), 2.798(2), 3.063(2)

3.013(4), 2.873(4), 2.906(4)

2.926(2), 2.926(2), 3.175(2)
3.006(9), 2.874(7), 2.948(7)

2.998(4), 2.933(4), 2.961(4)

2.596(3), 2.720(3), 2.747(3)

Bi(S2COMe)3

Bi
S2long (Å)

Bi
S1short (Å)

Compound

TABLE IX
Structural Data for the Bismuth(III) Xanthates, Bi(S2COR)3

3.405(4)
3.600(4)
3.498(9)
3.510(8)
3.627(9)
3.352(8)
2.842(2)
3.459(9)
3.585(6)
3.419(4)
3.744(4)
3.210(2)
3.623(3)
3.375(1)
3.577(1)

Bi. . .S

249

249

B0
C

238

247
248

246

233

References
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Figure 156. The polymeric structure of [Bi(S2CO
i-Pr)3]1 aligned along the a axis.

structure to be described is that of [Bi(S2CO
i-Pr)3]1 (237, 247) and this is the
i-Pr)3]8 is shown in
sole example of motif D. The structure of [Bi(S2CO
Fig. 156, is polymeric, and has crystallographic mirror symmetry. The bismuth
atom lies on the mirror plane as does one of the xanthate ligands. This ligand
chelates a bismuth atom forming Bi
S1 and Bi
S2 bond distances of 2.825(3)
and 3.175(2) Å, respectively, and the S2 atom also bridges a symmetry related
bismuth atom so that S2
Bii is 2.842(2) Å. The two remaining xanthate ligands
are related to each other across the mirror plane and form Bi
S3 and Bi
S4
bond distances of 2.682(2) and 2.926(2) Å, respectively.
The ﬁnal binary xanthate structure of bismuth contains four xanthate ligands.
The structure of the anion in [NEt4][Bi(S2COEt)4] (250) is shown in Fig. 157.
The bismuth center is coordinated by four chelating xanthate ligands. The range
of Bi
S bond distances is 2.833(6)–2.972(10) Å, indicating that the degree of
asymmetry is reduced in the anion compared to the situation in the bismuth tris
xanthates (see Table IX). The coordination geometry about the bismuth atom is
based on a dodecahedral arrangement of eight sulfur atoms.
The three remaining bismuth xanthate structures feature bismuth to carbon
bonds. The molecular structure of PhBi(S2COMe)2 (251) is in essential agreement with that of the isolated PhSb(S2COEt)2 analogue (244). The xanthate
ligands form distances of 2.649(3) and 2.961(2) Å, and 2.670(3) and 3.079(3) Å.
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Figure 157. The molecular structure of the anion in [NEt4][Bi(S2COEt)4].

By contrast to the monomeric structure of PhBi(S2COMe)2, the structure of the
i-Pr) (252) forms a supramolecular chain by
diphenyl analogue Ph2Bi(S2CO
virtue of Bi. . .S secondary bond interactions, as shown in Fig. 158. The
inﬂuence of the increasing number of organic substituents is evident from these
structures. This decrease in Lewis acidity results in a decrease in the formal
coordination number of the central element. Thus, the xanthate ligand is
effectively monodentate [Bi
S is 2.66(1) Å] with the noncoordinating S2
atom being separated by >3.7 Å from the bismuth atom. However, the S2
atom provides a supramolecular Bi. . .S bridge to a neighboring bismuth atom so
that the intermolecular S2. . .Bi contact is 3.23(1) Å, thereby forming a chain; an
intermolecular O. . .Bii contact of 3.19(1) Å is noted. The ﬁnal structure to be

Figure 158. Supramolecular association, via Bi. . .S secondary bond interactions along the b axis,
in the structure of Ph2Bi(S2CO
i-Pr).
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discussed for this group is that of MeBi(S2COMe)2 (253), which is isomorphous
to the previously described structure of MeSb(S2COEt)2 (245) (see Fig. 154). In
the bismuth structure, the Bi
S1 and Bi
S2 bond distances are 2.711(1) and
2.844(1) Å, respectively and those for the second ligand are 2.783(1) and
2.992(1) Å. The intermolecular Bi. . .S2 secondary bond distance is 3.253(1) Å.

XIV.

XANTHATE STRUCTURES OF SULFUR, SELENIUM,
AND TELLURIUM

There are single examples of sulfur and selenium xanthates with the
remaining structures to be described in this section featuring tellurium as the
central element. There are a signiﬁcant number of binary xanthates and, in
common with these, their organotellurium xanthates feature extensive supramolecular association, usually, but not exclusively, via Te. . .S secondary bond
interactions. A rare example of mixed-ligand 1,1-dithiolate structure is available
where the ‘‘odd’’ dithiolate ligand is a dithiocarbamate.
A.

Binary Xanthate Structures

The only xanthate structures featuring sulfur or selenium as the central
element are the isomorphous pair S(S2COMe)2 and Se(S2COMe)2 (254, 255);
the selenium structure is illustrated in Fig. 159. The central element is two
S
S3 is
coordinate and is in a bent geometry [S1
Se
S3 is 100.8(3) and S1

104.2(3) ] consistent with the two lone pairs of electrons occupying stereochemical positions in a tetrahedral geometry of four electron pairs. The Se
S1
and Se
S3 bond distances are 2.205(6) and 2.170(9) Å, respectively, and these
are longer than the corresponding distances in the sulfur analogue of 2.045(7)
and 2.059(6) Å. As indicated in Fig. 159 there is considerable supramolecular

Figure 159. Supramolecular structure of Se(S2COMe)2 showing the intermolecular Se. . .S
secondary bond interactions along the a axis.
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self-assembly operating in the crystal structure so that the noncoordinating S2
and S4 atoms form intermolecular Se. . .S secondary bond interactions of
3.501(9) and 3.595(7) Å. The comparable intermolecular S. . .S separations are
a little longer at 3.625(6) and 3.709(8) Å in keeping with the reduced propensity
of sulfur to increase its coordination number compared with selenium. Taken to
an extreme, if the intermolecular Se. . .S interactions were considered signiﬁcant, the coordination geometry about the selenium atom would be skewtrapezoidal with the lone pairs of electrons directed above and below the S4
plane and lying over the weaker Se. . .S (S. . .S) interactions. Indeed, in many of
the subsequent structures to be discussed in this section, this coordination
geometry for the tellurium(II) center prevails.
There are a relatively large number of structures available for molecules of
the general formula Te(S2COR)2 (255–260). Selected geometric parameters for
these species are listed in Table X and inspection of the data indicates a high
degree of homogeneity in the geometric parameters deﬁning the different
molecules. Thus, the primary Te
S bond distances fall in the relatively narrow
range of 2.480(13)–2.535(2) Å and the long Te
S secondary bond distances are
in the range 2.814(2)–2.958(4) Å. Similarly, the angles subtended at the tellurium atoms, each of which exists in a skew-trapezoidal geometry with the lone
pairs above and below the plane as described above, fall in the narrow range
81.54(5)–85.4(2) . As revealed earlier for the binary nickel xanthates, based on
experimental evidence there are no trends in the derived interatomic parameters
that might be related to the electronic structures of the individual xanthate
ligands. In terms of the supramolecular chemistry of Te(S2COR)2, four distinct
motifs can be discerned. The most common aggregate is represented in Fig. 160
for a centrosymmetric pair of Te(S2COMe)2 molecules. The monoclinic polymorph of Te(S2COEt)2 (257) has this same motif, but the triclinic polymorph
does not (258), having a minor variation. In the latter, which has two
independent molecules comprising the asymmetric unit, the pairs of molecules
assume a similar aggregation pattern, but are disposed about a noncrystallographic center of inversion. As this structure does not strictly conform to motif
A, it is labeled as motif A0 , but the similarity is self-evident. In terms of
geometric parameters, one of the xanthate ligands of each independent molecule
formed distances akin to that in the monoclinic polymorph, but the other forms
more asymmetric interactions to tellurium. Finally, the structure of Te(S2COt-Bu)2 (259) also adopts motif A. Interestingly, in this structure, with
CH2CH2
the largest xanthate-bound R group of this series, the aggregation between
dimeric pairs is most signiﬁcant, based on bond distance considerations. Thus,
for motif A, dimers are stacked into a column that is stabilized by Te. . .S
secondary bond interactions weaker than the original Te. . .S interactions linking
the molecules into dimers. These interactions leading to the columns are shortest
in the structure of Te(S2COCH2CH2
t-Bu)2 at 3.819(5) Å (259). The second
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2.510(1), 2.841(1)
2.480(13), 2.857(14)
2.481(3), 2.852(3)
2.483(4), 2.850(4)
2.495(3), 2.867(4)
2.483(4), 2.877(5)
2.487(4), 2.906(5)
2.494(1), 2.839(1)
2.489(6), 2.844(7)
2.517(2), 2.814(2)

Te
S1, S2 (Å)

b

Monoclinic polymorph.
Triclinic polymorph.
c
Two independent molecules comprise the asymmetric unit.

a

i-Bu)2
Te(S2CO
Te(S2COCH2CH2
t-Bu)2
Te(S2COCH2Ph)2

n-Pr)2
Te(S2CO
Te(S2CO
i-Pr)2c

Te(S2COMe)2
Te(S2COEt)2a
Te(S2COEt)2b,c

Te(S2COR)2
2.499(1), 2.846(1)
2.486(11), 2.897(17)
2.491(3), 2.948(4)
2.499(3), 2.958(4)
2.497(4), 2.881(4)
2.497(4), 2.881(5)
2.487(4), 2.920(6)
2.510(1), 2.935(1)
2.510(6), 2.885(7)
2.535(2), 2.866(2)

Te
S3, S4 (Å)
85.18(4)
83.6(4)
83.3(1)
83.2(1)
83.2(1)
83.7(1)
83.9(1)
82.14(4)
85.4(2)
81.54(5)

S1
Te
S3 ( )

TABLE X
Structural Data for Binary Tellurium Xanthates, Te(S2COR)2

D
A
C

B
C

A
A
A0

Motif

3.473(1)
3.701(6)

3.513(1)
3.605(15)
3.509(3)
3.490(3)
3.414(3)

Te. . .S

261
259
261

259
260

256
257
258

Reference

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

295

Figure 160. Dimeric self-assembly in the structure of Te(S2COMe)2 via intermolecular Te. . .S
secondary bond interactions.

motif (i.e., B) found in the crystal structures of Te(S2COR)2 is seen in the crystal
n-Pr)2 (259), which is in fact the sole example for motif
structure of Te(S2CO
B. Stacks of molecules associate with other stacks so that each molecule forms
one donor Te. . .S interaction to a neighboring molecule and one acceptor Te. . .S
contact to a different neighbor as may be seen from Fig. 161(a). These
interactions occur around a crystallographic screw axis so that a helical chain
results. The simple substitution of the n-propyl group for an isopropyl group
results in a change of motif from B to C. In motif C, found for both Te(S2CO
iPr)2 (260) and Te(S2COCH2Ph)2 (261), there are no Te. . .S secondary interactions of note, so that the molecules adopting this motif are essentially isolated.
By contrast, a well-deﬁned chain is found in the ﬁnal motif (i.e., D), which has a
i-Bu)2 (261). In motif D, each molecule
sole representative, namely Te(S2CO
forms two Te. . .S secondary bond interactions, one donor and one acceptor, as
for motif B, but rather than forming interactions ‘‘face on’’ as in motifs A and B,
the interactions occur on either side of the molecule to form a supramolecular
chain-like array as shown in Fig. 162(a) and (b). Also distinguishing this motif
from motif B, is the fact that the chain is propagated by crystallographic glide
symmetry. Finally, an unusual feature of motif D is that the Te. . .S secondary
bond interaction involves a more tightly bound sulfur atom (i.e., S3) rather than
the more loosely bound sulfur atoms as in the other motifs stabilized by Te. . .S
interactions. A mixed-ligand xanthate–dithiocarbamate tellurium structure is
also available.
The molecular structure of Te(S2COEt)(S2CNEt2) (262) is shown in Fig. 163
and it becomes immediately evident that the coordination geometry is the same
as that found for the binary tellurium xanthates described above. The xanthate
ligand forms Te
S1 and Te
S bond distances of 2.535(2) and 2.911(3) Å,
respectively, and these are longer than the corresponding distances formed by
the dithiocarbamate ligand of 2.489(3) and 2.801(3) Å, respectively. This key
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Figure 161. The structure of Te(S2CO
n-Pr)2: (a) showing supramolecular association via
intermolecular Te. . .S secondary bond interactions giving rise to a helical chain along the b axis,
and (b) viewed down the approximate axis of the chain.

result indicates that the dithiocarbamate ligand is a better coordinating–
chelating ligand than xanthate, at least for their ethyl derivatives. In terms of
supramolecular aggregation, the crystal structure of Te(S2COEt)(S2CNEt2)
conforms to motif B so that the Te. . .S secondary interaction, involving the
weakly coordinating S4 atom of the dithiocarbamate ligand, is 3.679(3) Å, again
testifying to the greater coordinating potential of the dithiocarbamate compared
to the xanthate ligand. In a sense, the supramolecular association observed in the
binary xanthates indicate a tendency toward ﬁve-coordinate geometries deﬁned
by the two tightly held sulfur atoms, two weakly bound sulfur atoms, and,
ﬁnally, the supramolecular Te. . .S intermolecular contact. The ﬁve sulfurs atoms
thus speciﬁed deﬁne an approximately pentagonal planar geometry. However, a
more regular pentagonal planar geometry is found in the tris(xanthate) anion,
[Te(S2COEt)3] (263, 264).
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Figure 162. Supramolecular self-assembly in the structure of Te(S2CO
i-Bu)2: (a) showing the
intermolecular Te. . .S secondary bond interactions along the c axis, and (b) viewed down the
approximate Te. . .Te backbone highlighting the relative orientation of the molecules.

Figure 163. The molecular structure of the mixed 1,1-dithiolate compound Te(S2COEt)(S2CNEt2).
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Figure 164. Two views of the molecular structure of the anion in [NEt4][Te(S2COMe)3]: (a)
showing the orthogonal relationship between the S5, S6 xanthate ligand and the remaining xanthate
ligands; and (b) highlighting the planar coordination about the tellurium atom.

The structure of [Te(S2COEt)3] was determined as its [NEt4]þ salt (263,
264). Two of the xanthate ligands are chelating, forming asymmetric Te
S bond
distances such that Te
S1 and Te
S2 are 2.645(5) and 3.053(5) Å, respectively,
and 2.676(4) and 3.058(5) Å are Te
S3 and Te
S4, respectively. The third
xanthate ligand coordinates exclusively in the monodentate mode so that Te
S5
is 2.497(4) Å. The pendent S6 atom does not form a signiﬁcant interaction to
tellurium, either intra- or intermolecularly. Indeed, this ligand is orientated so as
to have the oxygen atom in proximity to tellurium so that the Te. . .O separation
is 3.278(8) Å, but this is not considered to represent a signiﬁcant bonding
interaction. The lack of a supramolecular interaction may be due to the supposed
presence of two lone pairs of electrons, one on either side of the pentagonal
plane, which precludes close approach of atoms capable of forming hypervalent,
secondary bond interactions. Two views of the anion are shown in Fig. 164(a)
and (b), and serve to emphasize the ﬁrst example of an authenticated pentagonal
planar geometry. Another example of this unusual coordination geometry is
found in the adduct, Te(S2COEt)2(4,40 -bpy)Te(S2COEt)2 (265), as described
below.
B.

Mixed-Ligand Tellurium Xanthate Structures

The centrosymmetric structure of Te(S2COEt)2(4,40 -bpy)Te(S2COEt)2 is
shown in Fig. 165 (265). The xanthate ligands coordinate is a manner similar
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Figure 165. Molecular structure of Te(S2COEt)2(4,40 -bpy)Te(S2COEt)2.

to that observed for the chelating xanthates in the [Te(S2COEt)3] anion (263,
264) so that short Te
S1 and Te
S3 distances are 2.539(2) and 2.548(3) Å,
respectively, and the longer Te
S2 and Te
S4 distances are 2.839(3) and
2.814(3) Å, respectively. In the present structure, the ﬁfth site is occupied by a
bpy nitrogen atom, rather than the monodentate xanthate of the tris(xanthato)
anion, so that Te
N is relatively long at 2.892(8) Å. The mode of coordination
of the 4,40 -bpy ligand is such that the plane of this ligand is approximately
normal to the two Te(S2COEt)2 entities coordinated at either end of the
molecule. The next structure to be described is a mixed-ligand xanthate–
bromide species.
The polymeric structure of [Te(S2COEt)Br]1 is shown in Fig. 166 (266,
267). Molecules are connected via nearly symmetric Te
Br and Te
Bri bridges
of 2.895(1) and 3.052(2) Å. The xanthate ligand is chelating with Te
S1 and

Figure 166. The polymeric structure of [Te(S2COEt)Br]1 aligned along the b axis. Symmetry
operation i, x, 12 þ y, 12  z.

300

EDWARD R. T. TIEKINK AND IONEL HAIDUC

Te
S2 bond distances of 2.471(2) and 2.524(3) Å, respectively. The only
additional interaction involving a sulfur atom is indicated in Fig. 166 and
occurs between the S2 atom and a symmetry related tellurium atom so that the
S2. . .Tei distance is 3.918(3) Å, an observation indicating that the supramolecular self-assembly is dictated by Te
Br interactions and not Te. . .S contacts.
The polymeric chain is disposed about a crystallographic screw axis and so is
helical.
C.

Organotellurium Xanthate Structures

There are examples of mono-, di-, and triorganotellurium xanthate structures
and a common feature of most of these is the presence of supramolecular Te. . .S
secondary bond interactions. The ﬁrst two organotellurium compounds to be
described have tellurium(II) as the central element. The structure of (4MeOC6H4)Te(S2COMe) (268) shown in Fig. 167, is virtually identical to the
ethoxy analogue, (4-EtOC6H4)Te(S2COMe) (269), and features a monodentate
xanthate ligand, Te
S1 is 2.4040(9) Å [also 2.4040(9) Å for the ethoxy
analogue]. The primary coordination geometry is therefore bent with a
C
Te
S1 angle of 97.24(8) [96.53(9) for the ethoxy analogue]. The tellurium
atom increases its coordination number by forming two intermolecular Te. . .S
secondary bond interactions. First, centrosymmetric pairs associate via Te. . .S2
interactions of 3.622(1) Å [3.707(1) Å], indicated by (b) in Fig. 167(a). Stronger
Te. . .S2 contacts of 3.4668(8) Å [3.451(1) Å], labeled as (a) in Fig. 167(a), link
the loosely associated dimers into a double chain that can be described as
comprising a sequence of edge-shared four-membered Te2S2 and eight-membered [TeSCS]2 rings. The double chain thus formed adopts a step topology as
indicated in Fig. 167(b). An alternate description of the supramolecular
structures of (4-ROC6H4)Te(S2COMe) (268, 269) is one comprising two
antiparallel chains, formed by the interactions labeled as (a) in Fig. 167(a),
that are interconnected by the interactions indicated by (b) in Fig. 167(a). The
presence of Te. . .S interactions results in an increase in coordination number for
the tellurium atoms in the structures of (4-ROC6H4)Te(S2COMe) (268, 269). In
each structure, the three sulfur atoms and a carbon atom deﬁne a skewed
trapezoidal geometry about the tellurium atom and it is envisaged that the lone
pairs of electrons occupy positions above and below this plane, most probably
disposed over the weaker Te. . .S secondary interactions. The remaining organotellurium atoms feature tellurium(IV) centers.
There are a total of nine structures containing two Te
C bonds and seven
different motifs can be discerned for these. The structures of Me2Te(S2COMe)2
(270) and Me2Te(S2COEt)2 (271) are isomorphous and the former is represented
in Fig. 168. The xanthate ligands coordinate in an asymmetric fashion forming
Te
Sshort bond distances of 2.566(1) and 2.680(1) Å [2.590(2) and 2.677(2) Å
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Figure 167. Supramolecular structure of (4-MeOC6H4)Te(S2COMe) showing the intermolecular
Te. . .S secondary bond interactions along the c axis viewed (a) to emphasize the aggregated structure
and (b) side on.

for the ethylxanthate] and Te
Slong distances of 3.303(1) and 3.352(1) Å
[3.274(2) and 3.331(2) Å]. Unlike the diorganotin structures of the same general
formula, the tellurium-bound methyl groups in Me2Te(S2COR)2 are not
disposed over the weaker Te. . .S contacts as a different coordination geometry
is found. In the crystal lattice, centrosymmetrically related molecules selfassemble via Te. . .S4 contacts of 3.755(1) Å [3.814(2) Å] so that a fourmembered Te2S2 ring supramolecule results. In terms of the coordination
geometry about the tellurium(IV) centers, in each structure, one methyl carbon
along with the four sulfur atoms deﬁne a pentagonal plane and the second
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Figure 168. Dimeric self-assembly in the structure of Me2Te(S2COMe)2 stabilized via Te. . .S
intermolecular interactions.

methyl group occupies a position orthogonal to this plane in a position opposite
the second molecule forming the dimer. The lone pair is projected to occupy a
position trans to the axial methyl group.
The substitution of the tellurium-bound methyl groups by phenyl gives rise to
a slightly different molecular structure. The structure of Ph2Te(S2COEt)2 (271)
is shown in Fig. 169 (a). The immediate coordination geometry is as described
for the methyltellurium analogues above. The short Te
S1 and Te
S3 bond
distances are 2.607(2) and 2.629(1) Å, respectively, and the longer Te
S2 and
Te
S4 interactions are 3.265(2) and 3.336(2) Å, respectively. There are also two
Te
C bonds. The key difference between the molecular structure of Ph2Te(S2COEt)2 and those of the Me2Te(S2COR)2 structures relates to the relative
orientations of the xanthate ligand. Whereas in the methyltellurium structures
the xanthate ligands are coplanar, they are mutually orthogonal in the phenyltellurium structure as emphasized in Fig. 169(b). The different conformation can
be rationalized in terms of supramolecular self-assembly, in other words the
requirements of crystal packing. The presence of the bulkier phenyl groups in
Ph2Te(S2COEt)2 precludes the molecular aggregation as found in Me2Te(S2Sshort
COR)2 (see Fig. 168), where molecules face each other so that the Te
bonds are involved in intermolecular Te. . .S secondary interactions. Instead,
centrosymmetric molecules of Ph2Te(S2COEt)2 approach each other so that the
Te
Slong bonds face each other, as shown in Fig. 169(a). This arrangement
allows for Te. . .S2 contacts of 3.918(2) Å that must be considered at the extreme
(i.e., weak) end of such interactions. Nevertheless, this association results in the
formation of an eight-membered [TeSCS]2 ring that effectively has a planar
conﬁguration. So as to avoid impossible steric interactions, the xanthate ligand
not involved in forming the intermolecular interaction rotates about the Te
S3
bond to the present the observed conformation. The overall coordination
geometry can be construed to be based on a pentagonal bipyramidal

STEREOCHEMICAL ASPECTS OF METAL XANTHATE COMPLEXES

303

Figure 169. Two views of the molecular structure of Ph2Te(S2COEt)2 highlighting (a) the
supramolecular association between centrosymmetrically related pairs, and (b) the orthogonal
disposition of the xanthate ligands.

environment in which the axial positions are deﬁned by the S4 atom and one
phenyl–carbon atom, and the pentagonal plane deﬁned by the three sulfur atoms,
the carbon of the second phenyl group, and, the lone pair of electrons and
symmetry related S2 atom [Fig. 169(b)].
The third diorganotellurium structure to be described has a chelating tellurium-bound organic group. In the molecular structure of [C6H4(CH2)2]Te(S2COEt)2 (272), shown in Fig. 170, the two xanthate ligands form asymmetric
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Figure 170. Dimeric structure of [C6H4(CH2)2]Te(S2COEt)2 stabilized by intermolecular Te. . .S
secondary bond interactions.

Te
S bonds as in the other diorganotellurium xanthate structures described so
that the Te
S1 and Te
S2 bond distances are 2.6142(7) and 3.3220(7) Å,
respectively, and the corresponding Te
S3 and Te
S4 distances are 2.6410(5)
and 3.2720(6) Å, respectively. In the lattice, a dimeric supermolecule is
formed about a crystallographic twofold axis so that the Te
Slong bond face
each other as described above for the dimer formed by Ph2Te(S2COEt)2 (271).
This arrangement allows for the formation of a pair of Te. . .S2 interactions of
3.4796(7) Å that lead to a four-membered Te2S2 ring with a folded conﬁguration. The C2S5 donor atoms can be considered to deﬁne a distorted pentagonal
bipyramid with the axial positions occupied by the symmetry related S2 atom
and one of the carbon atoms of the bidentate organo substituent. The pentagonal
plane is deﬁned by the four more tightly bound sulfur atoms as well as the
second carbon atom. The lone pair of electrons also occupies a position about
the tellurium atom resulting in the elongation of some of the Te
S bonds and
the adoption of a greatly distorted dodecahedral geometry.
Each of the three remaining diorganotellurium xanthate structures has one
xanthate ligand replaced by another ligand. The structures of the mixed-ligand
xanthate–dithiocarbamates Me2Te(S2COMe)(S2CNEt2) and Me2Te(S2COEt)(S2CNMe2) (273) adopt different motifs in the solid state. The molecular
structure of Me2Te(S2COMe)(S2CNEt2) is represented in Fig. 171. The short
and long Te
S1 and Te
S2 bond distances of 2.620(5) and 3.346(5) Å,
respectively, formed by the xanthate ligand are comparable to those formed
by the dithiocarbamate ligand of 2.608(5) and 3.277(4) Å for Te
S3 and
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Figure 171. The structure of Me2Te(S2COMe)(S2CNEt2) showing dimer formation via intermolecular Te. . .S secondary bond interactions; intramolecular Te. . .S interactions are not shown for
clarity so as to emphasize the eight-membered [TeSCS]2 supramolecular ring.

Te
S4, respectively, although there is some evidence that the latter bond
distances are marginally shorter that their xanthate counterparts, consistent
with the stronger coordinating ability of the dithiocarbamate ligand. The overall
molecular geometry, as described so far, is akin to that found for Me2Te(S2COMe)2 (270). However, the supramolecular association resembles that found
for Ph2Te(S2COEt)2 (271), shown in Fig. 169(a), but with an important
difference. The difference is that the eight-membered [TeSCS]2 ring thus
formed, which is effectively planar in Ph2Te(S2COEt)2, now has a chair
conformation as can be seen from Fig. 171. In this way, centrosymmetric pairs
of Me2Te(S2COMe)(S2CNEt2) are linked by two Te. . .S4 interactions of
3.567(2) Å, that is, involving the weakly bound sulfur atoms of the dithiocarbamate ligands. A different structure is found for Me2Te(S2COEt)(S2CNMe2)
(273) in that the xanthate ligand coordinates in a different mode, that is, with the
weaker interaction to tellurium being made by the oxygen atom, as shown in
Fig. 172. The Te
S1 and Te. . .O distances are 2.650(2) and 3.145(5) Å,
respectively, and those formed by the dithiocarbamate ligand [i.e., Te
S3 and
Te
S4, are 2.620(2) and 3.205(2) Å, respectively]. Centrosymmetric dimers

Figure 172. Molecular structure of Me2Te(S2COEt)(S2CNMe2).
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Figure 173. Dimeric self-assembly in the structure of Me2Te(S2COEt)Cl via intermolecular
Te. . .Cl secondary bond interactions.

associate as just described for Me2Te(S2COMe)(S2CNEt2) so that the intermolecular Te. . .S4 contacts are 3.567(2) Å.
The ﬁnal diorganotellurium xanthate structures have the general formula
Me2Te(S2COR)X. There are two independent molecules comprising the asymmetric unit in the structure of Me2Te(S2COEt)Cl (274) and these are associated
as seen in Fig. 173. The xanthate ligands coordinate forming asymmetric Te
S
bond distances so that Te1
S1 and Te1
S2 are 2.509(3) and 3.210(3) Å,
respectively, and those for Te2
S3 and Te2
S4 are effectively the same at
2.518(3) and 3.292(3) Å, respectively. The respective Te
Cl bond distances for
Te1 and Te2 are 2.672(3) and 2.678(3) Å (i.e., again very similar to each other).
The two molecules associate via Te. . .Cl secondary bond contacts of 3.647(3)
and 3.456(3) Å, respectively, proving that these bridges are also asymmetric.
The resulting Te2Cl2 four-membered ring has a folded conformation. The
coordination geometry about the tellurium atom is pentagonal bipyramidal
with the tightly bound sulfur and chloride atoms occupying axial positions.
The pentagonal plane is occupied by the two methyl carbons, the weakly bound
sulfur and chloride atoms, and the lone pair of electrons. Although not
isomorphous, the structure of the iodide analogue, that is, Me2Te(S2CO
iPr)I, is essentially the same (274), and also features two independent molecules
in the asymmetric unit that associate with each other as they did for the chloride.
The Te
S distances are equal within experimental error in the two structures
with the exception of Te
S4, which is 3.169(3) Å in the iodide. The Te
I
distances are 3.071(1) and 3.049(1) Å and the bridging is symmetric as seen in
the intermolecular Te. . .I distances of 3.766(1) and 3.869(1) Å. Interestingly, the
structure of the bromide analogue [i.e., Me2Te(S2COMe)Br], adopts a different
structure in the solid state (275), as shown in Fig. 174.
The xanthate ligand in Me2Te(S2COMe)Br coordinates in an asymmetric
fashion so that Te
S1 and Te
S2 are 2.53(1) and 3.28(1) Å and the Te
Br
distance is 2.774(7) Å (275). Molecules of Me2Te(S2COMe)Br associate via
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Figure 174. Supramolecular structure of Me2Te(S2COMe)Br showing the intermolecular Te. . .S
secondary bond interactions.

Te. . .S secondary bond interactions rather than Te. . .Br interactions, as found in
the helical structure of Te(S2COEt)Br (266, 267). The intermolecular Te. . .S
secondary bond contact, involving the more tightly bound S1 atom, is 3.61(1) Å.
The resulting structure is helical, being disposed about a crystallographic screw
axis. To a ﬁrst approximation, the coordination geometry about the tellurium
atom in Me2Te(S2COMe)Br resembles those found in the chloride and iodide
structures described previously.
The three remaining tellurium xanthate structures feature Ph3Te centers. The
structure of [Ph3Te(S2COMe)]2 has bidentate bridging xanthate ligands so that
the dimeric structure represented in Fig. 175(a) results (276). The xanthate
bridges are almost symmetric as seen in the respective Te1
S1 and Te2
S2
distances of 3.174(3) and 3.187(3) Å, and Te2
S3 and Te2
S4 distances of
3.180(3) and 3.270(3) Å. The eight-membered [TeSCS]2 ring adopts a chair
conformation as highlighted in Fig. 175(b). There are also weak interactions
formed between the second sulfur atom of the xanthate ligand and tellurium
[i.e., Te1. . .S2 is 3.774(3) Å and Te2. . .S4 is 3.739(3) Å]. Finally, the transannular Te. . .S interactions are even weaker so that the Te1. . .S3 distance is
4.000(3) Å and similarly, Te2. . .S1 is 3.880(3) Å. The structure of the isobutyl
xanthate analog is in essential agreement (276) with that just described and the
eight-membered ring formed also forms a chair conformation. In
[Ph3Te(S2CO
i-Bu)]2, the dimer is disposed about a center of inversion. The
Te
S1 and S2
Tei bridging distances are 3.123(4) and 3.332(4) Å, respectively.
Both of these distances are signiﬁcantly shorter that the Te. . .S2 separation of
3.535(4) Å and so it is the ring motif that is most prominent for [Ph3Te(S2CO
iBu)]2. The transannular distances in this structure are >4.2 Å. Therefore, in
i-Bu)]2, the tellurium atom exists in
both [Ph3Te(S2COMe)]2 and [Ph3Te(S2CO
a distorted trigonal-bipyramidal geometry with the lone pair of electrons
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Figure 175. The self-assembled structure of [Ph3Te(S2COMe)]2 showing (a) the dimer, and (b)
highlighting the chair conformation of the eight-membered [TeSCS]2 ring.

occupying a stereochemical position in an octahedral environment of lone pairs,
the weak Te. . .S interactions notwithstanding.
The remaining structure, namely, [Ph3Te(S2COEt)]2, features aspects of the
two previous structures, but adopts a distinct structure (277). The structure of
[Ph3Te(S2COEt)]2 is dimeric as illustrated in Fig. 176. The association between
tellurium and sulfur leading to a dimer is different from that previously
described. One of the xanthate ligands is essentially chelating and forming
Te
S1 and Te
S2 bond distances of 3.259(3) and 3.279(3) Å, respectively.
Simultaneously, the S2 atom forms a weak interaction to the Te2 atom of
3.703(3) Å. The second xanthate ligand is also chelating, but forms more
asymmetric Te
S3 and Te
S4 bond distances of 3.122(3) and 3.496(4) Å,
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Figure 176. The dimeric structure of [Ph3Te(S2COEt)]2.

respectively. The S3 atom bridges the Te1 atom forming a Te
S3 bond distance
of 3.284(3) Å. Therefore, in terms of the primary Te
S bonds, one xanthate
ligand in [Ph3Te(S2COEt)]2 is effectively chelating and the other is bidentate
bridging via only one sulfur atom. By contrast, in the dimeric structures of
[Ph3Te(S2COMe)]2 and [Ph3Te(S2CO
i-Bu)]2, both xanthate ligands are bidentate bridging and are using both sulfur atoms. The presence of a rather long
Te
S interaction in the aforementioned [Ph3Te(S2COR)]2 compounds warrants
consideration of an alternate description for their structures. Thus, the structures
may be thought of as being comprised of a pair of triorganotelluronium cations
connected to supramolecular dimers via secondary Te. . .S bonds afforded by the
xanthate-bound sulfur atoms. If this description is accepted, these structures
would be formulated as [Ph3Te]2[S2COR]2.

XV.

CONCLUSIONS

Immediately obvious from the foregoing description of the structural chemistry of the metal xanthates is the rich diversity of coordination modes of
xanthate ligands. Whereas many structures, in particular those of the transition
metal xanthates, feature monodentate or bidentate binding exclusively via sulfur
atoms, other functionalities are also known. Indeed, in reality, the majority of
xanthate complexes feature coordination modes intermediate between these
mono- and bidentate options. Examples also exist where one or both of the
sulfur atoms bridge metal centers so that, overall, xanthate ligands are tri- and
tetraconnective, respectively. In many of the structures featuring monodentate,
via sulfur, coordination, the oxygen atom is directed toward the metal center
rather than the second sulfur atom. Taken to an extreme, but not observed
experimentally, xanthate ligands adopting this pattern of association may be
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thought of as sulfur and oxygen chelators. Less common are xanthate ligands
that coordinate via the sulfur atoms as well as the quaternary carbon atom, in a
hetero-p-allylic mode. All in all, there exists a fascinating structural diversity in
terms of molecular structures in the metal–heavy-atom xanthates. In the same
way, the presence of secondary bond interactions in many xanthate crystal
structures, in particular containing main group elements, gives rise to a diverse
array of supramolecular architectures mediated by interactions directed by the
Lewis basic sulfur atoms of the xanthate ligands themselves. As such, the
continued investigation of the structural chemistry, both molecular and supramolecular, of the metal xanthates promises many rewards. Of particular interest
is the presence of quite distinct molecular structures in several of the main group
element systems that may only differ in the nature of a remote oxygen-bound
organic substituent. Such structures can often be rationalized after careful and
deliberate examination of the intermolecular interactions in operation, that is, by
rationalizing the inﬂuence of crystal structure upon molecular structure. Fundamental studies of this type are likely to continue not only because of academic
interest, but owing to the continued use of metal xanthates in a variety of
practical applications. Thus, a cursory examination of the literature, including
patent literature, reveals that in addition to the traditional use of xanthates, such
as in metal-ore beneﬁciation (ﬂotation), vulcanization of rubber, and biological
remediation (1, 3), additional applications exist. These include the use of
xanthate compounds as chemical sensitizers for photographic ﬁlm (278–280),
synthetic precursors for the generation of metal sulﬁde nanoparticles (281–285),
as well as their investigation for possible use as therapeutic agents (142, 217,
286–288).
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ABBREVIATIONS
bpy
Bu
Cp

Bipyridine or bipyridine
Butyl
Cyclopentadienyl
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c-Pent
Cy
Et
HASB
Hex
i-Pr
Me
Ph
phen
Py/py
pyr
THF/thf
2D
3D
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Cyclopentyl
Cyclohexyl
Ethyl
Hard acid/soft base
Hexane
Isopropyl
Methyl
Phenyl
1,10-Phenanthroline
Pyridine (solvent/ligand)
Pyrazine
Tetrahydrofuran (solvent/ligand)
Two dimensional
Three dimensional
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M. J. Gonzalez, Polyhedron, 11, 3173 (1992).
55. A. Coto, M. J. Tenorio, M. C. Puerta, and P. Valerga, Organometallics, 17, 4392 (1998).
56. A. Pramanik, N. Bag, D. Ray, G. K. Lahiri, and A. Chakravorty, Inorg. Chem., 30, 410 (1991).
57. T. Ito, Acta Crystallogr., E59, m892 (2003).
58. S. Merlino, Acta Crystallogr., B25, 2270 (1969).
59. M. J. Cox and E. R. T. Tiekink, Z. Kristallogr., 211, 753 (1996).
60. H. W. Chen and J. P. Fackler, Jr., Inorg. Chem., 17, 22 (1978).
61. C. L. Raston, A. H. White, and G. Winter, Aust. J. Chem., 31, 291 (1978).
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75. Z. Trávnı́ček, R. Pastorek, and J. Marek, Coll. Czech. Chem. Commun., 59, 616 (1994).
76. A. I. Prisyazhnyuk, V. K. Bel’skii, and E. V. Kolchinskii, Koord. Khim., 13, 977 (1987).
77. M. J. Cox and E. R. T. Tiekink, Z. Kristallogr.–New Cryst. Struct., 212, 350 (1997).
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92. Z. Trávnı́ček, R. Pastorek, Z. Šindelář, and J. Marek, Transition Met. Chem., 20, 67 (1995).
93. I. Haiduc, R. Micu-Semeniuc, R. F. Semeniuc, M. Campian, A. Fischer, and F. T. Edelmann, Rev.
Roumaine Chim., 49, 177 (2004).
94. I. Haiduc, R. F. Semeniuc, M. Campian, and R. Vargha, unpublished results.
95. E. R. T. Tiekink and G. Winter, Aust. J. Chem., 39, 813 (1986).
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98. Z. Trávnı́ček, R. Pastorek, Z. Šindelář, and J. Marek, J. Coord. Chem., 44, 193 (1998).
99. R. W. Gable, B. F. Hoskins, and G. Winter, Inorg. Chim. Acta, 96, 151 (1985).
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I.

INTRODUCTION

Actinides traditionally play the role of a chemical curiosity among the other
f-block elements. The restrictions encountered in obtaining signiﬁcant amounts
of these elements from commercial sources, the fear for both their intrinsic
radioactivity and high toxicity, and the perception among the public of possible
negative environmental impact, altogether, discourage targeting these elements
for application oriented studies. Nevertheless, the chemical behavior of these
elements is unique and makes their complexes particularly promising for multielectron redox transformations. This is certainly the key to explaining the recent
resurgence of interest for broadening the fundamental aspects of the chemical
reactivity of these giant atoms, and of trivalent uranium in particular. Otherwise,
the chemistry of actinides is very well developed in the traditional domain of
analytical techniques related to the ﬁeld of energy production and contaminant
separation (1). Finally, if we ignore the elements that are not signiﬁcantly
available from commercial sources, the ﬁeld of actinides narrows down
basically to U and Th.
Different from the lanthanides, which in general display a rather uniform
chemical behavior largely limited to the trivalent state (2), the actinide elements
show a diversiﬁed reactivity as a consequence of their enhanced redox capability. With the only exception being thorium and whose chemistry is strictly
limited to the tetravalent state with only a very few exceptions (3), the other
actinides span a large range of oxidation states (4). Uranium, for example, is
well documented to be able to exist in oxidation states covering the range from
þ2 to þ6 (4–7), thus making this element uniquely versatile for multielectron
molecular activation processes.
In the recent literature there is an intensiﬁcation of articles reporting very
unusual reactivity for trivalent uranium. As shown in this chapter, the transformations described so far are very diversiﬁed and difﬁcult to incorporate into a
consistent and rational picture. This ﬁnding is a direct consequence of the
exceedingly high reactivity of trivalent uranium that makes its behavior largely
unpredictable. In this respect, the increasing incidence of publications reporting
dinitrogen (N2) activation (see Section II.B) unequivocally speaks of a particularly high and promising reactivity of this oxidation state.
There are three main characteristics of trivalent uranium that affect its chemical behavior. One consists of its large atomic dimensions, as witnessed by a
particularly extended van der Waals radius (1.86 Å) (8). The large atomic
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dimension in turn determines long U-(donor atom) bond distances and unusually
large coordination numbers. The second is a strong reducing potential, which is
witnessed by the variety of oxidative additions performed by its complexes and
is the basis of the remarkable variety of molecular activation processes. Finally,
trivalent uranium shows an enhanced tendency toward p ligation (4), which in
principle makes possible coordination and activation of aromatic rings and
unusual bonding features (6, 9).
The purpose of this chapter is to cover the recent literature of trivalent uranium. Since excellent recent reviews are available covering some speciﬁc aspects
of actinide chemistry [Schiff base complexes (10), CO complexes (11), amides
(12), metal-promoted organic syntheses (13), and redox chemistry in alkaline
media (14)], only the literature subsequent to 1995 will be covered in this
chapter by focusing on molecular activation and coordination features. However, it is sometimes impossible to categorize some of the transformations
outlined below. Given the very high reactivity, the most disparate reactions, such
as ﬁxation of N2, solvent cleavage, or C
H bond activation, may concur at the
same time as part of multiple processes. For this reason, we have organized the
literature review according to what seem to be the most promising features.
Molecular Activation. The strong reducing power of trivalent uranium
enables interaction with both inert and less inert functions such as sp3
C
H bond, N2, and H2O displaying a variety of transformations and
unusual bonding features.
Coordination Chemistry. The coordination chemistry of trivalent uranium is certainly characterized by the large atomic dimensions as appearing in series of compounds featuring C-, N-, S-, and O-donor based ligand
complexes.
Divalent Synthetic Equivalents. These species display a fascinating
ambiguity by showing a formal appearance of divalent complexes,
but having in reality electronic structures of higher valent species. Yet,
the chemical reactivity is what one could predict for genuine divalent
species.

II.

MOLECULAR ACTIVATION
A.

sp3 C
H Bond

The oxidation state þ3 is readily accessible via ligand replacement reactions
on UI3(L)n [L ¼ tetrahydrofuran (thf), 1,2-dimethoxyethane (dme), pyridine
(py)] (15), which in turn can be conveniently prepared by direct oxidation of
U turnings with I2 in either THF or DME. Subsequent exchange of coordinated
solvent with pyridine or acetonitrile can be accomplished via simple exposure to
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either of the solvents (16). These reactions give species that do not show any
sign of unusual reactivity (i.e., solvent fragmentation and deoxygenation, or N2
ﬁxation). This stability is rather surprising considering that the tetravalent UI4
cleanly reacts with THF to perform ring opening and forming the corresponding
UI2(OCH2CH2CH2CH2I)2 (isolated and fully characterized as the Ph3O complex) (17). However, the high reactivity of trivalent uranium becomes immediately apparent when the halogens are replaced by a variety of ligands. For
example, the preparation of an aryloxide-functionalized triazacyclononane
complex of U(III) gave a spectacular example of coordination of cyclohexane.
The complex was obtained via metathetic ligand replacement of the relatively
unreactive [(Me3Si)2N]3U with 1,4,7-tris(3,5-di-tert-butyl-2-hydroxybenzyl)1,4,7-triazacyclononane [(ArO)3tacn] in pentane at 40 C (Scheme 1). Under
these conditions, the reaction afforded the corresponding coordinatively unsaturated complex [(ArO)3tacn]U (18). When the reactions were carried out at
ambient temperature or in the presence of ether or THF, complex mixtures were
obtained from which m-O bridged species or [(ArO)3tacn]U(OAr) have been
isolated. The formation of these species is clearly the result of the attack of a
coordinatively unsaturated trivalent uranium to either the solvent or to the ligand
system. Even more surprising, simple recrystallization of this species from
pentane solutions containing cyclohexane afforded the coordination of one
cyclohexane molecule that provides an extremely rare example of coordination
of a saturated hydrocarbon. In this species, the [(ArO)3tacn] unit has the uranium center side-on bound to one of the C
H bonds of cyclohexane (19). The
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ADF–DFT calculations indicated the presence of s-type orbital interactions
H
mainly generated by the U( fz3) orbital with a minor contribution from the C
(s/p)-type of orbitals. Incidentally, the same complex reacts with an N-heterocyclic carbene to form the corresponding U(III)–carbene adduct (20).
B.

Dinitrogen

The frequent occurrence of N2 ﬁxation is another good indicator for the
presence of exceedingly high reactivity. The ﬁrst example of N2 ﬁxation in
actinide chemistry was discovered by Scott only 5 years ago and the subsequent
blooming activity in this direction has placed trivalent uranium among the other
protagonists in the ﬁeld of N2 activation. The U(III) complex capable of
reversibly ﬁxing N2 (Scheme 2) contains a tetradentate and trianionic amide
ligand {N[CH2CH2NSiMe2(t-Bu)]3}3 [NN03] and was prepared according to
two synthetic procedures. The ﬁrst consisted of reduction with K of the tetravalent [NN0 3]UI, which afforded the trivalent U[NN03] through a clean reaction
(Scheme 2). In addition, to react with N2 this coordinatively unsaturated trivalent species coordinates Lewis bases such as Py or hexamethylphosphoramide
(HMPA) to form the corresponding adducts. It is also readily oxidized by
trimethylsilylazide and trimethylsilyl diazomethane to form the corresponding
imido and hydrazido complexes (21). In the second procedure, the complex was
prepared via reduction with Na/Hg of [NN03]UCl. The reaction initially formed
the chlorine-bridged mixed-valence U(III)/U(IV) species ([NN03]U)2(m-Cl) (22)
whose subsequent thermolysis and in situ sublimation gave U(NN03) and started
Me3Si

R N N
R N U

N
R N 2 N R
R N U

N R

N
R N
R N U

N

N
N3-SiMe3
N

R N I
N U

N R

K film
pentane

R

R N
N U

N
N

N

R

R

Me3P=CH2

Me3NO

N

NN
U O U
N

O=P(NMe2)3

N

R = SiMe2(t-Bu)

R
R R

N R

P(NMe2)3
O
R N
N R
R N U

N

N
R

U[NN′3]

N

N R

N
N2CHSiMe3

R

SiMe3

R N O
R N U

N R

N

Scheme 2.

Me3NO

PMe3
R N CH2 N R
R N U
N

326

ILIA KOROBKOV AND SANDRO GAMBAROTTA

R

R
N
N
Na/Hg

R N Cl
N R
R N U

R R

N

N N
U Cl U
N

N

R

R

N

120°C

R N
N U

N2

N

U

R

R

R

N

N
R

R

N

N
N

N

N

U

N

N

R

R

N

N R

N
Scheme 3.

[NN0 3]UCl. As mentioned above, the trivalent U[NN03] reversibly reacts with N2,
forming the corresponding side-on bonded complex ([NN03]U)2(m-N2) in which

the N2 unit displays a virtually unperturbed N

N triple bond [1.109(7) Å]
(Scheme 3) (23). The side- on complexation of N2 between two metal centers

without apparent perturbation of the N

N triple bond has only two precedents,
both being in Sm(II) chemistry (24a, 25). In the present case, it has been
explained with theoretical calculations (26) on a model compound, with the
U-N2-U core supported by a weak U to N2 p-donation with no signiﬁcant N2 to
U s bonding. The steric hindrance of the particular ligand employed also plays a
role by preventing the two metal centers from approaching an optimum distance
for orbital overlap.
The denticity and geometry constraint of the tetradentate ligand system
above is probably critical to the occurrence of N2 ﬁxation. In fact, by using a
monodentate, bulky amide such as [(N(t-Bu)Ar] it was possible to prepare the
corresponding trivalent {[N(t-Bu)Ar]3U(thf)}3 THF, which is apparently unreactive toward N2. This species cannot be prepared via direct metathetic reaction on UI3(thf)4, but instead via reduction of the tetravalent [(t-Bu)ArN]3UI
with Na/Hg (Scheme 4) (27). Although apparently unreactive with N2, this
trivalent complex can attack the Mo analogue [(t-Bu)ArN]3Mo under N2 to form
the heterobimetallic end-on bridged dinitrogen complex {[(t-Bu)ArN]3Mo}
(m-N2){U[(t-Bu)ArN]3} (ar ¼ 3,5-Me2C6H3). It is unclear whether the preliminary coordination of N2 occurs at the molybdenum or at the uranium center.
In any event, the complex {[N(t-Bu)Ar]3U(thf)}3 THF is indeed a highly
reactive molecule. For example, it readily reacts with the cyanoamide of 2,3:5,6dibenzo-7- azabicyclo[2.2.1]hepta-2,5-diene to extract the NCN residue and to
release anthracene with formation of the dinuclear {[(t-Bu)ArN]3U}2(m-NCN)
complex (Scheme 4) (28).
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By using p-donor mixed-ligand systems [both Cp (Cp ¼ Me5C5) and pentalene dianion] the corresponding trivalent and mononuclear uranium complex
Cp U(C8H4R2) (R ¼ Me3Si) afforded reversible N2 ﬁxation forming the corresponding [Cp U(C8H4R2)]2(m-N2) (Scheme 5) (29). In this case, however, the
coordinated N2 unit appeared to be end-on bridging between the two metal
centers and, according to a more ‘‘standard’’ N
N distance of 1.232(10) Å, it
has probably undergone a two-electron reduction.
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A particularly puzzling case of N2 ﬁxation was very recently observed while
exposing a solution of Cp 3U to 80 psi of N2 (30). The reaction of Cp 3U with
N2 under pressure formed a terminally bound N2 complex Cp 3U(N2) through a
reversible ﬁxation process (Scheme 6) (30). This type of coordination of N2 was
unprecedented among f-block elements. Even in this case, the very short N
N
distance [1.120(14) Å], which is very close to that of free N2, speaks for the lability of N2 coordination. This result opens interesting perspectives in the chemistry of trivalent uranium, indicating that labile ﬁxation might be a more general
phenomenon than previously anticipated. It might also signiﬁcantly affect the
reactivity of trivalent species in terms of stabilizing transient highly reactive
intermediates. Convenient synthetic routes to the sterically encumbered Cp 3U
precursor have been recently developed (Scheme 7) via reaction of Cp 2
UH(DMPE) [DMPE ¼ 1,2-bis(dimethylphosphino)ethane] or of the tetravalent
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dihydride precursor [(Cp 2UH)(m-H)]2 with 1,2,3,4-tetramethylfulvene (31, 32).
The reactions of the cationic [Cp 2U(thf)2]þ with Cp K(18-crown-6) or of the
organometallic Cp 2UMe2K derivative with (Et3NH)BPh4 followed by treatment with Cp*K also provide valid alternatives.
The difference of bonding modes adopted by dinitrogen in the two homobimetallic dinitrogen complexes ({N[CH2CH2NSiMe2(t-Bu)]3U)2(m-N2) and
[Cp U(C8H4R2)]2(m-N2) discussed above is not particularly striking given the
different bonding modes adopted by the two ligand systems with respect to uranium (s versus p). In light of these results, the calix-tetrapyrrole ligand system
may provide an interesting alternative given that it bonds virtually any metal by
adopting both the s and p arrangement of the four pyrrolide rings. In addition,
this ligand system, together with the dipyrrolide dianion congeners, gave a
variety of N2 complexes with samarium (24), including those arising from the
cooperative reduction of coordinated N2 (33). The reaction of UX3(thf)4 (X ¼
)5]4-calix[4]tetrapyrrole} afforded differCl, I) with the tetraanion of {[(
CH2
ent transformations depending on the uranium halide, the alkali metal cation
(Li vs K), the stoichiometric ligand/uranium ratio of, and the solvent employed
(34). For example, reaction of the potassium salt of the ligand with uranium
iodide in THF and in the ratio 1:1 afforded the dinuclear, tetravalent species
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{[{[(
CH2
)5]4-calix[4]tetrapyrrole}UK(thf)3]2(m-O)} 2THF (Scheme 8). A
THF deoxygenation process, similar to that observed for [(ArO)3tacn]U [19],
provides the source of the bridging oxygen atom. Accordingly, the presence
of a mixture of 1-butene and ethylene accompanies the formation of the tetravalent oxo derivative. In the case of a reaction carried out with the tetralithium
salt of the calix[4]tetrapyrrole, a new species, the dinuclear tetravalent complex
{[{[(
CH2
)5]4-calix[4]pyrrole}ULi(thf)2]2} 1/2(hexane), was isolated. In this
complex, the b-C atom of one of the pyrrole rings of the macrocycle was deprotonated and metalated by the uranium of a second identical unit (Scheme 9).
The key to interpret the diversity of these two transformations, as determined by
factors usually regarded as negligible (nature of the alkali cation), is perhaps
offered by the result of another similar reaction carried out by using ‘‘uranium
trichloride’’ instead of UI3(thf)4. In this case, the reaction afforded the mononu)5]4-calix[4]tetrapyrrole}ULi(OEt)(thf)2)
clear species N-confused-{[(
CH2
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(Scheme 10). In this compound one pyrrole ring was isomerized by shifting
the attachment of the chain from the a- to the b-position (N-confused) while the
formal tetravalent oxidation state is provided by the presence of the ethoxide
group. The origin of the LiOEt unit is the result of a one-electron attack on thf
followed by H abstraction, which accounts for the tetravalent state of uranium in
the product.
These three well-diversiﬁed reactions may be reconducted to the same general picture as follows. The formation of the m-oxo species depicted in Scheme 8
is clearly the result of the cooperative two-electron attack on a molecule of thf
by two trivalent uranium centers each undergoing a one-electron oxidation.
Alternatively, the intermediate trivalent uranium species may perform oxidative
addition to one C
H bond of one of the two p-coordinated pyrrolyl rings
forming a pentavalent intermediate. In light of the ability of a trivalent uranium
complex to bond the C
H bond of cyclohexane (19), this possibility is not
unrealistic. The return of the H atom from the pentavalent uranium intermediate
to the ring after the a ! b shifting of the ring attachment, with consequent
ligand isomerization and attack on thf, forms the ethoxide derivative depicted
in Scheme 10. Alternatively, reductive elimination of H2 may afford the cyclometalated compound depicted in Scheme 9.
The fact that three so disparate processes may be determined solely by the
nature of the alkali cation, the solvent, and the uranium halide starting material
becomes less surprising when considering that solvated alkali cations are often
retained together with halides by the calyx[4]tetrapyrrole polyanion as an
integral part of the structure. By being both s- and p-coordinated to the ligand
system (see, e.g., Ref. 24), the relative Lewis acidity of the alkali cation may
well perturb the electronic conﬁguration of the pyrrolide rings, in the end
affecting the metal redox potential. All of these transformations, as well as their
variety, speak of a very high reactivity of the transient trivalent uranium
complex formed in the early stage of the reaction. The stabilization of the
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trivalent state with this particular ligand system was achieved only while using
DME as a solvent to prevent solvent attack by the metal center. Only in this event
it was possible to isolate the thermally labile mononuclear trivalent complex
)5]4-calix[4]tetrapyrrole}U(dme)] [K(dme)] (Scheme 11). When
[{[(
CH2
attempts to form trivalent complexes via direct reaction of UI3(thf)4 with the
tetraanionic form of the calix[4]tetrapyrrole were carried out with a 2:1 stoichiometric ratio, a curious dimeric structure with two trivalent uranium centers sharing the same ligand system (Scheme 12) was obtained. The salient characteristic
CH2
)5]4-calix[4]tetrapyrrole}complex
of the resulting [Li(thf)4]2 {I4U2[(
is the presence of a short U
U nonbonding distance (3.456 Å) (35). Both
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magnetic measurements at variable temperature and DFT calculations carried
out on the trivalent complex indicate the existence of antiferromagnetic coupling
between the two metal centers as the only signiﬁcant U
U interaction. A mixedCH2
)5]4-calix[4]tetravalence U(III)–U(IV) complex [Li(thf)2](m-Cl)2{U2[(
pyrrole}Cl2 THF was also prepared and crystallographically characterized. No
unusual reactivity was reported for these species, thus reiterating the idea that
the presence of halides in the primary coordination sphere substantially quenches
the reactivity of U(III).
Although the trivalent uranium species of the tetrapyrrolide polyanions
display a very high reactivity, no evidence was found for the ability to interact
with N2. However, the reduction of the trivalent [{[(
CH2
)5]4-calix[4]tetrapyrrole}U(dme)][K (dme)] with [K-(naphthalenide)] in DME afforded N2cleavage
with formation of the mixed-valenceU(IV)–U(V) nitride below (Scheme 13)
(36). The highly reactive species that performs the N2 cleavage in this case was
not identiﬁed since reactions carried out under an Ar atmosphere promoted
solvent deoxygenation, as well as depolymerization of polysilanol.
C.

Water

Given the very high reactivity of the trivalent state of U toward an exceedingly inert molecule, such as N2 or an even less reactive sp3 C
H bond, enhanced
reactivity with water may be anticipated. This behavior has been elucidated by
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a comprehensive study carried out on the behavior of the trivalent uranium
iodide adduct of the tris(2-pyridyl)methylamine (tpa) complex (tpa)UI3(py)
(37). The complex is mononuclear and contains an eight-coordinated uranium
center, the coordination geometry being deﬁned by the four N donor atoms of
the tetradentate ligand, three iodides, and the pyridine N atom. The bis(adduct)
(tpa)2UI3 can also be prepared in acetonitrile. The crystal structure of the
tris[(2,20 -bipyridin-6-yl)methyl]amine pyridine analogue showed the presence
of only one ligand and two iodides in the primary coordination sphere of
uranium as a result of the increased ligand denticity (Scheme 14) (38). While
accidental oxidation of (tpa)2UI3(py) afforded the bis(hydroxo) derivative
[U(tpa)2(OH)2]I2, the controlled reaction with water gave a trinuclear oxo species
{[U(tpa)(m-O)I]3(m3-I}I2. The reaction apparently proceeds via intermediate
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formation of a hydroxo derivative that is eventually deprotonated by one of the
dissociating tpa ligands. Similarly, the reaction with MeOH afforded the
tetravalent U(tpa)I2(OMe)2 in good yield. All these reactions imply oxidation
of the metal center to the tetravalent state and loss of H2 was proposed to
account for the oxidation of the metal center. Similar to the case of the tpa
ligand, the use of less crowded tris(N-methylbenzimidazole-2-ylmethyl)amine
(mentb) afforded the corresponding (mentb)2UI3. In spite of the similarity
between these two species, solution nuclear magnetic resonance (NMR) studies
showed a greater stability for the mentb complex compared to the tpa adduct.
The higher stability was ascribed to a strong p
p interaction among the benzimidazole rings (39).
The high tendency of trivalent uranium derivatives to react with moisture
may be reduced by introducing electron-withdrawing groups in the ligand system. For example, the homoleptic U(III) triﬂate complex displays an unusually
high stability. These species can be synthesized via reaction of triﬂic acid with
UH3, metallic uranium, or ‘‘UCl3’’, affording the homoleptic U(OTf)3. This species
was crystallized as the phosphino-oxide adduct [U(OTf)2(OPPh3)4][OTf] (40).
A solid step toward the understanding of the reduction of water as performed
by low-valent uranium was made by studying the thermal decomposition of the
dimeric trivalent U metallocene hydroxides (Cp0 )4U2(m-OH)2 (Cp0 ¼ CpR,
where R ¼ Me3C or Me3Si and Cp ¼ C5H5] (41). The complex was synthesized
via careful hydrolysis of either the corresponding Cp0 3U or of [Cp0 2UH]2
derivative. The resulting bis(hydroxo) bridged complex was thermally decomposed to give the dimeric tetravalent U metallocene oxides, (R2C5H3)4U2(m-O)2
and H2, through a reaction that should be regarded as an oxidative–elimination
(Scheme 15) (41). The reaction is intramolecular and does not involve free
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radicals. The mechanism is postulated to involve an a-elimination as the ratedetermining step, giving the (R2C5H3)4U2(m-O)(m-OH)(H) intermediate that
then eliminates dihydrogen in a subsequent fast step (41).

III.

COORDINATION CHEMISTRY
A.

Carbon Donors

The unusually large size of the trivalent uranium atom characterizes the coordination chemistry of its derivatives since it allows the metal to accommodate
an unusually large number of ligands or ligand with large steric encumbrance.
For example, it allows the p-coordination of three Cp* ligands. The end-on
bonding mode of dinitrogen in the Cp 3U(N2) complex described above (30)
may well be a direct consequence of the large steric encumbrance introduced by
the ligand system that prevents the N2 unit from bridging two metal centers. The
Cp 3U complex also reacts with CO to afford Cp 3U(CO), which is isostructural
and isoelectronic with the dinitrogen complex (42). However, the ﬁxation of CO
is more robust as suggested by the fact that it does not require high pressure.
Nonetheless, the coordination of CO may be reversed via simple treatment with
Ar or N2, thus indicating the presence of an association–dissociation equilibrium
(Scheme 6). The use of the less crowded Me4C5H (Cp0 ) ligand also has allowed
the preparation of the isostructural Cp03 U(CO). The Cp0 3U precursor was
obtained via reduction of the tetravalent precursor Cp0 3UCl with Na naphthalenide in THF (43). Of particular interest in these two carbonyl derivatives is the
presence of relatively low values for the nCO stretching frequency (1877 and
CO back-bonding. The
1880 cm1, respectively) indicative of a strong U
isocyanide derivatives, also isoelectronic with CO, have been prepared with a
Cp
number of partly alkylated Cp0 ligands [Cp0 ¼ Cp, MeCp, t-BuCp, TMS
(TMS ¼ tetramethylsilane)] forming either 1:1 or 1:2 adducts (44).
The large steric encumbrance of Cp 3U was the focus of a theoretical
question arguing how much more steric hindrance the uranium moiety could
possibly bear. To probe this point, Cp 3U was oxidized with PhX (X ¼ Br, Cl, F)
reagents affording the corresponding tetravalent Cp 3UX complexes with the
halogens displaying unusually long M
X distances (Scheme 16) (45). The
tendency to ease steric hindrance is the basis for the high reactivity of Cp0 3U
species. For example, the reaction of 2 equiv of Cp 3U with 3 equiv of cyclooctatetraene (COT) in toluene gave elimination of two Cp ligands and oxidation of
the metal center to form the tetravalent {(Cp )(C8H8)U}2(C8H8). This complex
contains two mixed-ligand bent metallocene units bridged by one severely
distorted molecule of COT, which is bonded in a very unusual Z3:Z3 fashion (46).
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The presence of two rather than three Cp rings around the trivalent uranium
centers seems to provide an optimum stability to the complex. The synthesis of
the Cp UI2(thf)3 and Cp 2UI(thf) was achieved in high yield upon treatment of
UI3(thf)4 with the appropriate amount of Cp K (Scheme 17). Further functionalization of Cp UI2(thf)3 was obtained via a metathetic reaction with
silazanate. The crystal structure of the resulting Cp U[N(SiMe3)2]2 showed
the presence of agostic interactions between the U center and the methyl groups
of the silazanate moiety (47).
Cationic organometallic compounds are of great interest due to the high
Lewis acidity that usually enhances catalytic performances (48). A cationic trivalent uranium complex [Cp 2U(thf)2](BPh4) was prepared via simple treatment
of Cp 2U[N(SiMe3)2] with NH4BPh4 (49). The reaction proceeds via protonation of the silazanate group followed by dissociation of the resulting amine and
replacement by two molecules of thf. Another rare example of organometallic
and cationic trivalent uranium complex is provided by the [U(COT)(HMPA)3]
(BPh4) derivative that was obtained via reduction of the tetravalent [U(COT)
(HMPA)3] (BPh4)2 with Na/Hg (50).
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B.

Nitrogen Donor

One of the most illustrative examples of a U(III) derivative displaying an unusually large coordination sphere is provided by the derivative of the podand tris[3(2-pyridyl)pyrazolyl-1-yl]borate ligand (HBpyrpz3) showing the trivalent metal
ion present in an icosahedral N(12) coordination environment deﬁned by the two
hexadentate ligands (Scheme 18) (51). When the ligand denticity and steric hindrance were decreased, as in the case of the bis(pyrazolylborate) anion (H2Bpz2),
the reaction with UI3(thf)4 afforded the trivalent U[H(m-H)Bpz2]3(thf) complex,
where the six N donor atoms of the chelating H2Bpz2 ligands are arranged in a
slightly distorted trigonal-prismatic geometry. The crystal structure also shows the
presence of a U
H agostic interaction (absent in the more crowded pyridyl pyrazolylborate) which, in combination with the coordination of one molecule of thf,
deﬁnes the 10-coordination geometry around the metal center. In the solution
phase, the molecule is ﬂuxional, but the nature of the ﬂuxionality, could not be
elucidated. Desolvation and formation of the thf-free complex U[H(m-H)Bpz2]3
was obtained with repeated cycles of dissolution of the complex in toluene (52).
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The pyrazolylborate ligands are encountered rather frequently in the coordination chemistry of trivalent uranium since they are apparently versatile for the
stabilization of the trivalent state. For example, the reaction of the tris(iodide)
salts with 3-tert-butyl-5-methyl pyrazolyl [H2B(3-t-Bu,5-Me-pz)2] and diphenyl
pyrazolyl [Ph2B(pz)2], respectively, afforded the corresponding UI2[H2B(3-tBu,5-Me-pz)2](thf)2 and homoleptic U[Ph2B(pz)2] (Scheme 19) (53). Here,
U(III) seems to posses a higher afﬁnity for the N-donor ligands in comparison
to the lanthanide congeners. For example, polydentate pyridine ligands were
used for the selective recognition of U(III) from Ce(III). Addition of 2,6-bis(5,6dialkyl-1,2,4-triazin-3-yl)pyridine to a mixture of UI3 and CeI3 selectively gave
the corresponding 1:3 adduct with uranium while Ce remained uncoordinated. A
comparative structural study between the U and Ce derivatives revealed that
uranium forms shorter bond distances with the ligand therefore indicating that
the interaction with the ligand system is stronger (54).
The heteroscorpionate pyrazolylborate derivative K[H2B(pzt-Bu,Me)(pzMe2)] upon
reaction with UI3(thf)4, afforded a series of seven-coordinated trivalent complexes
of formula U{k3-Bpzt-Bu,Me}(Hpzt-Bu,Me)I(m-I)]2 (55). The absence of empty coordination sites provide these complexes with a remarkable stability. Along the same
line, the reaction of bis(2-mercapto-2-methylimidazolyl)borates [H(R)B(tim)2; R ¼
H, Ph] with UI3(thf)4 in the presence of Tl(BPh4) in THF gave another rare case of
a cationic trivalent uranium complex {U[H(R)B-(tim)2]2 (thf)3}(BPh4) (56).
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The afﬁnity of trivalent uranium for nitrogen-based ligands was the subject
of a recent comparative study. A series of lanthanide and actinide complexes of
both 2,20 :60 m,200 -terpyridine (terpy) and of 2,6-bis(5,6-dialkyl-1,2,4-triazin-3yl)pyridine (rtbp) were prepared for this purpose. In comparison with terpy,
the rtbp ligand has a better afﬁnity for the 5f elements such as U(III). This was
argued on the basis of the comparison of the M
N(ligand) bond distances (57).
A similar situation was also observed with pyridine and bis(pyridine) derivatives, for which Ce(III) and Nd(III) display comparable afﬁnity, while U(III)
again shows higher afﬁnity, as demonstrated by both crystallographic and conductometric measurements (58).
C.

Sulfur Donor

The higher afﬁnity of U(III) also for S- donor ligands comparing to trivalent lanthanides can be well appreciated during the complexation with crown
thioethers. Again, a comparative study among the crystal structures of trivalent
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Ln and U derivatives has shown that trivalent uranium gives a stronger interaction with the S donor atoms (59). The afﬁnity of the U(III) species for sulfur is
probably the basis of its ability to perform C
S bond cleavage. This was
observed during the reduction of Cp 2U(SR)2 (R ¼ Ph, Me, i-Pr, t-Bu) with Na/Hg
(Scheme 20) affording the corresponding U(III) complex Na[Cp 2U(SR)2]. This
species thermally transformed into the tetravalent Na[Cp 2U(SR)(S)] (R ¼ i-Pr)
(60). The same thermal decomposition was observed in the case of R ¼ Me to
yield the thiametallacyclopane derivative Na[Cp 2U(SMe)(SCH2)] (60). The
Cp 2U(S-t-Bu)(S)](Na(18-crown-6)] provides the ﬁrst case of an f-element
containing a U ¼ S double bond [U
S ¼ 2.462(2) Å] (61).
D.

Oxygen Donor

A rather unique ligand system for the stabilization of the trivalent
uranium center is the [Zr2(O-i-Pr)9]() anion that reacts readily with UI3(thf)4
to form the corresponding [Zr2(O-i-Pr)9]UI2(thf). The robustness of this
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species was assessed via replacement of the two residual iodine atoms with the
COT dianion[COT]2- giving the organometallic derivative [Zr2(O-i-Pr)9]U(COT). Interestingly, the direct reaction of the tetravalent UCl4 with [Zr2(O-iPr)9] was remarkably different since it afforded only scrambling of the
i-PrO groups between Zr and U and formation of [UCl2(O-i-Pr)2(dme)]2
(Scheme 21) (62).

IV.

DIVALENT SYNTHETIC EQUIVALENTS

Authentic divalent uranium species are unknown (6). Even in the few cases
where complexes have the formal appearance of genuine divalent species, such
as the arene derivatives described below, the actual oxidation state is considered to be as resting in the trivalent or tetravalent state. However, regardless
of the formal oxidation state, the chemical reactivity of these species is that of
divalent synthetic equivalents. The term ‘‘divalent uranium synthetic equivalent’’ was forged by Marks to explain the unusual reactivity of the trivalent
uranium complex Cp 2UCl(NaCl) discovered 25 years ago (63). More
recently, this species has been used to perform a unique case of four-electron
reduction of the N
N double bond on the same metal center (7). The reaction
of Cp 2UCl-(NaCl) with azobenzene (or organic azides) in the presence of
NR)2, a process that could be expected
Na/Hg affords the hexavalent Cp 2U(

from an hypothetical Cp 2U species. It was proposed that the reaction
NR) intermediate,
proceeds via initial formation of a pentavalent Cp 2UCl(
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which conproportionates with the starting trivalent complex toward tetravalent
Cp*2UCl2 and Cp 2U(
NR). While the second complex forms the ﬁnal
Cp 2U(
NR)2 product via direct reaction with the organic substrate, the
dichloro derivative is reduced to the starting Cp*2UCl(NaCl) trivalent complex
by Na/Hg ready for another cycle of reaction. The overall net result of the
reaction is the four-electron attack to RN
NR and formation of the hexavalent
Cp 2U(NR)2.
Arene divalent synthetic equivalents having the formal appearance of divalent species have been recently prepared through a complex series of transformations. Given the high reactivity of the trivalent state, there is no surprise that
attempts to replace the iodide ligands of UI3(thf)4 often afforded disproportionation. This was the case of the reaction of two sterically demanding amide and
ketimide lithium salts that, upon reacting with UI3(thf)4, afforded the tetravalent
[(t-Bu)ArN]3UI (27) and [Mes(t-Bu)C
N]3UI(dme) (Mes ¼ mesylate) (64).
Nevertheless, these species work as excellent starting materials for further
reduction (Scheme 22) that, in both cases, afforded divalent synthetic equivalents (synthons). Both complexes have in common the same inverted sandwich
structure with the uranium centers symmetrically placed on the two sides of
one aromatic ring (a toluene molecule in the case of the amide derivative
(m-C7H8){U[N(t-Bu)Ar]2}2 (6) and naphthalene in the case of the ketiminide
derivative K2(m-Z6,Z6-C10H8){U[N
C(t-Bu)Mes]2}2. Treatment of the ketiminide dipotassium salt with cyclooctatetraene afforded the corresponding
8
dinuclear [m-Z8,Z8-C8H8]{U[N
C(t-Bu)Mes]2}2 and mononuclear [Z C8H8][U(N
C(t-Bu)Mes]. The naphthalene and toluene complexes are particularly signiﬁcant since they provide the ﬁrst examples of d-back-bonding from
the actinide toward aromatic rings. The charge transfer from the metal 6d and 5f
orbitals toward the aromatic ring lowest unoccupied atomic orbital (LUMO)
involves four uranium electrons. Therefore, in spite of the deceiving appearance
of divalent species, these complexes probably should be regarded as tetravalent.
Nevertheless, these molecules preserve a very substantial reducing power and
may act as authentic divalent synthons (Scheme 22). For example, (m-C7H8)
[U(N[t-Bu]Ar)2]2 reacts with both Ph2S2 and Ph2N2 to perform, respectively,

N bond cleavages affording the tetravalent (m-PhS)2[U(N-[tS
S and N

Bu]Ar)2(SPh)]2 and (m-PhN)2[U(N[t-Bu]Ar)2]2 through four-electron processes.
Finally, it should be observed that the coordination of the aromatic ring to the
actinide center does not substantially alter the geometric parameters of the ring
itself, which shows neither distortion nor signiﬁcant bond elongations. This
ﬁnding is in striking contrast with the behavior of the sole reported case of the
(arene)Th complex {[(Et8-calyx[4]tetrapyrrole)ThK(dme)](m,m0 -Z4:Z6-C10H8)(m-K)}n, which displays a very visible distortion of the naphthalene ring (65)
as the result of an increased back-bonding interaction and a lower stability of
the divalent state conﬁguration.
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V.

CONCLUSIONS

In conclusion, this chapter has covered the most recent literature of trivalent
uranium, an oxidation state that only recently came increasingly under the
spotlight and that currently can be regarded as a rapidly rising star in the ﬁeld of
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molecular activation. In fact, it is only in the last 6 years that a ﬂurry of reports
has conclusively demonstrated the ability of this metal to perform transformations of the caliber comparable to divalent samarium. Dinitrogen ﬁxation and
cleavage, a variety of bonding modes adopted with the ligand systems, an
enhanced tendency toward p-ligation, and even the ability to interact with saturated hydrocarbons, altogether give a clear indication that a world of diversifed
transformations is yet to be discovered. Great ﬁndings can be anticipated for the
near future.
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Cp
Cp
COT
DME (solvent)
dme (ligand)
dmpe
HBpyrpz3
H2Bpz2
HMPA
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mentb
Mes
NMR
pz
Pr
Py (solvent)
py (ligand)
rtbp
terpy
tacn
tim
tpa

Cyclopentadienyl anion
Pentamethylcyclopentadienyl anion
Cyclooctatetraene
1,2-Dimethoxyethane
Dimethoxyethane
1,2-Bis(Dimethylphosphino)ethane
Tris[3-(2-pyridyl)pyrazolyl-1-yl]borate anion
Bis(pyrazolylborate) anion
Hexamethylphosphoramide
Lowest unoccupied molecular orbital
Tris(N-methylbenzimidazole-2-ylmethyl)
amine
2,4,6-Trimethylphenyl
Nuclear magnetic resonance
Pyrazolyl
Propyl
Pyridine
Pyridine
2,6-Bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine
2,20 :60 m,200 -Terpyridine
1,4,7-Triazacyclononane
Bis(2-mercapto-2-methylimidazolyl)borate
anion
Tris(2-pyridyl)methylamine
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THF (solvent)
thf (ligand)
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I.

INTRODUCTION

Nitrogen is an essential element for living organisms as a component of
amino acids, nucleic acids, and cofactors. Early research in the area of nitrogen
chemistry in biology focused on elucidating the mechanisms for conversion of
the highly thermodynamically stable dinitrogen (N2) molecule into a suitable
state, typically as ammonia (NH3), for insertion into these biological building
blocks. Nitrogen ﬁxation in the biosphere occurs by both biochemical and
inanimate pathways, including a substantial synthetic contribution. For example,
nitrogen-ﬁxing bacteria directly convert N2 to NH3, while lightening strikes

oxidize N2 to nitrite ðNO
2 Þ and nitrate (NO3 ), which can then be reduced to
NH3 by bacterial reductases [see Ref. (1) for a review]. These processes are
constituents of one of the major chemical cycles that sustain life on this planet
and illustrate the origin of the biological importance of nitrogen due to the
capacity of this element to exist in all oxidation states from þ5 to 3. The
intermediate species proposed to be formed during reduction of NO
3 (þ5) to
NH3 (3) include NO (þ2), HNO (þ1), and NH2OH (1) (2, 3). This
intermediacy generated initial interest in the biology of these nitrogen oxides.
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The beneﬁcial application of nitrites and nitrates in the biosphere can be
extended to human health, beyond the enhanced productivity of fertilizer-treated
soil. Nitrites and nitrates have been utilized for years as food additives, especially in cured and processed products, as antibacterial agents and preserratives of
color and ﬂavor. Nitrite is also an important antibacterial component in the oral
cavity and gut (4). However, overexposure can be deleterious to ecosystems and
to individual organisms. Leaching of fertilizers into rivers causes rapid proliferation of algae, which can result in severely reduced dissolved oxygen and
elevated water toxicity, distressing both aquatic and terrestrial fauna. Nitrate is
reduced to nitrite by bacteria in the digestive tract (5), and overconsumption of
either nitrite or nitrate can lead to methemoglobinemia [see Ref. (6) for a review].
This condition is potentially fatal due to a lower capacity to transport oxygen as
a result of oxidation of hemoglobin by nitrite. Nitrite can also be reduced in the
digestive tract to a nitrosating agent (7). The identiﬁcation of secondary
nitrosamines as potent carcinogens has consequently sparked concern that
ingestion of food with a high nitrite or nitrate content can be a factor in cancer
etiology (8, 9).
Research on the chemical biology of nitrogen oxides has expanded substantially beyond the nitrogen cycle and the consequences of fertilizer use due to the
discovery of nitric oxide (NO) as an endogenous mediator of cardiovascular
tone. Furchgott and Zawadzki (10) reported that a compound produced by
endothelial cells, which line the inner wall of blood vessels, migrates to the surrounding vascular smooth muscle cells and regulates relaxation of the vessels.
This species was labeled the endothelium derived relaxing factor (EDRF) and
was shown to activate the heme protein soluble guanylyl cyclase, which converts
guanosine triphosphate (GTP) to guanosine 30 ,50 -cyclic monophosphate (cGMP)
(11). Ultimately, it is this cyclic nucleotide that triggers vasodilation in a cascade
event (12). Concurrent studies by Murad et al. (13), demonstrating that NO
stimulates soluble guanylyl cyclase, and by Ignarro et al. (14, 15), revealing that
nitroglycerin and other nitrovasodilators produce NO, led to the hypothesis
that NO is the EDRF. Conﬁrmation was obtained by chemiluminescence studies
and mass spectral analysis of endothelial preparations (16–18).
In the late 1970s, Hibbs et al. (19, 20) observed that macrophages secreted
compounds that were effective antitumor agents, via inhibition of tumor cell
respiration and depletion of iron (21, 22). Tannebaum and co-workers (23)
showed that the levels of excreted nitrite and nitrate were elevated during infection in humans. Stuehr and Marletta (24, 25) followed with the determination
that nitrite production was enhanced in activated macrophages, which exhibited
an increased capacity to nitrosate amines at neutral pH. This ﬁnding led to concerns about the potential for endogenous formation of carcinogenic nitrosamines.
Electron paramagnetic resonance (EPR) studies by Lancaster and Hibbs (26)
veriﬁed that nitrite and nitrosamine formation were a result of NO production
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by macrophages. Nitric oxide was found to be synthesized from L-arginine by
several isoforms of NO synthase (NOS) [see Ref. (27) for a review], and derivatives of L-arginine, such as N-methyl-L-arginine, were shown by Hibbs and coworkers (28, 29) to prevent effective immunological response against infections
and tumors as a result of inhibition of NOS (30). These inhibitors facilitated
assessment of the function of NO in numerous physiological processes. Together,
these discoveries were the beginning of the ﬁeld exploring the complicated biology of NO, which has become one of the fastest growing biomedical disciplines
over the past two decades.
Since these initial studies, NO has been shown to regulate or modulate a
variety of physiological functions (Scheme 1), including the cardiovascular,
immune, and nervous systems (18, 31, 32). However, discovery of these critical
roles of NO in normal physiology was coupled with growing speculation about
the contribution of NO to pathophysiological conditions. Nitrogen oxides had
been known for some time to be components of air pollution and to be strong
oxidants [see Ref. (1) for a review]. Correspondingly, the oxidant peroxynitrite
(ONOO), which is formed at near-diffusion control from the reaction of NO
with superoxide (O
2 ) (33), was proposed to directly mediate tissue injury (34).
Descriptions of physiological functionality and pathological consequences following exposure to NO have since been reported within the same disease model.
This apparent Janus face of NO has led to numerous controversies in the literature, which underscores the requirement for a complete understanding of the
complex chemistry and biology of nitrogen oxides. This understanding can be
achieved by assessment of the relevance of all the possible chemical reactions of
NO to the mild, but highly variable, conditions found in living systems.

NO

Regulatory

Protective

Deleterious

Vascular Tone
Immune Surveillance
Cellular Adhesion
Vascular Permeability
Neurotransmission
Bronchodilation
Platelet Adhesion Inhibition
Renal Function

Antioxidant
Leukocyte Adhesion Inhibition
Protection Against TNF Toxicity

Enzyme Function Inhibition
DNA Damage Induction
Lipid Peroxidation Induction
Increased Susceptibility to:
Radiation
Alkylating Agents
Toxic Metals
Antioxidant Stores Depletion

Scheme 1.
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The kinetically viable reactions of NO fall into two categories, which provide
the framework for the chemical biology of NO (Scheme 2) (35, 36). Direct
effects are those reactions between NO and a biological target that are facile
enough to occur at low concentrations of NO, typically <100 nM. Conversely,
indirect effects are not mediated by NO itself, but require activation of NO via
reaction with oxyradicals or O2. It is the resulting reactive nitrogen oxide
species (RNOS) that then interact with biomolecules. Indirect effects tend to
become signiﬁcant at elevated concentrations of NO. There has been some dispute about the role of RNOS in tissue injury. In part, this is a result of the
complex chemistry of these intermediates within a complex biology. However, a
logical chemical evaluation can clarify the mechanisms resulting in the observed
biology of NO.
Despite being a free radical, NO is a relatively stable molecule that can be
utilized conveniently in a laboratory setting. In a physiological environment,
however, NO is consumed rapidly (37) and thus has a limited lifetime to directly
interact with biological targets. The primary consumption pathway is generally
considered to be the reaction of NO with oxyhemoglobin (HbO2; 5 mM in red
blood cells in the arterial circulation), which proceeds with a rate constant of
3:4  107 M1s1 (38, 39).
FeII O2 þ NO ! FeIII þ NO
3

ð1Þ

Encapsulation of HbO2 by the red blood cell slows the rate of Eq. 1 by 650-fold
(40), due to alteration of the rate-limiting step from diffusion of NO through the
protein into the active site to diffusion of NO into the cell. Even with this
metal nitrosyl formation
Direct Effects
low NO

metal-oxo
reactions

radical
reactions
NO

high NO

O2

Indirect Effects
N2O3
Nitrosative Stress
Scheme 2.

O2−
ONOO−
Oxidative Stress
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reduced rate, the half-life of NO in whole blood is estimated to be only 2 ms
(40). Further, the enhanced rate of NO consumption by extracellular protein can
negatively impact the efﬁcacy of blood substitutes (38) and can be highly consequential during hemorrhage (41) or red blood cell hemolysis, for example, in
diseases such as sickle cell anemia (42).
Thomas et al. (43) demonstrated that NO is depleted by cells other than red
blood cells in an O2-dependent process of unknown mechanism. This reaction
has implications for the diffusion distance of NO away from the point of origin.
These pathways are important for conﬁning the effects of NO to speciﬁc cellular
regions by controlling migration to neighboring cells or tissues. Hence, processes that are mediated by NO must be competitive compared to the rates of
other consumptive pathways in order to exhibit biological importance.
The chemistry of NO has been the subject of review articles for decades with
coverage predominantly dedicated to the reactions of NO with metal complexes
[for comprehensive reviews, see Refs. (44–46)]. Due to the rapid associations of
NO both with metal complexes, particularly heme and non-heme iron as a result
of high relative concentration, and with other radicals, these interactions are of
primary signiﬁcance to the chemical biology of NO (36, 47, 48).
The importance of binding of NO to heme is exempliﬁed by soluble guanylyl
cyclase, which is a heterodimeric protein that binds a single heme at the b
subunit. The heme is ligated by the protein both proximally, at histidine (His)
105 (49), and peripherally, through interactions of the heme propionic acid
side chains with tyrosine (Tyr) 135 and arginine (Arg) 139 (50). Spectroscopic
analysis has suggested that the heme is bound exclusively by the proximal
His, producing a ﬁve-coordinate, high-spin histidyl complex (51, 52). However,
other isolation preparations have yielded a mixture of the ﬁve-coordinate
complex and the low-spin six-coordinate complex, with a distal His loosely
bound (53–56). Binding of NO to the distal site, whether initially vacant or
occupied by an easily displaced His, labilizes the proximal His, producing a
ﬁve-coordinate high-spin iron(II)nitrosyl complex (51, 53, 54, 56–59). Release
of the proximal His induces a conformational shift in the protein, which in turn
enhances enzymatic activity by 200-fold.
Understanding of this protein is far from complete. Crystal structures have
yet to be obtained, and the lack of O2 binding and substantially lower activity
enhancement by CO require further investigation. Additionally, the mechanism
of deactivation of the enzyme is unclear. The association rate constant for NO
with soluble guanylyl cyclase has been determined by stopped-ﬂow techniques
at 4 C to exceed 1:4  108 M1 s1 (60). This rate constant is substantially
faster than other ferroheme proteins, thus accommodating the low concentrations of NO produced by endothelial NOS and effectively competing with other
consumption pathways. However, the dissociation rate [rate constants ranging
from 4  104 s1 to 3:7 s1 , depending on experimental conditions (61, 62)]
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is too slow to allow for the fast activity modulation required for blood ﬂow
regulation. The suggestion has been made that cGMP acts as a negative feedback
regulator, facilitating NO dissociation (59, 61, 62), but additional analysis of this
mechanism is necessary.
Although soluble guanylyl cyclase is commonly considered to be the only
primary chemical receptor for NO, heme proteins can react with NO in a variety
of oxidation states. For example, NO can complex at near diffusion control with
hypervalent iron states formed in Fenton-type reactions (63–65).
FeII þ H2 O2 ! FeIV O þ OH
Fe O þ NO ! Fe þ
IV

II

NO
2

ð2Þ
ð3Þ

An important consequence is that NO serves as a powerful antioxidant and can
prevent cellular and tissue injury mediated by peroxides. Reactions of this type
thus inﬂuence both biological and pathophysiological processes.
Interactions between NO and ferric hemes also result in reversible inhibition of cytochrome P450, catalase, and cytochrome c oxidase activity (66–68),
through occupation of the active site and consequent competitive hindrance of
mitochondrial respiration.
FeIII þ NO Ð FeIII NO

ð4Þ

The higher stability of ferrous heme nitrosyl complexes compared to the corresponding ferric species is well documented [see Refs (44–46, 69) for reviews].
Since cytochrome P450, catalase, and cytochrome c oxidase are commonly
associated with reducing agents, a mechanism exists for longer term inhibition
of the activity of these proteins.
FeIII NO þ e ! FeII NO

ð5Þ

Similarly to hemes, and by association to other metal motifs, the reaction of
free radicals with NO can be either beneﬁcial or detrimental depending on the
speciﬁc situation. The positive effects of NO in the treatment of both acute and
chronic disease continue to be ascertained. In the cardiovascular system, NO is
critical to the abatement of oxidative stress induced by reactive oxygen species
(ROS) (70–72). Tissue damage and organ dysfunction associated with ischemiareperfusion during stroke or myocardial infarction occurs as a result of ROS
formation. During ischemia, the tissue enters a reductive state with the cessation
of electron shuttling to O2 by the electron-transport chain. Restoration of blood
ﬂow after prolonged periods of partial or total interruption thus elicits rapid,
uncontrolled reduction of O2 to O
2 and H2O2. These ROS damage tissue
directly and also induce biological cascades that result in recruitment of
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leukocytes, which subsequently extend the infarct area. Scavenging of ROS by
NO protects against oxidative processes that propagate and perpetuate damage
(63–65), thereby reducing both the chemical and biological consequences of
reperfusion injury.
Chronic diseases such as atherosclerosis are also propagated by oxidative
stress (73). The sequence of events leading to arterial occlusion is complex and
not fully understood. However, both platelet adhesion and macrophage activation participate in the formation of atherosclerotic plaques in the environment of
elevated serum cholesterol (74). Oxidative chemistry can profoundly affect
several steps in the formation of atheroma (75), including recruitment of
immune cells such as macrophages, and as during ischemia-reperfusion, the
antioxidant nature of NO can inhibit this process (76).
The shortcoming of the reactions of NO with ROS is that the products are
also oxidants, although generally of weaker potential than the original ROS.
These products (e.g., ONOO), have been proposed to directly mediate tissue
injury (34) by a variety of chemical modiﬁcations. A more detailed discussion is
given in Section III.B.

III.

HNO: THE OTHER SIDE OF NO

The biomedical research on nitrogen oxides has nearly exclusively involved
NO and its oxidative metabolites. Reduced species, such as nitroxyl (HNO) and
hydroxylamine (NH2OH), have been largely unexplored in mammalian systems
until recently. The initial interest in the biochemistry of HNO arose following
observation of nitrous oxide (N2O) during bacterial reduction of nitrite to NH3.
Dehydrative dimerization of HNO to form N2O (77, 78) was well documented
in the gas phase,
2HNO ! ½HONNOH ! N2 O þ H2 O

ð6Þ

and several laboratories contended that N2O was produced in this fashion in
bacteria [see Refs. (2, 79) for a review]. The involvement of a heme-bound NO
dimer without the intermediacy of HNO has also been suggested (80), and a
satisfactory resolution has not been realized. However, the motivation to
understand the biochemistry of HNO originates from these discussions.
The biosynthesis of NO from NOS is well established. Recently, additional
mechanisms for production of NO in vivo, from storage pools of nitrite (81) or
S-nitrosthiols (82), have been the subject of intense debate in the literature. One
could argue that these pools, if they are in fact physiologically consequential,
originate from NO produced from NOS, and thus NO formation is essentially
dependent on a single synthetic pathway in vivo. Conversely, although endogenous
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formation of HNO has yet to be conclusively demonstrated, investigations with
puriﬁed biomolecules point to the possibility for numerous biosynthetic routes
to HNO (Scheme 3).
The conversion of NO to HNO can proceed by several mechanisms, including formal reduction by metalloenzymes such as superoxide dismutase (SOD)
(83–85) and xanthine oxidase (XO) (86) or reductants such as ﬂavins (87) and
ubiquinol (88). The reaction of S-nitrosthiols, which would be formed initially
upon NO biosynthesis, with excess thiols also releases HNO (89–92).
RSNO þ RSH ! RSSR þ HNO

ð7Þ

Drug metabolism may also lead to HNO production, potentially site speciﬁcally,
as has been indicated for the clinical alcohol deterrent cyanamide (93, 94)
catalase=H2 O2

H2 NCN ! ½HONHCN ! HNO þ HCN

ð8Þ

and the sickle cell disease treatment hydroxyurea (95, 96).
Of potentially greater consequence are the observations of HNO production
during oxidation of L-arginine, by NOS under low cofactor conditions (97–100),
or of the NOS intermediate NG-hydroxy-L-arginine, either uncoupled (101, 102)
or coupled to NOS (97, 103). These processes would convert the enzyme from
an NO to an HNO synthase, and would thus provide a condition-dependent,
alternative signaling mechanism. Although this is an intriguing possibility, based
upon biochemical analysis, it is at present hypothetical in vivo.
The consumption of HNO by dehydrative dimerization (Eq. 6) is a substantial
impediment to the direct observation of HNO, in vivo or otherwise, although
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N2O can be utilized as an indirect marker of HNO formation. The dimerization
of HNO has been studied both experimentally and theoretically since the 1960s,
and several values for the rate constant have been offered [reviewed in
(104,105)]. The current accepted value, determined by ﬂash photolysis techniques at room temperature, is 8  106 M1 s1 (106), recently revised from
2  109 M1 s1 (107). Thus, the rate of this reaction requires that HNO be
produced in situ by degradative, reductive, or photochemical methods.
Despite the ready storage of NO in the gas phase and in solution, the availability of donor compounds has been invaluable to the elucidation of the biological properties of NO. The rate of NO production by NOS is cell dependent,
and NO donors with controlled decomposition rates have been used extensively
to simulate NO biosynthesis (108, 109), which cannot be easily accomplished
by bolus addition of NO solutions. In this regard, the necessity for chemical
production of HNO is not necessarily an experimental impediment, and the use
of donor compounds actually facilitates direct comparison of the effects of
exposure to NO or HNO.
The production of HNO from nitrogen-containing compounds has been
investigated for over a century. The processes of HNO elimination from organic
precursors include acid-catalyzed solvolysis of aci-nitroalkanes (Nef reaction)
(110, 111), nitrosative cleavage of tertiary amines (112), retro-Diels–Alder
reactions (113), and decomposition of organophosphourous compounds (114–
116). Formation of HNO from inorganic species include the reactions of NO
with hydrogen (117) and with NH2OH (118, 119).
Since the 1970s, synthesis of HNO for experimental use in aqueous solutions
has generally been achieved by either thermal (Scheme 4) or photochemical
decomposition of the inorganic salt sodium trioxodinitrate (Na2N2O3; Angeli’s
salt) or the organic compound N-hydroxybenzenesulfonamide (C6H5SO2NHOH;
Piloty’s acid), which were both originally synthesized in the late 1800s
(120, 121). Other sulfohydroxamic acid derivatives have since been prepared,
with highest use of the methane [Me3SO2NHOH, N-hydroxymethanesulfonamide;
MSHA (122)] and hydroxy [HOSO2NHOH, hydroxylamine-N-sulfonic acid;
NHSA (123)] analogues to Piloty’s acid. Nagasawa and co-workers synthesized
several series of Piloty’s acid analogues as prodrugs that release HNO following
initiation of decompositon by enzymatic O-dealkylation or O-deacylation [see,
e.g., (124–129); one example of these series is shown in Scheme 4].
The decomposition rate of Angeli’s salt under physiological conditions [4 –5 
103 s1 (130, 131)] is nearly identical to that of the NO adduct of diethylamine
(DEA/NO; Na[Et2NN(O)NO]) (131). Comparative assays have thus generally involved these two compounds as respective donors of HNO and NO (Scheme 4).
The decomposition of Angeli’s salt (and DEA/NO) accelerates with increasing
acidity (130). In contrast, the degradation of sulfohydroxamic acid derivatives
such as Piloty’s acid is enhanced by elevated alkalinity (132, 133). Thus,
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Angeli’s salt is currently the only commonly employed spontaneous donor of
HNO under physiological conditions (108, 134).
The discovery of endogenous NO production by NOS has led to hundreds of
studies of the effects of nitrogen oxide donors in vitro, in vivo, and ex vivo.
One of the ﬁrst comparisons of nitrogen oxides that included HNO investigated
the cytotoxicity (clonogenic assay) of various donors toward Chinese hamster
lung ﬁbroblasts (V79 cells) (135). The HNO donor Angeli’s salt exhibited
toxicity > 1 mM, which was comparable to alkylhydroperoxides and several
orders of magnitude greater than the NO donor DEA/NO. Simultaneous
exposure to Angeli’s salt and peroxide decreased clonogenic survival while
DEA/NO was protective against oxidative insult. This comparative study
provided the ﬁrst indication that NO and HNO display distinct toxicological
properties. Moreover, the cytotoxicity of HNO was ascertained to require an
aerobic environment and to be dramatically enhanced by chemical depletion of
intercellular glutathione (GSH). These results suggested the presence of speciﬁc
targets for HNO in vivo and demonstrated the protective nature of GSH toward
HNO toxicity.
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The detrimental effects of aerobic exposure to Angeli’s salt and the protective
nature of DEA/NO observed in the cytotoxicity studies were replicated in an
in vivo analysis of reperfusion damage in rabbit hearts (136). These results were
also in accord with the known beneﬁts of amelioration of oxidative stress during
reperfusion (137, 138). Although it is tempting to attribute the observed increase
in infarct area by Angeli’s salt to decreased cell survival, the in vivo dose was
1000-fold lower than the cytotoxic level. Angeli’s salt is well tolerated [LD50 of
140 mg/kg (139)], and millimolar levels substantially exceed the effective
pharmacological requirements and have no endogenous relevance. Thus, the
augmented damage arises from a physiological modiﬁcation rather than a direct
chemical insult. In fact, Angeli’s salt was found to increase neutrophil recruitment similarly to other oxidants (136, 140), by a mechanism suggested to involve
modiﬁcation of the redox environment at the endothelial surface.
Conditions or agents that enhance damage at reperfusion can be utilized to
precondition tissue toward later insult (141). For example, preexposure of tissue
to several brief episodes of ischemia confers increased resistance to a subsequent, longer ischemic period, in a protective sequence referred to as ischemic
preconditioning. Pharmacological preconditioning is certainly preferable to
coronary occlusion, and the reperfusion results (136) suggested the candidacy
of Angeli’s salt as a suitable pharmacological preconditioning agent. Donors of
NO as well as the inducible isoform of NOS exert myocardial protection against
stress conditions such as ischemia (142), but the preconditioning effects are
somewhat debatable. Pagliaro et al. (143) demonstrated in isolated rat heart
preparations (Langendorff model) that administration of Angeli’s salt prior
to induced ischemia resulted in a dramatic reduction of infarct area at reperfusion, similarly to ischemic preconditioning and in opposition to control or DEA/
NO-treated hearts. That HNO afforded myocardial protection to a greater
magnitude than NO in this model suggests the existence of species-dependent,
prooxidative and/or nitrosative stress-related triggers.
These studies illustrate the similar original viewpoints in the NO and HNO
ﬁelds. Both compounds were initially considered to be detrimental in biological
systems, but additional research identiﬁed beneﬁcial applications. The dramatic
disparity in the responses elicited simply by altering the timing of exposure to
HNO, either before occlusion or before reperfusion, underscores the importance
of a complete understanding of the chemistry of these potential pharmacological
agents. Presently, the consideration is that a compound that releases NO under
normoxic conditions to maintain resistance to possible insult, but converts to an
HNO donor during ischemia to abate the subsequent reperfusion injury, could be
ideal for treatment of myocardial infarction or stroke.
Many NO donors, including nitroglycerin, which must be metabolized to
release NO (15), are systemic hypotensive agents due to activation of soluble
guanylyl cyclase. In vivo studies focusing on the cardiovascular effects of Angeli’s
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salt revealed that this donor reduces blood pressure but preferentially dilates only
the venous side of the circulatory system (144). Serum levels of cGMP were
elevated following infusion of either DEA/NO or nitroglycerin into dogs, but
were unaffected by Angeli’s salt (144), supporting the determination (145) that
HNO does not activate soluble guanylyl cyclase. Further, Angeli’s salt infusion
also enhanced myocardial contractility (i.e., exerted load-independent positive
inotropy) in conscious dogs and was found to be additive with b-agonists in
augmenting myocardial performance in failing canine hearts (144, 146).
These characteristics contrast starkly with those of traditional nitrovasodilators, such as nitroglycerin, and represent a novel avenue in the treatment
of congestive heart failure. Further, the discrete properties of Angeli’s salt in the
cardiovascular system suggest that HNO may be not only an important pharmaceutical agent but also an endogenous component in the control of biological
functions, such as myocardial contractility (144). The distinct mechanisms of
function between NO and HNO are typiﬁed by measurement of enhanced serum
levels of the neuropeptide calcitonin gene-related peptide (CGRP) only following exposure to Angeli’s salt. Conversely, elevated cGMP is observed only in
response to NO donors (147).
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The cardiovascular effects of HNO appear to be a direct result of HNO
formation while the cytotoxic properties derive from the reaction of HNO with
O2, which forms a strong oxidant of unknown composition (148). Therefore, the
chemical biology of HNO (Scheme 5) is characterized by direct and indirect
effects similarly to NO. The observation of distinct biological responses to HNO
and NO, including the presence of discrete serum markers, CGRP for HNO and
cGMP for NO, demonstrates that these redox siblings are not readily interconverted in biological systems. The discrete pharmacology of HNO and NO
donors contradicted the general opinion that NO can be easily reduced to NO
under biological conditions and necessitated reevaluation of the fundamental
chemical relationship between NO and HNO.
IV.

COMPARISON OF THE CHEMISTRY OF NO AND HNO
A.

Direct Effects

In 1970, Gratzel et al. (149) investigated the chemistry of the reduction products of NO in a pulse radiolytic study and reported that the pKa of HNO is 4.7.
This value implies that the predominant species at neutral pH is the conjugate
base NO. In analogy to O2, NO exists as a ground-state triplet with a singlet
lowest excited state (150, 151). However, HNO is a ground-state singlet with a
triplet lowest excited state, which results in a unique acid–base relationship,
necessitating a spin change during proton transfer. Calculations based on the
Gratzel pKa value suggested that the standard potentials [1 M vs. normal hydrogen electrode (NHE), throughout] of the NO/3NO and the NO/1NO couples
are 0.39 and 0.35 V, respectively (152). These potentials, which were most
commonly cited despite numerous experimental values ranging from 0.4 to
1 V (153–158), predict that NO should be readily reduced to 3NO.
In aerobic solution 3NO is rapidly (2.7  109 M1 s1) converted to ONOO
(106, 159).
3

NO þ O2 ! ONOO

ð9Þ

Given a NO/3NO couple potential of 0.39 V, the effecter molecule of NOS
would thus be expected to be ONOO, not NO. However, the direct detection of
NO in living systems by a number of techniques (17,18,26) as well as the observation that activation of NOS results in antioxidant chemistry [brieﬂy reviewed
in (160–162)] suggest otherwise. The deﬁnitive mediation of vascular tone by
NO (18, 31) and the discrete effects of HNO and NO donors observed in vitro,
in vivo, and ex vivo corroborate the implications that NO cannot be readily
reduced to NO under physiological conditions (147). Additionally, the oxidation of methyl viologen by O2 was determined to be two orders of magnitude
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faster than by NO (163), indicating a more negative potential for NO than that of
the O2/O
2 couple (0.16 V).
A recent reexamination of NO reduction by quantum mechanical calculations
and cyclic voltammetric and spectrophotometric analyses determined that the
NO/3NO couple potential is in fact lower than 0.7 V, and consequently provided a
calculated pKa for HNO exceeding 11 (164). Similar values were obtained by
photochemical analysis by monitoring ONOO formation (106). These results
corroborated the earlier experimental potential obtained by Benderskii et al. (154).
These corrected values for the pKa of HNO (>11) and reduction potential of
NO (<0.7 V) demonstrate that HNO, rather than NO, is the predominant
species in neutral solution and indicate that NO cannot be easily converted to
NO by simple outer-sphere electron transfer (Scheme 6), unlike the O2/O
2
redox couple. The different potentials and concentrations of NO and O2 in
cellular or physiological systems suggest that NO is essentially inert to reduction to NO in mammalian biology. Note that certain processes in bacteria are
suggested to have sufﬁcient potentials to reduce NO (165, 166), which may have
some importance both to normal bacterial physiology, including nitriﬁcation
and denitriﬁcation, and to antibacterial and pathogenic responses.
Conversely, the very negative oxidation potential for NO denotes highly
facile formation of NO from NO . However, the observed discrete chemical
biology of Angeli’s salt and DEA/NO can be explained by the involvement of
HNO rather than NO. Comparative colorimetric analysis of the reduction of a
series of viologens by Piloty’s acid at high pH (NO formation) and by Angeli’s
salt at neutral pH (HNO formation at a comparable rate) (164) indicated that the
NO, Hþ/HNO couple potential was more positive than that of the NO/NO
couple (>0.4 vs. <0.7 V). These results imply distinct routes of oxidation of
HNO and NO to NO and indicate that the chemistry of HNO will predominate
at neutral pH. Signiﬁcant deprotonation of HNO to NO requires highly alkaline
conditions (106,159,164), and in aerobic solution, NO will be efﬁciently
1
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converted to ONOO (Eq. 9). These conclusions support comparative studies at
neutral pH demonstrating distinct chemical proﬁles for Angeli’s salt and
synthetic ONOO (148, 167).
The high pKa for HNO would normally not be expected to entirely preclude
reactivity of NO at neutral pH. However, the HNO/NO pair is unique in that
proton transfer requires a spin change and that both species are consumed by
rapid self-dimerization [(168); 8  106 M1 s1 for Eq. 3 (106)]. The intersystem crossing barrier slows proton transfer by as much as seven orders of magnitude (169) thus allowing dimerization (and other reactions) to not only become
competitive with, but to exceed, the rate of proton transfer. Thus for the HNO/
NO pair, an acid–base equilibrium has little relevance; the chemistry is instead
dependent on the forward and reverse rate constants for proton transfer relative
to consumption pathways.
Experimental evidence that supports HNO as the sole initial reactive species
from decomposition of donors under biological conditions include the pH
independence of dihydrorhodamine (DHR) oxidation (ﬂuorescent assay) and
ferricytochrome c (ferricyt c) reduction (colorimetric assay) (147, 167). Oxidant
formation or substrate reduction would be expected to be mediated by NO
rather than HNO due to the rapid autoxidation of NO to ONOO (Eq. 9) and
the relative reduction potentials. The slow deprotonation of HNO to NO has
been shown to proceed through base catalysis [5  104 M1 s1[OH] (106)],
1

HNO þ OH ! 3 NO þ H2 O

ð10Þ

and thus the lack of NO involvement in these modiﬁcations is demonstrated by
the absence of a pH effect on product formation (147, 167).
The different biological properties of NO and HNO can be partially
explained by the high reduction potential for NO and the slow rate of deprotonation of HNO. However, HNO is a mild reductant (163, 164), and biomolecules such as ferricyt c (170) and SOD (83, 84) are reduced, at least formally,
by HNO donors, resulting in formation of free NO. The relevance of these
and other reactions that have been observed with puriﬁed biomolecules to the
complex, heterogeneous environments of cells and tissue can be determined
by elucidation of the chemical biology of HNO. This process includes identiﬁcation of potential reactions, mechanistic determinations, and systematic
comparisons of relative reaction rates, particularly for modiﬁcation of biological
targets in relation to consumption pathways.
1.

Metal Complexes

Nitrosylation of nickel cyanide has long-standing utility as a method of
nitroxyl detection (171, 172). Product formation is generally observable only in
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basic solution (pH > 9), indicating that this is a simple substitution of CN
by NO.

2
NiðCNÞ2
þ CN
4 þ NO ! NiðCNÞ3 NO

ð11Þ

In contrast, complexation of HNO tends to result in reductive nitrosylation.
Doyle et al. (39, 170) ﬁrst demonstrated the experimental utility of this reaction
with iron proteins such as methemoglobin (metHb) and metmyoglobin (metMb).
FeIII þ HNO ! FeII NO þ Hþ

ð12Þ

This fundamental reaction illustrates the tendency of HNO to form nitrosyl
complexes, such that examples of bound HNO are quite rare, particularly compared to the vast number of known nitrosyl complexes (formal oxidation states
of NO, NOþ, and NO).
The ﬁrst HNO complex, Os(PPh3)2(CO)(HNO)Cl2, was reported in 1970
upon exposure of HCl to Os(PPh3)2(CO)(NO)Cl (173), and the X-ray crystal
structure was published in 1979 (174). Recent interest has resulted in isolation
of additional examples of HNO complexes, and the structures of three similar
complexes have been reported [(Ru(HNO)(2,6-bis(2-mercapto-3,5-di-tert-butylphenylthio)dimethylpyridine) (175), ReCl(CO)2(PR3)2(HNO) (176), and IrHCl2
(PPh3)2(HNO) (177)]. Preparative routes generally involve protonation, hydride
addition, or reduction of a coordinated nitrosyl (175, 176, 178–186). Farmer and
co-workers also described the ﬁrst synthesis of an HNO complex directly as a
result of exposure to a donor compound (187) while Lee and Richter-Addo
recently observed the HNO adduct of a heme model complex [ruthenium
porphyrin (188)].
The reductive nitrosylation of heme proteins (Eq. 12) is as important a
detection method for HNO as oxidation of MbO2 is for NO [Eq. 1 (170)]. Under
anaerobic conditions, the nitrosyl complexes of reduced heme proteins are
generally quite stable [reviewed in (44–46, 69)]. However, in the presence of O2,
these species decompose back to the starting material by the following
mechanism [for a discussion see Ref. (44)].
FeII NO Ð FeII þ NO

ðgeminate recombinationÞ

Fe þ O2 Ð Fe O2
II

Fe O2 þ NO ! Fe þ
II

III

ð13Þ
ð14Þ

II

NO
3

ð1Þ

Interestingly, HNO also oxidizes oxyheme proteins, although the stoichiometry
is different than for NO (170) and the mechanism is currently unresolved.
2FeII O2 þ HNO ! 2FeIII

ð15Þ
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Doyle et al. (170) originally proposed the intermediacy of NO and the formation
of peroxide.
FeII O2 þ HNO ! FeIII þ NO þ HO
2
Fe O2 þ NO ! Fe þ
II

III

NO
3

ð16Þ
ð1Þ

This mechanism accounts for the observed end products, metHb and nitrate, but
does not consider the fate of peroxides in the presence of metHb, which results
in ferryl p cation radical formation [see Refs. (189, 190) for reviews]. The tight
isosbestic points (170) do not support formation of stable species other than
metHb. An alternative, hypothetical consideration is the reduction by FeIIO2 or
HNO to H2NO; the resulting FeIIIO2 species would dissociate rapidly:
FeII O2 þ HNO þ Hþ ! FeIII þ H2 NO þ O2
þ

Fe O2 þ H2 NO þ H ! Fe þ NH2 OH þ O2
II

III

ð17Þ
ð18Þ

The production of identical products from exposure of hemes to HNO and NO,
either FeIINO (Eqs. 4, 5, 12, 13) or FeIII (Eqs. 1, 15), may have signiﬁcant
relevance to biology in that the same recycling system can be utilized to bring
the metal to the appropriate resting state.
More recently, HNO has been suggested to react with deoxyMb to form a
stable adduct under anaerobic conditions (187). The rate constant was reported
to be 104 M1 s1 at pH 10, similar to ferricyt c and considerably < GSH,
MbO2 , or metMb [Table I; pH 7.4 (147)]. This rate of addition of HNO is
comparable with O2 binding to ferrous heme proteins (191). Aerobic decomposition of Angeli’s salt was not observed to activate the ferrous heme protein
soluble guanylyl cyclase (145), suggesting that stable complexation with ferrous
hemes is the chemical domain of NO under physiological conditions.
Oxidized proteins including peroxidases, catalases, and Cu, Zn or Mn SOD
(84, 147, 170, 192) as well as synthetic iron porphyrins (193) can be reductively
nitrosylated by HNO. The reaction of HNO with peroxidases results in activity
inhibition (data not shown). Additionally, HNO inhibits oxidation by cytochrome
P450 (69), suggesting an antiinﬂammatory role for HNO.
The reaction of HNO with Cu, Zn SOD produces free NO (83, 84).
CuII þ HNO ! CuI þ NO þ Hþ

ð19Þ

The rate constant was estimated at 106 M1 s1 (147), which is several orders of
magnitude slower than the comparable reaction with O
2 , supporting the
assignment of HNO at best as a mild reductant (163, 164). The rapid
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TABLE I
Derived Rate Constants for HNO Consumption
by Biomolecules (37 C, pH 7.4)
Biomolecule

k (M1 s1)

References

Ferricyt c

4  10
2  104a
6–8  105
1  107
3  105
2  106
7  105
0.7–1  106
9  104a
8  104
3  103
1  104
2  106
5  105
6  106
1  105

147
84 (23 C)
107,147
147
147
147
147
147
84 (23 C)
147
147
209 (23 C)
147
147
106
209 (23 C)

metMb
MbO2
Catalase
HRP
MnSOD
Cu,Zn SOD
Tempol
O2
GSH
N-Acetyl-L-cysteine
NO
NO
2

4

a

Recalculated value based on a rate constant for
HNO dimerization of 8  106 M1s1 (106).

dissociation of NO from the d10 Cu(I) with a hard ligand ﬁeld is expected. A
similar reaction is observed for ferricyt c (170, 194).
FeIII þ HNO ! FeII þ NO þ Hþ

ð20Þ

The nitrosyl complex of ferrocyt c has reduced stability compared to other
heme-nitrosyls due to protein interactions (194). Thus, the mechanism of SOD
and cyt c reduction is suggested to involve reductive nitrosylation and elimination of the ligand rather than electron transfer.
2.

Sulfur and Nitrogen Compounds

The mild reduction potential of the NO, Hþ /HNO couple [>0.4 V (164)]
suggests that HNO may act as an electrophile rather than a reductant. Bartberger
et al. (195) used quantum mechanical calculations to predict that HNO will
primarily react with soft nucleophiles, such as thiols and amines, rather than
hard ligands containing oxygen.
Doyle et al. (170) who initially presented the fundamental reactions that are
currently used as primary assays for NO and HNO, also reported that the b-93
cysteines of Hb react with HNO. The association of HNO with thiols is quite
facile and is thus likely one of the primary biological target motifs. The import-
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ance of this reaction was nicely demonstrated by the enhanced cytotoxicity of
Angeli’s salt toward cells deﬁcient in GSH (135). In the presence of excess thiol,
the products are the disulﬁde and NH2OH (170, 196).
RSH þ HNO ! RSNHOH
RSNHOH þ RSH ! RSSR þ NH2 OH

ð21Þ
ð22Þ

In low thiol environments, the intermediate rearranges through several steps to
the sulfenic acid.
RSNHOH ! RSðOÞNH2
RSðOÞNH2 þ H2 O ! RSOOH þ NH3

ð23Þ
ð24Þ

The biological relevance of these reactions became apparent with the determinations that L-cysteine is useful to discriminate between HNO and NO in bioassays (197) and that HNO inhibits aldehyde dehydrogenase (93) by interacting
with an active-site cysteine (198). The DNA repair initiation activity of the zinc
ﬁnger protein poly(ADP-ribose) polymerase (PARP) has also been shown to be
inhibited by Angeli’s salt in vitro (199) , suggesting that HNO can penetrate into
intracellular organelles. Additionally, the copper-responsive yeast transcription
factor Ace1 is inhibited by Angeli’s salt due to degradation of the copper thiolate (200). Loss of transcriptional activity leads to enhanced sensitivity to copper
toxicity. Results of this sort indicate an additional function of low molecular
weight thiols like GSH in homeostasis as well as the susceptibility to inhibition
by HNO of enzymes with critical thiols in a variety of protein environments.
The reaction of HNO and NH2OH is well established (118, 119).
NH2 OH þ HNO ! N2 þ 2H2 O

ð25Þ

This reaction has been shown under neutral conditions to inhibit the O2-dependent
oxidation of DHR mediated by Angeli’s salt (148). This reactivity suggests that
other amines in biological systems are potential molecular targets for HNO.
Comparative quenching of DHR oxidation requires a higher concentration, by
several orders of magnitude higher, of NH2OH than GSH, indicating a secondary
target role for amines, but this requires further study.
Isotopic labeling and kinetic analysis demonstrated that HNO reacts with
nitrite, in the reverse of Angeli’s salt decomposition [Scheme 4; (201, 202)].

HNO þ NO
2 ! HN2 O3

ð26Þ

This reaction is considerably slower than that with NH2OH, suggesting that
reactivity is related to nucleophilicity and pKa.
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In the early 1970s, Gratzel et al. (149) and Seddon et al. (203, 204) utilized
pulse radiolysis of aqueous NO solutions to study the chemistry of NO. The
necessity of conducting the measurements in the presence of a large excess of
NO complicated the determination of the pKa of HNO but also allowed
observation of polymerized species.
NO þ NO Ð N2 O
2

kf ¼ 2  109 M 1 s1

HNO þ NO Ð HN2 O2

kf ¼ 2  10 M

N2 O
2
N3 O
3

k ¼ 3--5  10 M

þ NO ! N3 O
3
! N2 O þ NO
2

9

1 1

6

k ¼ 87--330 s

s

1 1

s

1

kr ¼ 3--6  104 s1
6 1

kr ¼ 8  10 s

ð27Þ
ð28Þ
ð29Þ
ð30Þ

The reactions of NO with NO and HNO were recently reexamined by ﬂash
photolysis of Angeli’s salt in NO saturated solutions (106). The rate constant for
Eq. 27 was equivalent to the pulse radiolysis value; however, the constant for the
reaction of HNO with NO (Eq. 28) was >300-fold lower (6  106 M1 s1),
possibly due to different reactant spin states. These reactions abate the chemistry
of HNO/NO in solution and provide an additional path to N2O formation other
than HNO dimerization (Eq. 6). The coexistence of HNO and NO is certainly
conceivable in a cell, and thus Eqs. 27–30 may provide a signiﬁcant consumption pathway.
3.

Detection of HNO

At present, all methods to detect HNO are indirect [see Ref. (163) for a
review] and include spectroscopic detection by trapping with transition metals,
with highest applicability of metMb, metHb, or synthetic analogues (Eq. 12),
detection of N2O by gas chromatography, particularly with use of 15N labeled
donor complexes, and trapping to produce EPR active species (205–207). In all
instances, the susceptibility to quenching by thiols such as GSH should be
monitored (Eqs. 21–24). Conversion of HNO to NO, by, for example, ferricyanide, and detection by chemiluminescence or NO-speciﬁc electrode has also
been utilized. Additionally, HNO reacts in organic solvents with nitrosobenzene
to form the colorimetric indicator cupferron (N-nitrosphenylhydroxylamine)
(208) while the HNO/O2 product oxidizes DHR to the ﬂuorescent dye rhodamine (148).
4.

Differentiating the Chemistry of the Direct Effects of HNO and NO

The primary considerations when comparing the direct chemistry of NO and
HNO are redox chemistry and relative reactivity toward molecular targets.
Unlike O2, reduction of NO is not facile in mammalian biology (106, 154, 164)
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and thus is not a principal pathway to form HNO in vivo. Oxidation of HNO to
NO by outer-sphere transfer is also slow (164) and complexation is most likely
to result in reductive nitrosylation [Eq. 12 (39, 170)], which in certain cases,
such as Cu, Zn SOD [Eq. 19 (83)] or cyt c [Eq. 20 (170, 194)] results in release
of NO. Thus, the chemistry of HNO favors addition with nucleophiles like
amines, thiols, and metal complexes rather than redox reactions.
The different biological effects of NO and HNO are a function of distinct
molecular targets for these redox siblings. For example, NO preferentially reacts
with reduced metals to directly form a nitrosyl complex (Eq. 13). The identical
product is formed by reductive nitrosylation of HNO toward oxidized metals
(Eq. 12). Exceptions of course exist (e.g., the reverse of Eq. 19). Perhaps more
importantly, HNO reacts with thiols (Eq. 21) and amines (Eq. 25) directly while
NO must interact with these species indirectly, following oxidation to a nitrosating
or oxidizing agent (36).
Recently, detailed comparative analyses determined the relative reactivity of
HNO from Angeli’s salt toward a variety of biomolecules and provided estimates
of the rate constants [Table I; (147, 209)]. As expected the most facile reactions
occurred among HNO and metal complexes, such as MbO2 (1  107 M1 s1)
and metMb (8  105 M1 s1), and thiols, particularly GSH (2 
106 M1 s1).
The reductive nitrosylation of a synthetic iron porphyrin by HNO (193) proceeds with a reported rate constant of 1  107 M1 s1. However, this value was
estimated based on a HNO dimerization rate constant of 8  109 M1 s1 (210),
which is now considered to be 1000-fold lower [(8  106 M1 s1 (106)]. The
recalculated constant for the reaction of HNO with the porphyrin (3 
105 M1 s1) is similar to the estimated value of HNO addition to metMb.
Synthetic porphyrins generally react 30-fold faster with NO (1  109 M1 s1)
than ferrous Mb [for a recent, thorough review see (44)] due to rate-limiting
diffusion of NO through the protein. The similarity in rate constants for HNO
with metMb and the ferric porphyrin suggests that the rate-limiting step in
reductive nitrosylation is likely addition of HNO to the ferric metal, with little
inﬂuence from the protein structure.
This supposition is supported by the correlation of the rate constants for
product formation from metMb, horseradish peroxidase, Cu, Zn SOD, Mn SOD,
and GSH (147). Electrophilic addition of HNO is assumed to be the rate-limiting
step in these reactions. In comparison, the addition of HNO to NH2OH is
substantially slower under neutral conditions [104 M1 s1 (148)], which may
be a function of amine pKa.
B.

Indirect Effects

Under aerobic conditions, NO can be converted to higher valent nitrogen

oxides such as NO2, N2O3, NO
2 , and ONOO , which can oxidize, nitrate, or
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nitrosate the organic components of biomolecules, particularly thiols, amines,
and aromatic amino acid residues (36). The difﬁculties in detecting NO in biological systems are exacerbated for higher nitrogen oxides, due to shorter halflives and lower concentrations. Thus, detection of modiﬁed adducts in vivo lends
considerable credence to the formation of higher nitrogen oxides in biological
systems, and the physiological and pathophysiological consequences of these
modiﬁcations continue to be the subject of substantial debate.
The chemistry of RNOS has been largely studied in vitro and has been found to
generally elicit toxic responses. The relevance of extrapolation of these results
to higher organisms is essentially unknown. Clearly, the cell-to-cell communication and balanced production and consumption pathways in whole organisms
cannot be duplicated in vitro.
Neither NO nor HNO is appreciably cytotoxic under anaerobic conditions
(135). Even in the presence of O2 the free radical NO protects against peroxide
and O
2 toxicity, suggesting that in vitro production of RNOS from NO is of lesser
importance than the presence of NO itself. The question arises as to whether the
enhanced toxicity of HNO in the presence of O2 or peroxides is a function solely
of inhibition of the peroxide consuming capacity of cells for instance by
depletion of GSH (Eq. 21) or if RNOS are involved. It is also possible that
aerobic metabolism primes the cell for HNO toxicity in some fashion.
1.

NO and O2

The predominant fate of NO in solution is autoxidation to NO2 and N2O3,
both of which can cause appreciable cellular damage (36). However, this reaction is second order in NO [6  106 M2 s1 (211)] and thus is quite slow at low
NO concentrations (212); the half-life of NO in water at 25 C is 800 s at 1 mM
NO. This illustrates the higher NO requirement for indirect versus direct effects.
In contrast, the lifetime of NO in vivo is predicted to be <1 s due to other
consumption pathways than autoxidation (37, 40, 43). This result suggests that
NO autoxidation in tissue will only be relevant under speciﬁc circumstances, for
instance in cellular membranes where the NO and O2 levels are 10–50 times
higher than in aqueous solution (213). The NO autoxidation rate has been shown
to be accelerated 300-fold by the addition of micelles, due to the differential in
partitioning of NO and O2. This study indicates that nitrosation mediated by
N2O3 formation by NO autoxidation would most likely affect membrane bound
proteins, particularly those containing critical thiols and amines.
The mechanism of NO autoxidation is dependent on reaction conditions. In
the gas phase and in hydrophobic solvent, the initial intermediate is NO2, which
then rapidly establishes an equilibrium with N2O3 (1).
2NO þ O2 ! 2NO2

ð31Þ

NO2 þ NO Ð N2 O3

ð32Þ
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In aqueous solution, N2O3 is an observable intermediate and is rapidly converted
to nitrite.
N2 O3 þ H2 O ! 2Hþ þ 2NO
2

ð33Þ

However, competitive analysis has indicated that NO2 cannot be detected or
trapped in water (211). The suggestion has been made that different isomers of
N2O3 are formed in aqueous and hydrophobic media (214) and that perhaps
NO2, from dissociation of N2O4, cannot escape the solvent cage before further
reacting with NO to form N2 O3 .
Analysis of autoxidation reactions within cells showed that there were distinct mechanisms between intracellular (membrane) and aqueous solutions
(215). The autoxidation reaction was suggested to result in NO2 formation in
the membrane, but not in aqueous solution, supporting the previous study (211).
This exempliﬁes the importance of reaction conditions and kinetics on biological responses.
Since N2O3 hydrolyzes to nitrite with a half-life of 1 ms (1), only compounds
of high concentration will have sufﬁcient afﬁnity to react with N2 O3 . At neutral
pH, thiol-containing peptides have an afﬁnity 1000-fold higher than any other
amino acid side chain (216, 217). Even buffers containing carbonate and
phosphate have a lower afﬁnity for N2O3 than thiols, suggesting that Snitrosothiols in membrane proteins will be the primary products of NO
autoxidation in vivo.
2.

NO and O
2

Unlike NO autoxidation, the reaction between NO and O
2 occurs at near
diffusion control [4–7  109 M1 s1 (33, 218)].

NO þ O
2 ! ONOO

ð34Þ

The product ONOO has been suggested to mediate oxidation and nitration of
macromolecules and following the observation that SOD enhanced the effect
of the EDRF (219, 220) has been invoked to explain the majority of the
cytotoxicity of NO in vivo (221). However, the relative pseudo-ﬁrst-order rate
constant is of equal importance as the overall rate constant in determining whether a
reaction occurs in vivo. In other words, the impact a particular reaction will have
in vivo is governed by the concentration of the reactants as much as by the overall
rate constant [for a summary of evaluating RNOS, see Ref. (217)].
The estimated cellular concentrations of O
2 and NO under normal conditions
are 1 pM and 0.1–1 mM, respectively (222). Thus, the location and yield of
ONOO from the reaction between these two radicals are likely controlled

by O
2 production. Since O2 reacts with SOD and with NO with similar rate
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constants (33, 223), ONOO formation will also be dependent on the competing
reaction with SOD. The intracellular concentration of Cu,Zn SOD is 4–10 mM,
while the mitochondrial enzyme, Mn SOD, content is likely as high as 50 mM (224).

Thus, in order for 10% of the available O
2 to be converted to ONOO , the NO
concentration would have to be 0.4–5 mM, depending on locale. In addition,
7
1 1
s (225)] and
other reaction partners of O
2 such as aconitase [3  10 M
6
1 1
(226)] could also abate ONOO production,
ferricyt c [4  10 M s
although to a lesser extent. Therefore, the reaction of O
2 with NO will be constrained to speciﬁc sites.
In neutral solution, ONOO has been shown to be a potent modiﬁer of biological compounds through oxidation of thiols, initiation of lipid peroxidation,
nitration of tyrosine, cleavage of DNA and nitration or oxidation of guanosine
and methionine (218). The mechanism of ONOO decomposition is not completely elucidated, although the pH-dependence is generally accepted to denote
the intermediacy of cis-peroxynitrous acid (227). The reactive species has been
suggested to result from either cleavage of cis-peroxynitrous acid to the NO2
and OH radicals (227) or to formation of a high-energy isomer [trans-HOONO
(228)]. The observed chemistry of synthetic ONOO is not entirely explained
by either mechanism. In any case, the absence of adequate substrate would
result in eventual isomerization of peroxynitrous acid to nitrate, which should be
considered to be a major detoxiﬁcation pathway. In high enough concentrations,
biomolecules such as tyrosine can react with the reactive intermediate.
The direct interactions between metals and ONOO can catalyze modiﬁcations. For example, the metals in Cu,Zn SOD and FeEDTA (EDTA ¼ ethylenediaminetetraacetic acid) enhance nitration reactions (229). Heme-containing
enzymes such as myeloperoxidase (6  106 M1 s1) and lactoperoxidase
(3.3  105 M1 s1) also react with ONOO (230) such that compound II
[FeIV(P+)O] is formed. In contrast, horseradish peroxidase (3.2  106 M1 s1)
is converted to compound I (FeVO) by ONOO. Floris et al. (230) proposed an
interesting mechanism by which compound I is initially produced and then
rapidly oxidizes NO
2 to NO2. In the presence of NO, a number of nitrosation
reactions would subsequently be facilitated by subsequent formation of N2O3
(Eq. 32).
The chemistry of the NO/O
2 reaction is further complicated by the propensity of ONOO to react with both NO and O
2 (231–235). The ﬂuxes of NO and
O
2 control whether the reaction leads to nitrosative or oxidative chemistry. The
effects of the reactant ﬂuxes can be examined thorough varied concentrations of
NO donors and XO (233, 234, 236), which is considered to be a model for oxidative stress via generation of O
2 and H2O2 during oxidation of hypoxanthine.
End product analysis demonstrated that maximal oxidant yield occurred at
stoichiometric reactant ﬂuxes. When either radical was in excess, oxidation was
quenched due to conversion of ONOO to NO2 (237), which under conditions
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of excess NO is converted to the nitrosating species, N2O3. These data were
consistent with the patterns observed within cells when the rates of NO and O
2
formation were varied using chemical donors, enzymes or cellular sources (238).
A critical factor to consider when determining the importance of RNOS in
the context of physiological and disease mechanisms is their relative ability to
enter cells and inﬂuence the function of biomolecules. Synthetic ONOO exposure is a relatively poor representation of a relevant biological process since
ONOO does not readily migrate across cellular membranes compared to the
smaller neutral molecules NO, HNO, and NO2 (238, 239). Under inﬂammatory
conditions, the bulk of the O
2 produced by NADPH oxidase is directed toward
the outside of the cell [see Ref. (240) for a review]. Taken together, these
ﬁndings promote the importance of NO2 as the biological effector molecule, not
ONOO. This shows the ﬁne, environmentally controlled balance between
oxidation and nitrosation. Although, ONOO is initially formed from the rapid
reaction of NO with O
2 , the ultimate chemical modiﬁcation is often mediated
by other nitrogen oxides formed in subsequent reactions. This places further
restrictions on the chemistry mediated directly by ONOO and emphasizes that
the predominant factor is relative concentrations of the reactants involved in
nitrogen oxide chemistry.
3.

HNO and O2

Decomposition of Angeli’s salt in aerobic, highly alkaline solution produces
ONOO (159) (Eq. 9), suggesting a possible source of the cytotoxicity of this
donor compound. The inability to observe ONOO at neutral pH (159) was often
assumed to be a result of the pH-dependent decomposition rate of ONOO
(106). However, detailed examination revealed that Angeli’s salt and synthetic
ONOO exhibited dramatically distinct proﬁles of one-electron oxidation, nitration, hydroxylation, cytotoxicity, DNA cleavage, dependence on CO2, and
reactivity with a variety of biomolecules (148, 167). This indicates that the oxidative intermediate cannot arise simply through formation of ONOO.
A direct comparison of the abilities of Angeli’s salt and synthetic ONOO to
affect intracellular targets was probed with the ﬂuorophore diaminoﬂuorescein
(DAF) (239). Exposure of cells to synthetic ONOO at a rate comparable to
Angeli’s salt decomposition resulted in only 4% of the intracellular signal from
Angeli’s salt. These data show that the reactivity of HNO-derived species in an
aerobic cellular milieu cannot be readily reconciled with an intermediacy
involving ONOO. Importantly, cells acted as a sink for HNO-derived species,
effectively sequestering intermediates from reaction with DAF when the probe
was present in the extracellular medium.
The spin-forbidden reaction between HNO and O2 is quite slow [103 M1 s1
(147)] compared to the spin-allowed reaction between NO and O2 [Eq. 9;
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6  109 M1 s1 (237)]. The spin-forbiddenness could be overcome by outersphere electron transfer to O2.
þ
HNO þ O2 ! NO þ O
2 þH

ð35Þ

However, this reaction is expected to be endothermic due to a more negative
potential for the NO, Hþ /HNO couple (147, 164). Dehydrative dimerization of
HNO to N2O [Eq. 6; 8  106 M1 s1 (106)] is substantially faster then
deprotonation to 3NO [Eq. 10; 5  104 M1 s1[OH]; (106)]. These kinetic
constraints indicate that 3NO and subsequent ONOO formation (Eq. 9) does
not occur until the HNO concentration drops to the low nanomolar range, which
is below the current observation threshold. Furthermore, the oxidative chemistry
from Angeli’s salt was found to be pH-independent (167), suggesting that HNO
not NO reacts with O2 to form the oxidant and cytotoxic species. Although the
nature of the oxidative intermediate has not been determined, it is apparent that
the HNO/O2 reaction is fundamentally different than that of the NO/O
2 (and the
NO/O2) reaction in resultant reactive intermediates and product formation.

V.

SUMMARY

Comparisons of the biological effects of NO and HNO donors suggest
discrete roles for these redox siblings, and the pharmacological prospects for
nitrogen oxide donor compounds are of high current interest. Although, endogenous formation of HNO has not been clearly demonstrated, the possibility of a
redox, environment-controlled switch between NO and HNO production is
an intriguing prospect for control of homeostasis. The reactions of NO and HNO
in vivo will primarily be direct with signiﬁcance for indirect effects only under
isolated conditions. The discrete chemistry of these redox siblings is due to
different reactivity toward metals, reduced for NO and oxidized for HNO, as
well as thiols, amines, and free radicals. Careful consideration should be given
to the relevance of these reactions to cytotoxic mechanisms in terms of limits
placed by stoichiometric or kinetic constraints. These barriers to RNOS formation likely serve in part to protect cells from deleterious species in vivo.

ABBREVIATIONS
Arg
cGMP
CGRP
cyt c

Arginine
Guanosine 30 ,50 -cyclic monophosphate
Calcitonin gene-related peptide
Cytochrome c
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DAF
DEA/NO
DHR
EPR
EDRF
EDTA
GSH
GTP
His
Hb
HbO2
HNO
LD50
metHb
metMb
Mb
MbO2
N 2O
NO
NO
2
NO
3
NOS
ONOO
O
2
PARP
RNOS
ROS
SOD
Tyr
XO

Diaminoﬂuorescein
Diethylamine diazeniumdiolate (Na[Et2NN(O)NO])
Dihydrorhodamine
Electron paramagnetic resonance
Endothelium derived relaxing factor
Ethylenediaminetetraacetic acid
Reduced glutathione
Guanosine triphosphate
Histidine
Hemoglobin
Oxyhemoglobin
Nitroxyl
Lethal dose 50
Methemoglobin
Metmyoglobin
Myoglobin
Oxymyoglobin
Nitrous oxide
Nitric oxide
Nitrite
Nitrate
Nitric oxide synthase
Peroxynitrite
Superoxide
Protein poly (ADP-ribose) polymerase
Reactive nitrogen oxide species
Reactive oxygen species
Superoxide dismutase
Tyrosine
Xanthine oxidase
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I.

INTRODUCTION

The numerous roles metal ions play in nucleic acid chemistry may be
classiﬁed as follows: First, metal ions such as Kþ, Mg2þ, and Naþ, which are
very abundant in cells and occurring in 0.2 (Kþ), 0.1 (Mg2þ), and 0.01 M concentration (Naþ), are the ‘‘natural’’ counterions of the polyanionic nucleic acids.
The Ca2þ ion should probably be added to this list, although its role is less well
understood, and by far most of it is present extracellularly. To a large extent,
these metal ions are responsible for charge neutralization. The original view of
counterion condensation theory, which implied a diffuse and highly mobile
cloud of cations surrounding polynucleotides (1), has meanwhile changed into a
picture in which, even in duplex DNA, the natural cations can occupy distinct
sites in the grooves (2), making nucleic acids typical ionophores. At least the
alkali metal ions are in fast exchange with free cations present in solution,
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however. Second, these ‘‘natural’’ metal ions in many cases are responsible for
the proper folding of nucleic acids [RNAs (RNAs ¼ ribonucleic acids)],
the stabilization of many structural motifs of RNAs and in particular of tRNAs
(tRNAs ¼ transfer RNAs), and the catalytic function of ribozymes (3–5).
Moreover, they play important roles in DNA structures such as in guanine
quartets in the telomeres at the end of the chromosomes (6) or in Holliday
junctions (7) occurring during genetic recombination. Even a nonuniform
distribution of cations along a stretch of B-DNA can have an effect, namely,
generating curvature (8). Third, binding of metal ions generally kept under tight
control by cellular proteins (e.g., essential transition metal ions), or of ‘‘nonpysiological’’ exogenous metal ions can be versatile, depending on their
concentration and nature. They may mimic the ‘‘natural’’ metal ions to some
extent, for example, as far as a thermal stabilization or destabilization of the
nucleic acid is concerned (9), they may induce a localized charge neutralization
of DNA that causes a collapse of an ordered state and eventually DNA
condensation (10), or simply distort DNA profoundly. As to the latter, cisplatin
and several of its analogues are believed to exert their antitumor activity via
an initial kinking of DNA as a consequence of bifunctional coordination
(11). Similarly, albeit in a more subtle way, metal ions may inﬂuence base
pairing properties of affected nucleobases and/or shift their tautomer equilibria,
thus giving rise to mutations (12). Fourth, redox active metal ions can, either
directly or indirectly via formation of reactive oxygen species, damage nucleic
acids via DNA strand breakage (13). In certain disease states, these metal ions
can be essential ones (e.g., Cuþ, Fe2þ). Alternatively, this chemistry can be
exploited for DNA sequencing purposes (14), antigene strategies (15), and
cancer chemotherapy (e.g., bleomycin chemistry) (16). Fifth, metal ions are
involved in processes leading to the formation or the degradation of the
phosphodiester backbones of nucleic acids (4, 17), including those in the
catalytically active ribozymes (18). The roles metals play in these reactions
are rather versatile. For example, they may provide the nucleophile OH,
polarize P
O bonds, or simply stabilize either the transition state or a departing
group.
The chemistry brieﬂy summarized above as well as related aspects have been
treated in various monographs (19), textbook chapters (20–22), and review articles that have appeared in recent years (23–30).
The scope of this chapter is to examine in more detail the effects of metal
coordination to a nucleobase on its pKa values, hence on its acidity and basicity,
respectively, and consequences arising from perturbations. Related purine ligands
(e.g., xanthine, allopurinol, alloxanthine, and azaadenine) will not be considered. These physicochemical properties are of enormous signiﬁcance not only
for the charge of the nucleobase, but also for its tautomeric structure, and its
ability to engage in hydrogen bonding and base recognition (20). Any alterations
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in pKa values are consequently of great potential importance, possibly also for a
newly emerging feature of nucleic acid chemistry, namely, acid–base catalysis.
In the physiological pH range, the heterocyclic moieties of the nucleotides are
usually uncharged, and the phosphate group in the phosphodiester linkage
carries a single negative charge (cf., Section II. A). Nevertheless a phenomenon
called ‘‘perturbations of pKa values’’, meaning the observation of signiﬁcant
deviations of apparent pKa values from the normal pKa values of the isolated
bases, is well established. From structural nucleic acid chemistry, the presence
of protonated nucleobases in the physiological pH range is known for certain
DNA mispairs (31), for special structural motifs such as hemiprotonated
polycytidinephosphate [i-motifs (32)], or in RNA tertiary structures (33). In
recent years, a rather astonishing feature of nucleobases with pKa values shifted
into the physiological pH range has been recognized, namely, that they can
participate in acid–base catalysis. Thus it is now well established that the
ribosomal protein–RNA complex in fact acts as a ribozyme (34) [the ribosome is
a ribozyme (33d)], hence protein synthesis is catalyzed by the acid–base
chemistry of one or more RNA base. In particular, the role of an adenine
with an apparent pKa of 7.6  0.2 has become a center of interest in this context
(34 a–c). Other examples of nucleobases being involved in acid–base catalysis
exist and must be considered alternatives to known scenarios (35). For example,
the Hepatitis Delta Virus (HDV) ribozyme utilizes a unique protonated cytosine
nucleobase (C75) of its RNA as a general acid to protonate the 50 -OH leaving
group (36), and it has been proposed that the mechanism of the hairpin ribozyme
likewise involves acid–base catalysis with a guanine base serving as a general
base and an adenine base acting as a general acid (37). Although fewer in
numbers, there are also examples of suspected or proven ionized, hence
deprotonated, nucleobases (38) (cf. Section II. D).
In general, shifted pKa values of biomolecules are discussed in terms of environmental effects (dielectric constant of microenvironment, hydrophobicity,
hydrophilicity, hydrogen bonding, etc.). Of course, metal coordination to a
nucleobase can likewise have a profound effect on its pKa value, but it appears
that such scenarios are frequently ignored or overlooked! For small ligands like
aqua or ammonia ligands, a metal-caused acidiﬁcation is textbook knowledge
(39), as is the case for small heterocyclic ligands such as pyrazine (40). An interesting lesson can be learned from the latter case, however, namely, that metal
coordination can cause either an acidiﬁcation of the ligand (or loss of ligand
basicity), as is the usual case [e.g., with (NH3)5RuIII], or have the contrary effect,
as demonstrated for the 1:1 complex of pyrazine with (NH3)5RuII. Favorable
back-bonding properties between the metal and the particular ligand (here pyrazine) are responsible for an increase in ligand basicity following binding of
Ru(II). To the best of our knowledge, with nucleobases such an effect has never
been reported, however.
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With regard to metal binding to nucleobases, early work carried out by
various authors (41–43) and in particular by Sigel (42), has revealed that protons
of endocyclic NH groups become more acidic if a metal ion binds to an available ring nitrogen atom. Quite dramatic changes in pKa values, occurring in
either direction, are observed once a metal ion displaces a nucleobase proton
and shifts the latter to another site of the heterocycle, thereby generating a
‘‘metal-stabilized rare tautomer’’ (44). These changes have been less well understood in the past. As will be demonstrated in this chapter, an enormous spread of
nucleobase pKa values in metal complexes of nucleobases is experienced, which
results from variations of the particular metal ions, their binding sites at the
bases, their coligands, as well as environmental factors. Given this variety, it
seems not to be unrealistic to foresee biologically relevant scenarios where
these properties may be important (e.g., during base mispairing or nucleic acid
catalysis).

II.

THE pKa VALUES OF NUCLEOBASES
A.

Usual Values

The pKa values of the heterocyclic moieties of the ﬁve dominant nucleobases
of nucleic acids—guanine (G), adenine (A), cytosine (C), thymine (T), uracil
(U)—are well outside the physiological pH range (Table I). At physiological pH,
the heterocycles are therefore neutral (Fig. 1). The pKa values listed in Table I
are so-called macroacidity constants. They can deviate slightly from the microacidity constants, which are useful in certain cases (see Section IV).
TABLE I
The pKa Values of Nucleobases in the pH Range 2–10

Adeninee
Guaninef
Uracilg
Thymineg
Cytosineh
a

Model Basec

Nucleosided

50 -Phosphate

4.10 (25)
3.11 (25) / 9.56 (25)
9.63 (45b)
10.3 (45c)
4.6 (55)

3.52 (21)
2.11 (45a) / 9.42 (21)
9.38 (21)
9.93 (21)
4.17 (21)

3.88 (21)
2.48 / 10.00 (21)
10.06 (21)
10.47 (21)
4.54 (21)

References given in parentheses.
For pKa values outside this range, see Fig. 1 and text.
c
The N9-methyl forms of purines; N1-methyl forms of pyrimidines.
d 0
2 -Deoxynucleosides are very similar.
e
Protonation of N1.
f
First value: protonation of N7; second values: deprotonation of N1.
g
Deprotonation of N3.
h
Protonation of N3.
b

a,b
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Figure 1. (Top) Lewis formulas of nucleobases A, G, C, U (T) in different protonation states. Only
single mesomeric and preferred tautomeric forms are given. Additionally, protonated forms of A, G,
U (T) and twofold deprotonated form of G are not shown. (Bottom) Distribution of protonation states
of nucleobases with pH. The pKa values of 50 -nucleotides are used as boundaries for the neutral form.
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There is a 0.3–0.5 log unit difference in pKa values between nucleosides on
one hand and nucleotides on the other as a result of the negative charge(s)
carried by the phosphate group in the nucleotide. It facilitates protonation of the
base and makes deprotonation more difﬁcult, hence raises the pKa. Model
nucleobases with alkyl groups substituting for the sugar entities have pKa values
slightly higher than those of nucleosides, and consequently are less acidic than
the latter (25, 45). At moderately alkaline pH, the N3 positions of thymine and
uracil as well as the N1 position of guanine undergo deprotonation. Strongly
alkaline conditions are required to deprotonate exocyclic amino groups of guanine, adenine, and cytosine pKa values being 14.5–17 (46). Protonation of
endocyclic nitrogen sites in cytosine, adenine, and guanine occurs in moderately
acidic solution. In strongly acidic medium multiple protonation (n ¼ 1, 2) of
adenine and guanine (47a) as well as protonation of thymine and uracil (47b–d)
takes place. The pKa values of these species are well below 2. Neither of the
acid–base equilibria occurring at extremely acidic or basic medium are likely to
be biologically feasible, unless pKa shifts as a consequence of chemical modiﬁcation take place. In no case has protonation of exocyclic amino groups been
observed, consistent with the view that the lone electron pair of the amino group
is largely delocalized into the heterocylic ring and not available for proton
binding.
Additional acid–base equilibria involve the phosphate groups in mono- and
oligonucleotides and the sugars in nucleosides. In mononucleotides, two ionizable protons with pKa values of 0.9 and 6.2 are present (21):

R

O

O

O

O
P

pKa ~ 0.9

OH

R

O

P

pKa ~ 6.2

O

R
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O

OH

OH
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Scheme 1.

Thus mononucleotides and phosphate groups at the ends of oligonucleotides
have a pKa that is reasonably close to physiological pH.
Phosphodiesters are strongly acidic, with pKa of 1:
O

O
pK a ~ 1
R

O

P

O

R′

R

O

P
O

OH
Scheme 2.

O
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Finally, the sugar hydroxyl groups of nucleosides are weakly acidic only,
with pKa values usually > 15 (20). An exception is the ribose with its 20 ,30 -diol
groups, which undergoes deprotonation with pKa  12.5 due to a favorable
stabilization of the deprotonated group via hydrogen-bond formation.
O
O

P

O
O

B

O

O

OH

O
pKa ~ 12.5

OH

P

O

B

O

O

O

H

O

Scheme 3.

B.

The pKa Values of Chemically Modiﬁed Nucleobases

Chemical modiﬁcation of nucleobases such as alkylation, halogenation, substitution of keto groups by thioketo groups, and so on, is widespread in Nature.
Probably longest known are the numerous altered and sometimes ‘‘hypermodiﬁed’’ bases found in natural tRNAs (48) or the class of plant hormones called
cytokinins, in which exocyclic amino groups of adenine bases are monoalkylated (49). The role C5-methylation of cytosine by the enzyme DNA methyltransferase plays for gene regulation on one hand and the development of cancer
on the other is presently a topic of hot debate (50). The potentially damaging
effects of external alkylating agents such as alkylnitrosourea in forming O6methylguanine adducts is known a long time (51), and 5-ﬂuorouracil is still
widely used in combination therapy for the treatment of colon cancer.
Substitution of nucleobase atoms and groups by others frequently leads to
changes in pKa values as well as other properties. To give a few examples:
Substitution of keto groups by thioketo groups in uridine leads to a successive
drop in pKa of N(3)H from 9.3 (parent nucleoside) to 8.8 (2-thiouridine), 8.2
(4-thiouridine), and 7.4 (2,4-dithiouridine), and replacement of the proton at C5
by a bromo substituent likewise causes a lowering of the pKa by 1.5 units (21).
Similarly, in 5-bromo-1-methylcytosine, the pKa of the exocyclic amino group
drops from 16.7 in 1-MeC to 15.1 in the bromo derivative (45).
Substitution of the aromatic C(5)H in uracil by a methyl group (to give
thymine) decreases the acidity of N(3)H by  0.5 log units (cf. Table I). Replacement of protons of endocyclic N atoms and of exocyclic amino groups by alkyl
groups in general has a relatively minor effect on the pKa values of nucleobases.
For example, the pKa values of N1 protonated 9-methyladenine (9-MeA), 6,9dimethyladenine (6,9-DiMeA), and 6,6,9-trimethyladenine (6,6,9-TriMeA) are
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within 4.05  0.25 (52, 53), and pKa values of protonated forms of 9-methylguanine (9-MeGH) and 1,9-dimethylguanine (1,9-DiMeG) are within 2.9  0.2
Me forms of nucleobases
(25, 54, 55). The close similarity in pKa of NH and N
can be applied in the so-called ‘‘method of basicity measurements’’ for
estimating tautomer equilibria constants (56), for calculating so-called microacidity constants (25) (cf. Section IV), and for estimating the acidifying effect of
a proton on a neighboring amino group (cf. Section V. E).
Alkylation of unprotonated endocyclic N atoms or of exocyclic oxygen
groups can have dramatic effects on pKa values, the tautomer structure, the
stability of the heterocyclic ring as such, and—in nucleosides and nucleotides—
the stability of the glycosidic bond. For example, methylation of the N7 position
of guanine leads to a drop in pKa of N(1)H to 7.2 (57), and gives rise to
formation of a zwitterion at physiological pH. This zwitterion can generate a
self-complementary base pair with its protonated form, built of three hydrogen
bonds (58) (Fig. 2). Whether or not this feature has anything to do with the
function of 7-methylguanosine in the 50 -cap of mRNAs or in particular RNA
structures, remains to be seen. On a different topic, 7-methylation of dGMP can
cause depurination, hence spontaneous hydrolysis of the glycosidic bond. For
the guanine-speciﬁc Maxam–Gilbert sequencing reaction, 7-methylation by
dimethyl sulfate is performed intentionally, followed by piperidine treatment, which opens the imidozole ring and eventually leads to glycosidic bond
cleavage (20).
The misinsertion of thymine opposite to O6-alkylguanine in DNA is likewise
attributed to the fact that at physiological pH the N1 site of this modiﬁed
guanine does not carry a proton [pKa ¼ 2.4 (55)], even though Watson–Crick
pairing with protonated C can be realized (59). Alkylation at the N3 position of
guanine acidiﬁes the proton at N1 to such an extent that the cytosine base in the
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Figure 2. Self-complementary base pair between zwitterionic neutral (left) and cationic (right)
forms of 7-methylguanine derivatives.
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opposite strand becomes protonated. This scenario has been observed for the
antitumor antibiotics (þ)-CC-1065 (60) and duocarmycin (61) binding to DNA
and has been proposed to be responsible for subsequent mutations arising
from an increased frequency of cytosine ! uracil transition mutations.
Alkylation reactions of the N3 position of adenine appear to be highly
relevant to aspects of mutagenicity, carcinogenicity, as well as biological activity
of certain antitumor antibiotics (62). From a chemistry point of view, the loss of
a proton from the exocyclic amino group, the destabilization of the glycosidic
bond and consequent generation of abasic sites, as well as the ring-opening
reaction leading to an N(methylformamido)imidazole derivative (63) are particularly important. Methylation of the N1 position of adenine likewise acidiﬁes
the protons of the exocyclic amino group to a pKa ’ 9.1 (52, 64). This species is
also subject to the so-called Dimroth rearrangement (65) in which the methyl
group migrates, via a ring-opened species to an exocyclic position, with the
original N1 atom becoming N6 and vice versa.
There are numerous other modiﬁcations of nucleobases possible, many of
which are biologically relevant in that they lead to alternations in pKa values,
changes in tautomer structure as well as their base pairing patterns (55). Examples
include ligands such as N6-methoxyadenine, which is a promutagen (66, 67) as
well as 8-oxoadenine and 8-oxoguanine (68), which are known mutagens.
C.

Existence of Protonated Nucleobases in Base Pairs and Triplets

As pointed out in the previous section, chemical modiﬁcation of a nucleobase
can lead to the situation that a cationic (protonated) nucleobase is involved in
base pairing. Two cases are to be differentiated: First, the modiﬁed base is
cationic. This situation is realized in the base pair between 7,9-dimethylguaninium (58a) or 7-methylguanosinium (58b) and the corresponding neutral betain
(cf. Fig. 2). Second, the modiﬁed base ‘‘forces’’ the complementary base to
become protonated in order to form hydrogen bond for increased base pair
stability. This situation is realized in the pair formed between O6-alkylguanine
and protonated cytosine (59b) or adenine (69), and also in the pair between 3methylguanine and protonated cytosine (60) (cf. above). Of course, the above
differentiation is in a way superﬁcial in that simple proton transfer will
interconvert the two cases.
There are numerous cases, where identical bases, mismatched bases, and even
complementary bases in protonated states are involved in hydrogen bonding.
Examples are as follows: Protonated adenine (HAþ) has been observed in
DNA mismatches as well as in RNA in pairs such as HAþ(anti)  G(syn) and
HAþ(anti)  C(anti) (70). Poly(A) forms HAþ  HAþ self-pairs in a parallel
strand fashion at pH < 4 (21). Protonated cytosine (HCþ) exists in hemiprotonated polyC (i-motif) (32), in HCþ(anti)  G(syn) (71), in a HCþ  C RNA
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mismatch that is different from the ‘‘i-motif’’ (72), and in base triplets of type
C  G  HCþ (73). In some cases, these base pair patterns have also been detected in solution applying nuclear magnetic resonance (NMR) spectroscopy
(74). Even DNA molecules with a high degree of protonated nucleobases
(H-DNA) and particular tertiary structures have been reported (75).
D.

Ionized Nucleobases

The existence of ionized nucleobases, hence of nucleobases in which the
heterocyclic entity has undergone deprotonation, has ﬁrst been proposed by
Lawley and Brookes (76) to be of relevance in mutation scenarios. It had been
pointed out that ionization of a base, like a change in tautomeric structure, could
give rise to base mispairing, and that from the point of view of pKa considerations, guanine and thymine are the bases most likely involved in such processes.
Thus G  T mismatches as occurring during spontaneous mutations could be
composed, in principle, not only of wobble pairs or mispairs involving a rare
tautomer form of one of the two bases, but also of ionized forms of these bases
(e.g., of G  T or G  T). The likelihood of mispairs increases if either the
purine or the pyrimidine base becomes more acidic as a consequence of chemical modiﬁcation (77, 78). While experimental evidence for G  T pairs containing an ionized base is not available and rather ‘‘wobble’’ pair formation (79)
seems to be preferred, there is now strong evidence that the mispairing mechanism of the mutagenic 5-bromouridine (pKa ¼ 8.1) with guanine indeed involves
the anionic form of 5-BrU (80). The same probably applies to 5-ﬂuorouridine
(80b). Today it appears that the idea of ionized nucleobases playing a role in
base mispairing scenarios (38, 81) and of ionized nucleobases being stabilized
by the active sites of enzymes (82, 83) is generally accepted. A rare case of base
self-pairing involving a deprotonated and neutral base has been reported, albeit
in a model nucleobase system with 2-thiouracil (84). With metalated nucleobases, pairing between neutral and anionic nucleobases is not uncommon (cf.
Section II. E. 4).
E.

Effects of Metal Coordination on pKa and Base Pairing
1.

General Aspects

The understanding of alterations of pKa values and base pairing properties of
nucleobases following metal coordination begins with an in-depth understanding of the forces determining the binding strength of metal–nucleobase interactions. Among others, ab initio quantum mechanical calculations have greatly
contributed to achieve this goal. Our present understanding of metal–nucleobase
bond formation may be summarized as follows:
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1. The electrostatic interaction between a metal ion and the nucleobase
dipole appears to be the major contribution (85). In the gas phase, this
attraction is dominant, but in solution and in the solid state it can be
minimized or even canceled as a consequence of countereffects of a polar
solvent (e.g., water, and by anions). The large dipole moment of guanine
(7.5 D) and its favorable orientation has been proposed to rationalize, at
least in the case of the isolated base, the general high afﬁnity of metal ions
for the N7 position. In double-helical DNA, unlike in single-stranded
DNA, the situation is more complex in that the afﬁnity of metal ions for
G-N7 is strongly modulated by the nature of the base on the 50 -side, hence
depends on the molecular electrostatic potential and also on accessibility
of N7 (86). In contrast, the absolute value of the dipole moment of adenine
(2.9 D) and its orientation renders it less favorable for N7 metal binding.
The steric hindrance of the exocyclic amino group undoubtedly adds to
this situation.
2. Hydrogen bonding between coligands of the metal (e.g., aqua or ammonia
ligands) and the nucleobase adds to complex stability (87–89). An unexpected and surprising result of the computations was the ﬁnding that the
exocyclic amino group of adenine in its N7 metal complexes can become
substantially pyramidalized and can act as a weak hydrogen-bond acceptor for aqua ligands of the metal (89).
3. In addition to electrostatics and hydrogen-bond formation, polarization,
and charge-transfer effects, also termed nonelectrostatic effects, are active
(90). These refer to changes associated with a redistribution of electrons in
the bonds within the nucleobase of the metal complex. They are less
inﬂuenced by solvent and counterions. Not unexpectedly, substitution of
nucleobase protons (e.g., of N
H) by metal ions increases this contribution as compared to binding of the metal to an available lone pair of a ring
N atom or an exocyclic oxygen. Calculations have been carried out for
the case of metal binding to exocyclic amino groups of adenine and cytosine (with a concomitant shift of a proton to an endocyclic N atom, cf. also
Section II. E. 7) (91, 92), whereas similar insights for metal binding to N1
of (deprotonated) guanine or N3 of (deprotonated) thymine or uracil are
not available as yet. These sites are highly basic and give rise to complexes of high thermodynamic stability (e.g., MeHgþ (93)], even though
this binding pattern requires a minimum pH [crossover pH (94)] to surpass
N7 binding, which is preferred in acidic medium.
A detailed theoretical analysis of the bonding situation in complexes of
(NH3)3PtII with 9-methylguanine and 9-methyladenine has revealed that electrostatics provide a larger contribution to the Pt
N7(nucleobase) bond energy
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than do orbital interactions such as s-donation, s-back-donation, p-donation, or
p-back-donation (95). Moreover, by applying a polarizable continuum model
with dielectric constants e ranging from 1 (vacuum) to 78.4 (water), the bondweakening effect of a solvent with increasing e has been conﬁrmed and
quantiﬁed (95).
2.

Nucleobase Acidiﬁcation and Loss of Basicity

Attachment of a positively charged metal ion to a nucleobase results in an
acidiﬁcation of protons of endocyclic NH as well as exocyclic NH2 protons. The
extent of acidiﬁcation depends on (1) electronic effects exerted by the metal ion,
which occur through bonds, as well as (2) long-range electrostatic repulsion
between the proton under consideration and the positively charged metal ion. Of
course, both the effective charge of the metal entity (oxidation state; anionic, or
neutral spectator ligands) and the distance between the metal and the proton
have an inﬂuence. (3) In condensed phase (solution), the environment (solvent
molecules, counterions) modiﬁes the contributions of (1) and (2). Calculated
protonation energies (gas phase) for a series of Pt(II) complexes of adenine
complexes (96) indicate that electrostatic effects associated with the charge of
the metal entity have the major inﬂuence on the calculated intrinsic proton
afﬁnities. Comparison with experimental pKa values determined in water clearly
shows that these electrostatic effects are largely eliminated by charge screening
through water molecules, leaving the ‘‘nonelectrostatic’’ polarization effects
as the major source of proton acidiﬁcation (97). Nevertheless, Clarke and coworkers (98) demonstrated that for predictive purposes and with certain constraints (closely related heterocyclic ligands, identical tautomeric structures,
distances r between metal and proton under consideration within 4.2–5.6 Å)
a linear relationship between the extent of acidiﬁcation pKa and r2 exists
in the case of (NH3)5RuIII. The relationship is similar to the one used in the
Kirkwood–Westheimer equation (99), which considers electrostatics only,
however.
The increase in acidity of a nucleobase proton following metal coordination
may also be expressed in terms of a loss of basicity, usually of an endocyclic
ring N atom or of an exocyclic NH group. Thus for a nucleobase carrying no
proton at a ring N atom at physiological pH (e.g., adenine-N1), it might be more
appropriate to talk about a decrease in basicity rather than an increase in acidity
(of the corresponding adeninium species) upon binding (53).
There is a large body of solution data available now on the effects of metal
binding on the acidiﬁcation of bases, notably of the purines guanine, hypoxanthine, and adenine (40–43, 100–104). By in large, these data stem from
complexes of Pt(II) as well as Ru(II) and Ru(III). They will be dealt with in
more detail in Section V. At this point, the question shall brieﬂy be examined,
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if or how the phosphate group is affected in its acid–base behavior by metal
coordination to the heterocycle, and how its presence inﬂuences the acidity of
nucleobase protons. These are the ﬁndings for guanine complexes of Pt(II) with
N7 coordination: First, deprotonation of the phosphate group P(OH)2(O) in
nucleotide complexes is slightly facilitated, by  0.1–0.4 log units (101). This
minor loss in O-basicity does, however, still not impede binding of another
metal ion, for example, Cu(II) to the phosphate group (105). Acidiﬁcation of the
N(1)H proton of the guanine bases is more pronounced and in the order of
1  0.2 units (101). Second, pKa values differ slightly between GMP and
dGMP complexes, and even the geometry of the metal ion (cis-a2PtII vs. transa2PtII) has a small inﬂuence (104). Third, acidiﬁcation of N(1)H guanine protons
is lower in nucleotide complexes as compared to nucleoside and model nucleobase complexes. The difference for the deprotonation of the ﬁrst guanine ligand
in the 2:1 complexes of trans-(NH3)2PtII with 9-ethylguanine and GMP is 1.67
versus 1.19 units (106), for example. From charge considerations, this result is
not unexpected. Furthermore, if average acidiﬁcations of guanine ligands in 2:1
complexes are considered, they are likewise lower than in 1:1 complexes, simply
because acidities of multiprotonic acids decrease successively.
Findings with platinated DNA fragments (107–109) conﬁrm the acidiﬁcation
of guanine residues upon N7 Pt coordination. In fact, changes in proton NMR
(1H NMR) chemical shifts of guanine-H8 resonances are commonly used to
assign binding sites in DNA.
3.

Metal Binding and Base Pair Stability

Closely related with the features of increased acidity of NH protons and
reduced basicity of ring N atoms of nucleobases as a consequence of metal
binding is the question of how they translate into base pair stability. Again,
electrostatic and polarization effects need to be differentiated. The increase in
melting temperature of DNA as a function of ionic strength of the medium is to
a large extent a consequence of favorable electrostatics, namely, of increasing
neutralization of the negative charges of the phosphate groups and the resulting
diminuation of repulsion. Direct coordination of metal ions to the heterocyclic
part of nucleobases are more difﬁcult to assess. Calculations on the inﬂuence of
a variety of metal ions (Liþ, Naþ, Mg2þ, Ca2þ, Zn2þ) on the strength of the
Watson–Crick base pairs in the absence of phosphate groups by Anwander et al.
(110) have shown that polarization effects of the metal ion on a parent
nucleobase can increase the strength of base pairing. However, the magnitude
of this effect depends on the site of interaction and on the particular metal ion.
Thus, cation binding to G-N3 and T-O2 leads to an increase in hydrogenbonding strength, which has been interpreted in terms of a short distance
between the metal ion and the proton(s) involved in base pairing, hence reﬂects
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the electrostatic component of total H bond energy (110). On the other hand,
metal binding to N3 of adenine does not stabilize pairing with thymine. In a
series of papers, Šponer and co-workers (88, 90, 111, 112) as well as Gadre and
co-workers (113) have further elaborated on these effects, applying a large series
of main group and d10 transition metal ions (Mg2þ, Ca2þ, Sr2þ, Ba2þ, Cuþ,
Agþ, Auþ, Zn2þ, Cd2þ, Hg2þ), including hydrated species (H2O)5MII. Several
interesting features emerged from these studies, for example, that hydrated þ2
cations positioned at guanine-N7 stabilize the Watson–Crick pair to a lesser
extent than they do when unsolvated, and that unlike in the case of guanine, a
hydrated þ2 cation at the N7 site of adenine does not induce any stabilizing
polarization effects for pairing with thymine, leaving only the electrostatic
attraction between the hydrated cation and the dipole moment of thymine as
the source of a slight base pairing enhancement (111). The relative weakness of
the metal ion–adenine N7 interaction as a consequence of the low dipole moment
of adenine is considered the reason for this ﬁnding (cf. also Section E.1).
Šponer et al. (91) repeatedly pointed out that data obtained from calculations
performed at zero K and in the gas phase may not be relevant to the situation in
solution in that polar solvent molecules and—with charged species—counterions
may provide efﬁcient screening of ionic groups up to the point that effects
exerted by metal ions could be fully annihilated. Therefore a critical evaluation
of gas-phase calculations versus condensed phase data from experiments is
helpful and should, whenever possible, be conducted (96).
With regard to Pt(II) binding to guanine N7 and its effect on hydrogen
bonding, such a comparison is very rewarding in that the two approaches are
indeed complementary. Thus both the ligand acidiﬁcation (cf. Section II. C. 2)
and the enhancement of the stability of the Watson–Crick GC pair upon Pt(II)
coordination to N7 of guanine have experimentally been conﬁrmed. Originally
shown qualitatively that base pairing between N7 platinated guanine and free
cytosine is feasible (114), a quantitative analysis of the concentration-dependent
1
H NMR shifts of guanine and cytosine resonances in Me2SO-d6 has later
revealed that the Watson–Crick GC pair becomes stronger once guanine is
platinated (115–117). The stability of the Watson–Crick pair between 9-EtGH
and 1-MeC in Me2SO-d6 has been found to be 6.9  1.3 M1, in agreement with
published data. Depending on the coligands of the PtII, values between K ¼
11.1  3.2 and 24.2  12.4 M 1 have been determined experimentally for Pt
complexes (115–117) (Fig. 3). The existence of platinated G  C Watson–Crick
pairs has been conﬁrmed also by X-ray crystal structure analysis in a number of
cases (116–120). Figure 4 provides a representative example (117). L-Shaped,
metalated nucleobase triplets prove to be of particular interest in this respect as
they provide additional functionalities for hydrogen-bond formation with
cytosine, exceeding the common number of three hydrogen bonds between G
and C. Examples of this kind (117, 120) conﬁrm the coreceptor properties of
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Figure 3. Stackplot of the aromatic section of H NMR spectra of a 1:1 mixture of trans-[a2Pt(7,9DiMeG)(9-EtGH-N7)]2þ and 1-MeC in (CD3)2SO at various concentrations (a: 77.82, b: 38.86, c:
15.54, d: 4.97 mM); the NH protons of the 9-EtGH and 1-MeC moieties show a dependence in
concentration whereas all other resonances [including NH2 of the 7,9-dimethylguanine (*)] are
unaffected (top part). In the bottom part the concentration dependence of the chemical shifts of
the NH protons of 9-ethylguanine (N1H, *; NH2, &) and 1-methylcytosine (NH2, K) of the same
system are shown. The arrows indicate those concentrations of the mixture of which the spectra are
shown at the top. [Reference 115. Reproduced by permission of the Royal Society of Chemistry.]

exocyclic oxygens of the pyrimidine bases T and U, which engage even in
C
H. . .O hydrogen bonds with the cytosine ‘‘guest’’ [Fig. 5, (117)].
By also employing other chemically modiﬁed guanine nucleobases [7,9dimethylguanine (7,9-diMeG), 7,8-dihydro-8-oxo-9-methylguanine] and trying
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Figure 4. View of hydrogen-bonding adduct of trans-[(NH3)2Pt(9-EtA-N7)(9-MeGH-N7)]2þ with
1-MeC. A water molecule [O(2w)] is also involved in hydrogen bonding. [Reprinted with permission
from (117).]

Figure 5. Nucleobase quartet generated from diplatinated G, A, U base triplet and C. The
coreceptor ligand 1-MeU is also involved in hydrogen bonding with the 1-MeC guest. [Reprinted
with permission from (117).]
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to correlate the pKa values of N(1)H with the stability of the Watson–Crick pair
with cytosine, a maximum of stability was determined for a pKa ﬃ 8.3 (116).
This ﬁnding was interpreted in terms of two effects counteracting each other,
namely, an increase in N(1)H acidity, which favors base pairing, and a concomitant loss of O6 basicity, which weakens hydrogen bonding with cytosine.
Recent ab initio quantum chemical calculations performed by Burda et al. (97)
provide a possible alternative interpretation by proposing that speciﬁc interactions between the base pair and either solvent molecules or anions might in fact
account for the experimentelly observed differences.
At least for A  T pairing, such a possibility has been demonstrated. Because
of the strong solvent competition for hydrogen-bonding sites and the relative
weakness of A  T pairing, hydrogen-bond formation between the two bases or
between metal adenine complexes and T is difﬁcult to prove in solution. In
dimethyl sulfoxide (DMSO), for example, neither Watson–Crick nor Hoogsteen
pairing can be detected. Surprisingly, however, Hoogsteen pairing between N1
platinated adenine (20 ,30 ,50 -tri-tert-butyldimethylsilyladenosine or 9-cyclohexylmethyladenine) and 30 ,50 -diacetyl-20 -deoxyuridine is not even taking place in
CDCl3 (121). Only < 150 K and in the solvent freon is there partial hydrogen
bonding, as evidenced, among others, by 1J(15N
1H) coupling in [3-15N] labeled
uridine. This ﬁnding was in contrast to expectations based on ab initio gas-phase
calculations. They clearly had predicted that Hoogsteen pairing should be possible and in fact should be more stable than the Hoogsteen pair in the absence of
the N1-coordinated Pt(II) (121). A rationale for this ﬁnding was again provided
by the calculations, which showed that a reduction of the effective positive
charge of the metal ion by a suitably placed NO3 anion causes this effect, even
though Hoogsteen pairing is not impaired for steric reasons.
An example of Hoogsteen pairing between T and an A carrying a Pd(II) at
N3 has recently been reported by Houlton and co-workers (122). This structure
seems to conﬁrm earlier predictions (110) according to which a metal at N3 of
A weakens Watson–Crick pairing.
4.

Deprotonation of N7 Metalated Guanine

With N7 of guanine being a or even the preferred metal-binding site in
nucleic acids, the effects of a metal ion on base pairing properties have been of
major interest for some time. As pointed out above (Section II. C. 2), metal
binding to N7 acidiﬁes the proton at the N1 position. Two questions arise from
here: Is the acidiﬁcation sufﬁcient to induce a Hþ transfer in the Watson–Crick
pair with C, and what are the general base pairing properties of deprotonated
guanine? Both questions are of relevance with regard to generating point mutations as a consequence of metal coordination to DNA. Calculations (123) have
shown that in the absence of a metal ion, the scenario of a single proton shift
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is highly unlikely to occur, as the canonical Watson–Crick base pair is more
stable by 24 kcal mol1 than the ion pair. The picture changes somewhat, if a
single positively charged [Mg(H2O)4(OH)]þ entity is placed at N7 (89), but the
energy difference in favor of the normal pair is still substantial (13 kcal mol1).
Only if the full dipositive charge of a [Mg(H2O)5]2þ ion at N7 is considered,
will the two base pair variants become equal in energy. Electrostatics thus are
the dominating contribution to the scenario of ion-pair formation, and for this
reason are less likely to be of relevance under realistic solution conditions.
Extensive structural work has been conducted with N7 platinated, N1
deprotonated guanine model nucleobases. Apart from the X-ray crystal structure
of complexes of type cis-[(NH3)2Pt(C-N3)(G-N7)]þ (124) and cis-[(NH3)2Pt(G-N7)2] (125), which do not display any unusual features, it is the various
hydrogen-bonded associates with free, neutral guanine (125), with N7 platinated, neutral guanine (119, 124, 126–128) as well as with N3 platinated, neutral
cytosine (129), which are exciting. As in the case of hemiprotonated 7,9dimethyl-guaninium (58; cf. Fig. 2) it is the complementarity between the
Watson–Crick faces of guanine and the guanine anion that is responsible for
efﬁcient pairing via three hydrogen bonds. The stability of this pairing pattern
exceeds that of the common Watson–Crick scheme between guanine and cytosine by far (128), and can assist formation of larger nucleobase aggregates such
as the metalated base sextet shown in Fig. 6 (128). There is even a case where
normal Watson–Crick pairing between Pt
G and C as well as Pt
G  G
Pt
pairing is realized simultaneously [Fig. 7 (119)]. Of particular interest is also the
C in the metalated nucleobase
pairing pattern seen between Pt
G and Pt
quartet trans-{[Pt(NH3)2(1-MeC-N3)(9-EtG-N7)]2}2þ (129) shown in Fig. 8.
Its formation is again a consequence of self-complementary, in this case of the
two ends of the cation itself. This association pattern is even maintained in
DMSO solution and, remarkably, it displays a rare case of nucleobase hydrogen
bonding involving an aromatic hydrogen atom (Fig. 9). In fact, it was the rather
unexpected behavior of this cytosine-H5 proton in the 1H NMR spectrum
(129b), which led to the discovery of this pairing pattern and its eventual conﬁrmation by X-ray crystallography (129a).
Hemideprotonation of a metalated nucleobase and the resulting selfcomplementarity is also the key in rationalizing the triple hydrogen-bonding pattern
seen in an associate of a neutral and an anionic purine-6-thione Ru(III) complex
(130), which is analogous to that seen with 2-thiouracil [(84), see Section II. D].
5.

Self-Pairing of Metal–Nucleobase Complexes

Self-pairing motifs of metalated nucleobases are governed by the very same
forces that operate in pairing schemes between a metalated nucleobase and a
nonmetalated one (cf. Section II. E. 1). In addition, alterations can be brought
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Figure 8. Association pattern of diplatinated nucleobase quartet of composition trans-{[(NH3)2Pt(1-MeC-N3)(9-EtG-N7)]}22þ with six cyclic hydrogen bonds within the quartet, two of which
represent CH. . .N hydrogen bonds. Individual quartets are joined by pairs of hydrogen bonds
between N3 and N(2)H2. [Adopted from (129a).]

about by steric constraints, for example, blockage of potential hydrogen-bonding
sites by metal ions, and interference with co-ligands at the metal. It is beyond
the scope of this review to examine in detail association patterns of metal
nucleobase complexes and to compare them with those of the free nucleobase in
the absence of a metal. It sufﬁces to remark that such studies, although not in a
comprehensive way, have been conducted in a number of cases (see, e.g., (131)]
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Figure 9. Schematic detail of structure shown in Figure 8 with hydrogen bonding between C(5)H
of cytosine and N1 of guaninate indicated.
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and that occasionally they lead to appealing supramolecular architectures, which
are of interest at their own [see, e.g., (132-135)].
6.

Metals and non-Watson–Crick Pairs

Non-Watson–Crick pairs as models of spontaneous mispairing scenarios
responsible for mutagenesis have been studied in numerous cases, both in solution (136) and in the solid state (31, 59). For RNAs, non-Watson–Crick pairs
have been long known (33). In both cases, yet in particular for DNA mispairs,
the question of how metal ions may inﬂuence mispairing scenarios is of
substantial interest, especially since a number of these mispairs reach the
stability of conventional complementary base pairs. Given this situation, any
additional stabilization or destabilization arising from a metal ion, may be
crucial. Again, ab initio calculations on the effects of coordinated main group
and d10 transition metal ions on the reverse Hoogsteen A  A pair (111), the
reverse Hoogsteen G G pair (89), as well as the G(anti) A(anti) and G(anti) A(syn)
mispairs (137) have provided insight into the basic energetic features of these
pairs. Although only the G A mispairs are relevant to scenarios feasible in
double-stranded antiparallel DNA (whereas the others apply to parallel stranded
oligonucleotides, DNA triple helices and RNAs) the studies agree in that a
[(H2O)5M]2þ entity at N7 of guanine stabilizes base pairs involving a second
guanine or another base, for example, cytosine (cf. Section II. E. 3) or adenine
(89, 137). The enhancement is particuarly pronounced for the interaction of
dGMP with a neutral G, and has been traced back to both polarization and
electrostatic contributions (89). In contrast, M(II) coordination to N7 of adenine,
due to its inherently weaker binding energy, virtually does not propagate into
the hydrogen bonds with another base, neither with adenine nor with the complementary thymine (111). In essence, polarizing effects are absent in MII–
(adenine-N7) complexes.
It is probably trivial to state that sterical blockage of a nucleobase site normally involved in pairing with another base prevents pairing at all. To the best of
our knowledge, there exists, however, a single example of a metal nucleobase
complex, in which another base is found being hydrogen bonded to a metalblocked nucleobase. In trans-{[Pt(MeNH2)2(7,9-DimeG-N1)2]2  2(1-MeC)}(ClO4)2, the cytosine nucleobases form pairs of hydrogen bonds via their N3
and N(4)H2 groups to N(2)H2 and N3 of the guanine bases (138). Figure 10
depicts this hydrogen-bonding scheme.
7.

Nucleic Acid Triplexes and Metals

Triple-stranded nucleic acids were ﬁrst reported in 1957 (139), only 4 years
after double-helical DNA had been described by Watson and Crick. They have
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Figure 10. Hydrogen-bonding scheme between 7,9-DiMeG and 1-MeC in trans-{[(MeNH2)2Pt(7,9-DiMeG-N1)2]  (1-MeC)2}2þ involving N2 and N3 sites of the guanine bases. [Reference 138.
Reproduced by permission of the Royal Society of Chemistry.]

experienced an astonishing renaissance during the last decade. Experimental
proof for the existence of triple-stranded nucleic acids now includes NMR and
X-ray single crystal data in addition to early ﬁber diffraction data, among others
(140). A major driving force in the recent development was, and in fact still is,
the option of gene suppression via triplex-forming oligonucleotides and their
applications as therapeutics (antigene strategies) (141). There are many variants
of triplexes possible (intra- and intermolecular), differing in the direction of the
third strand (parallel or antiparallel) and the hydrogen-bonding patterns between
the three bases forming the triplets within the triplexes (142). Protonated cytosine (HCþ) is involved in (HCþ)G  C base triplets with either a parallel or an
antiparallel orientation of the third strand with respect to the homopurine strand
(Fig. 11). As will be pointed out in Section III.B, apparent pKa values of protonated cytosines are rather variable and not close to values of isolated cytosine
nucleobases. They strongly depend on the environment. A major problem in
triplex structures stems from the fact that there appears to be a pronounced structural polymorphism associated with triplexes (140, 143). Although there are
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numerous reports that indicate that metal ions have a major effect on triplex
formation and stability (144), the molecular basis of this ﬁnding was not well
understood for a while. It was Potaman and Soyfer, who in 1993 made the proposal that the stabilization of G G  C triads, with the two Gs in a reversed
Hoogsteen arrangement, by divalent cations was due to improved hydrogenbonding of the third base (G) to the G in the Watson–Crick pair as a consequence of metal binding to N7 of the third base (145). This interpretation was
later conﬁrmed in two extensive ab initio studies performed by Šponer et al.
(146, 147), which furthermore showed for the ﬁrst time that the enhancement in
hydrogen-bonding strength is related to two physically different contributions,
namely, polarization effects (through bonds) as well as electrostatic attraction
between the cation and the remote nucleobase. Surprisingly, it was found that
the analogous A  A T triple was not stabilized by metal binding to A-N7. A very
recent theoretical study conﬁrms the stabilizing effect of [Zn(H2O)5]2þ binding
to G in the G G C triplet (137). It thus appears that the arguments used to
describe the effects of metal ions coordinated at the periphery of complementary
(cf. Section II. E. 3) and likewise noncomplementary base pairs (cf. Section II.
E. 6) also apply to nucleobase triplets. Quite clearly, although somewhat oversimpliﬁed, the acidiﬁcation of the N(1)H proton of guanine in the third strand of
G G C and, consequently, the loss in basicity of N(1) of adenine in the third
strand of A A T are dominant alterations to account for the observed features.
And they are relevant also in solution!
The possible effects of metal ions on the stability of pyrimidine  purine 
pyrimidine base triplets such as HCþ G  C as well as T A T still await theoretical treatment.
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8.

Metal-Modiﬁed Nucleobase Pairs, Triplets, and More

We introduced the term ‘‘metal-modiﬁed base pair’’ for the situation in which
a metal ion cross-links two bases in a linear fashion, thus keeping the roughly
coplanar orientation of the two nucleobases and, frequently, still maintaining
hydrogen-bonding. In a formal sense, a metal ion thus replaces a proton in a
hydrogen bond between two bases (Fig. 12), irrespective of the charges of the
original bases (cationic or neutral) and the outcome after metal binding (neutral
or anionic) (148, 149). Both complementary and noncomplementary bases can
be linked this way, with metalated analogues of the major base pairing schemes
synthesized. Extension to base triples with one (117, 118) or two (117, 120)
metal entities, as well as metal-modiﬁed quartets (117, 120) and sextets (128) is
possible. As will be outlined in more detail in Section VI, the ﬁxed orientation
of the nucleobases in these compounds generates interactions between nucleobase functional groups that, in conjunction with metal-caused acidiﬁcation, can
lead to dramatic shifts in pKa values. It was the structure of the metal-modiﬁed
(HCþ)GC base triplet shown in Fig. 13 (118), in which the protonated cytosine
base (Fig. 11 in Section II. E. 7) is replaced by a linear trans-a2PtII entity, which
prompted us to extend this research to oligonucleotides in an attempt to take
advantage of this concept in antisense and antigene strategies (150). To this end,
oligonucleotides were modiﬁed with trans-a2PtII (151) and the Pt-oligonucleotide conjugates were hybridized with single-stranded oligonucleotides (152) or
double-stranded DNA (153). The concept relies on the premise that the oligonucleotide is responsible for fast recognition of the target sequence in DNA and
RNA, and that the monofunctionally bound Pt electrophile, in a slower reaction,
‘‘irreversibly’’ cross-links the oligonucleotide with the target (Fig. 14). On the
basis of a range of physicochemical methods [NMR, circular dichroism (CD),
Tm measurements, electrospray ionization mass spectrometry (ESI–MS), etc.]
as well as biochemical techniques (footprinting, Maxam–Gilbert sequencing,
etc.) it is now evident that the principle indeed works, even though numerous
challenges (transport into cells, nuclease resistance, kinetics of cross-linking
reaction, etc.) need to be settled before any practical applications are feasible. In
a variant of this concept, Leng and co-workers (154) used oligonucleotides
containing a 1,3-intrastrand cross-link of trans-a2PtII that, upon hybridization
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Figure 13. Platinated C  G  C triplet. The linear trans-(MeNH2)2PtII entity replaces a proton in the
(CHþ)  G  C triplet. [Adopted from (118).]

with a target sequence, convert into interstrand cross-links with the target. This
approach has been applied successfully to RNA transfected cells (155).
9.

Metal Binding and Nucleobase Tautomerization: Two Scenarios

The question whether rare tautomers of the natural nucleobases (e.g., imino
forms of A or C, or enol forms of either G or T) may be involved in base mispairing events is central to mutagenesis. It has, however, not been unambiguously
answered as yet. Originally proposed by Watson and Crick (156) as well as later
by Topal and Fresco (157), experimental evidence for such possibilities is still
lacking. Rather, nucleobases in mispairs have frequently been demonstrated to

+

Figure 14. Principle of antisense strategy applying a platinated oligonucleotide.
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involve either protonated species (e.g., HAþ G), or deprotonated species (e.g.,
G 5-BrU), or bases in their preferred tautomeric structure (e.g., G A). Still, it
seems possible that under special circumstances base tautomerization is realized, in particular, if stabilization via hydrogen bonds proves advantageous. For
example, in the crystal structure of a DNA hairpin with several Ts in the loop
region, a T T* pair is created in the lattice in which one of the thymine bases
(T*) adopts an enol tautomeric form (158). Similarly, binding of creatinine to a
receptor has been demonstrated to cause a change in tautomeric structure of
the latter, thereby generating a complete complementarity in hydrogen bonds
between host and guest (159).
Considering these ﬁndings, it is certainly not unexpected to imagine that
metal coordination to a nucleobase has the potential of inﬂuencing tautomer
equilibria of nucleobases or related compounds. Indeed, theoretical calculations
on the reaction mechanism of the Mo enzyme xanthine oxidase suggest that
proton shifts, hence tautomerization, occur during oxidative hydroxylation of
purine substrates (160). Concerning metal complexes of nucleobases in general,
two principal ways (scenarios 1, 2) of inﬂuencing nucleobase tautomerism can
be foreseen, depending on the site of metal binding.
In scenario 1, the metal is bonded to a site not involved in Watson–Crick
pairing (e.g., to N7 or N3 of a purine base). We have previously studied the
question whether N7 platinum binding to adenine could possibly shift the
amino Ð imino tautomer equilibrium in favor of the minor imino form A* (52).
If true, a rationale for the mutagenic potency of Pt-A adducts in DNA would
be available, which involves AT ! TA transversions, occurring via a central
A A* mispairing step. By applying the ‘‘method of basicity measurements’’
[cf. Section II. B. (56)] on Pt(II) complexes of 9-methyladenine (9-MeA), 1,9dimethyladenine (1,9-DiMeA), and N6’,N9-dimethyladenine (6,9-DiMeA), it was
not possible to detect signiﬁcant changes in the tautomer equilibrium constant
KT, however. On the other hand, the mutagenic potential of this adduct is certainly not sufﬁciently high to expect a dramatic alteration of KT. Gas-phase
calculations clearly lend credit to a scenario of adenine tautomerization as a
consequence of Pt(II) binding to N7, however (161), as schematically shown in
Figure 15. The positive charge of the metal and the stabilization of the imino
tautomer by a hydrogen bond between an ammine ligand of Pt(II) and the
imino group N(6)H favor such a possibility. Interestingly, Pt(II) binding to
the N7 position of guanine appears not to have a profound effect on the
keto Ð enol tautomer equilibrium of this base (161, 162). In both cases, it
has to be kept in mind that in the condensed phase (solid state; polar solvents)
the electrostatic effects are to a large extent compensated for and consequently
are to be expected less dramatic than the gas-phase picture may suggest.
Scenario 2 applies to a completely different situation in which a metal ion
replaces a proton normally involved in the proper tautomer structure of the
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Figure 15. Stabilization of rare adenine imino tautomer by (NH3)3PtII entity at N7. The N(6)H
adopts a syn orientation [with respect to N(1)H], thus allowing hydrogen-bond formation between
N6 and NH3 of Pt(II).

nucleobase and ‘‘forces’’ this proton to take another site. As a result, ‘‘metalstabilized rare tautomers’’ are formed. This concept can be and has in fact been
applied to all common nucleobases, and the compounds can be crystallized and
structurally characterized (Fig. 16). They shall now be discussed individually.
Uracil and Thymine: Deprotonation of the N3 position, metal binding to
this site, and reprotonation of the exocyclic O4 position generates a
platinated form of the rare 4-hydroxo, 2-oxo tautomeric form a uracil or
thymine (44a,c). The proton at O4 is rather acidic, ranging in its pKa from
ca. 1 to þ3 (163), depending on the substituent at the 5-position
(electron withdrawing or -donating), the coligands of Pt(II), and the
degree of stabilization by intracomplex hydrogen-bonding. For example,
in cis-[(NH3)2Pt(1-MeU)(1-MeUH*)]þ the acidic proton at O4 of 1MeUH* is stabilized by a hydrogen bond with O4 of 1-MeU [Fig. 17,
(44c)]. Its pKa of  1.5 (44c, 163) compares with a value of 1 for the
analogous 5-Cl-1-MeUH* species (163) and 2.05 (44a) for the 1-MeTH*
species, which has likewise been structurally characterized and demonstrated to have this hydrogen bond (164). The highest pKa value, namely,
3, has been found for cis-[(cpa)2Pt(1-MeTH*)(1-MeT)]þ (cpa ¼ cyclopropylamine) (163c). In 1:1 complexes of Pt(II), pKa values are lower than
in the 1:2 complexes because of the missing possibility of stabilization
of the protonated species by intramolecular hydrogen bonding. In all
instances, the pKa values of the platinated uracil (thymine) species
are several log units higher than in the protonated nucleobase itself
[pKa values in range 3 to 5 (163)]. As far as any base mispairing
possibilities are concerned, these appear unlikely as a consequence of

ALTERATIONS OF NUCLEOBASE pKa VALUES UPON METAL COORDINATION 413
M

M

HO

NH

HN

M
N

HN

T*
O

N

O

M
O

G*
H 2N

N

O

N

R

R

syn (E)

anti (Z)

N

N

HN

N

N

R

N

HN

A*

A*
N

M

H

H
N

H
N

N

C*

N

R

M

HN

C*

N

R

R
syn (E)

N

anti (Z)

Figure 16. Metal-stabilized rare tautomers of T, C, G, and A. Arrow denotes lone electron pair
donated to the metal M. Only a single mesomeric form is given in each case.

the metal covering a large portion of the Watson–Crick face of the nucleobase. However, as we have demonstrated (44a,c), due to the weakness of
the Pt
N3 bond as a consequence of O-protonation, the base in its rare
tautomer stucture is readily released from the metal complex. It then
provides an opportunity for base mispairing, for example, in a G T* pair
(44c), provided a fast proton transfer to the preferred 2,4-dioxo tautomer
is slowed down (e.g., by the absence of water). There is a ﬁnal aspect
worth while mentioning, namely, that from the geometry of the metal–rare
tautomer complex as determined by X-ray crystallography and with
knowledge of the effect of the coordinated metal ion on the heterocyclic
ring system, the geometry of the rare nucleobase, which otherwise cannot
be isolated and structurally characterized, can be estimated. We have
demonstrated this principle not only for uracil (44c), but also for cytosine
(44b).
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Figure 17. View of X-ray crystal structure of cis-[(NH3)2Pt(1-MeU-N3)(1-MeUH*-N3)]þ containing a rare 4-hydroxo,2-oxo-tautomer of 1-methyluracil. [Reprinted with permission from H.
Schöllhorn, U. Thewalt, and B. Lippert, J. Am. Chem. Soc., 111, 7213 (1989). Copyright # 1989
American Chemical Society.]

Cytosine: Metal coordination to the exocyclic amino group of cytosine
and a concomitant shift of a proton from N(4)H2 to N3 produces a metalated form of the rare iminooxo tautomer form of this nucleobase (44b).
The N4 metalated cytosines appear to be predominantly formed via
N3 ! N4 metal migration, a process that either involves redox chemistry
(44b, 165–168) or high pH (169). Metal binding to both N3 and N4 is
quite common (170), yet is irrelevant for the discussion of tautomerism.
The orientation of the metal at N4 relative to the N3 site of cytosine may
be syn (44b, 166–168, 171, 172) or anti (167, 168) and (E) or (Z), respectively [with (E) ¼ ‘‘entgegen’’, (Z) ¼ ‘‘zusammen’’ (171)]. The rotamerization process is under pH control (172, 173) since the protonation state
of the N3 position determines if intracomplex hydrogen bonding with
coligands of the metal and N3 is possible (168, 174, 175). The pKa of the
proton at N3 depends, among others, on the nature and effective charge of
the metal at N4, as discussed in more detail in Section V. C. Base pairing
of either M
C* or M
(C*
H) is feasible primarily if the metal keeps the
Watson–Crick face available for hydrogen bonding, hence adopts an anti
orientation with respect to N3 (166). Depending on the protonation state of
M
C* or that of the partner nucleobase, pairing with G according to
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Watson–Crick, for example [M
C*]G or [M
(C)]  G, or according to
*
Hoogsteen, for example, [M
C ]G is still feasible (91), as is mispair
formation (166).
Guanine: Metal binding to N1 of G and proton shift to either N7, N3,
or O6 generates a metalated form of a rare guanine tautomer (176, 177).
The pKa of this proton in Pt(II) complexes is  4.5 (177)–5.0 (176). For
related compounds of 9-methylhypoxanthine a lower value of 3 has been
reported (178). It is assumed, based on the large effect of (de)protonation
on the H8 resonance, that in these cases the acidic proton resides at N7.
With the Hoogsteen face of G available for hydrogen bonding, it will
depend on the protonation state of N7 if and with which nucleobase
hydrogen bonding will take place. A case of twofold MeHgII binding, to
N1 and the exocyclic amino group N2, has likewise been reported (169e),
but the pKa value of this compound is not known.
Adenine: The situation with metal binding to the exocyclic amino group
of adenine is similar to that of cytosine (168, 171) although there are more
possibilities with adenine as to where the shifted proton may reside (N1,
N3, N7). In cases with X-ray structures available, for example, in mononuclear complexes of Pt(II) (179), Hg(II) (180), Ru(III) (181) as well as
dinuclear metal complexes with N7,N6 bridging, for example, of [MoII]2
or [RhII]2 (182), the acidic proton is found at the N1 position. In other
cases of structurally characterized adenine complexes with multiple metal
binding, the adenine base is anionic, such as with N1,N6 coordination
[[Pt(II)] (183), [MeHgII]2 (184)], twofold N6 coordination [[MeHgII]2
(185), N6,N7 bridging [Pt(II)]2 (186)], or in cyclic, trinuclear complexes
with simultaneous N1,N6,N7 metal binding [Rh(III) (187), Ru(II) (188),
Pt(IV) (189)]. As has been pointed out (180)], an anti orientation of the
metal at N6 and a proton at N1 could give rise to G(syn) A*(anti) as well as
C(anti) A*(anti) mispairs, both of which could account for transition mutations of type AT ! CG (190).
III.

ENVIRONMENTAL EFFECTS ON pKa VALUES
A.

General Aspects

It is well established that acid–base equilibria and consequently pKa values
can be subject to considerable variations in dependence of environment, namely,
the polarity and dielectric constant of the solvent, solvation properties, and so
on. This aspect is of particular signiﬁcance in biological processes that occur at
the interface of water and biomolecule aggregates. For example, variations in
pKa values of amino acid side chains in proteins as well as local conditions in the
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active site of enzymes have been intensely studied for this reason (191). Even in
the denatured and unfolded state of proteins, differences in pKa values of
identical amino acid side chains are observed, which provide qualitative
information concerning electrostatic interactions in this state (192). Similarly,
pKa values of acid–base indicators ﬁxed via molecular imprinting techniques in
solid matrixes can be shifted within surprisingly large boundaries as a consequence of different local environments (193).
In considering reasons for variations in pKa values (194), it is helpful to differentiate between cationic, neutral, and anionic acids. In Fig. 18, cases relevant
to nucleic acids are depicted. Variations in pKa values of acids can be attributed
to any of the following reasons or combinations thereof:
1. Polarity of Environment. A strongly hydrophobic environment inhibits
solvation and hence stabilization of the ionic conjugate bases in (II) and
(III). Ionization is thus suppressed in these cases, and the pKa values
increase. On the other hand, the pKa of the cationic acid (I) is expected to
decrease, hence the cationic acid becomes more acidic, since the resulting
conjugate base is uncharged.
2. Electrostatics. Positive charges in the vicinity of an acidic proton in a
group lead to an increase in acidity and a lowering of the pKa. This is true
for all three cases (I, II, III). Conversely, adjacent negative charges cause
a loss in group acidity, and hence lead to a rise in pKa. Charge effects
can be substantial, amounting to several log units.
3. Steric Fit. Tight binding of a guest to a receptor, resulting in a very stable
host–guest complex, can likewise have a profound inﬂuence on the pKa
of the guest. For example, the NH4þ ion in the cryptate complex with
the macrotricyclic cryptand SC-24 has an apparent pKa of 15.3 (195),
which compares with pKa  9.3 for NH4þ in aqueous solution. The reduction in apparent acidity of NH4þ is a consequence of a perfect ﬁt and
efﬁcient hydrogen-bonding between the protons of NH4þ and acceptor
sites of the cryptand.
½NH4

SC-24 þ Ð SC-24 þ NHþ
4

Kdiss ¼ 106

þ
NHþ
4 Ð NH3 þ H

Ka ¼ 109:3

Kaapp ¼ Kdiss  Ka ¼ 1015:3
pKaapp ¼ 15:3
All these features are also crucial in enzyme catalysis. The role of hydrogen
bonding in stabilizing reactive intermediates has been recognized (196) and
experimental studies on the stabilization of anionic species are numerous (197).
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Figure 18. Schematic representation of feasible acid–base equilibria of nucleobase components.

B.

Nucleic Acids

The determination of individual pKa values of nucleobases in DNA helices
and in particular in RNA molecules has, very much as with amino acid side
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chains in proteins, revealed variations from the standard values of individual
nucleobases. Again, these variations reﬂect differences in local environment of
the bases. Thus, pKa values of protonated adenine bases (HAþ) in mispairs with
cytosine (198) or guanine (199) or when present in more complex RNA structures (200) are consistently higher than for free AMP. The apparent pKa value of
6.2–6.4 in the HAþ C mispair (198) indicates a decrease of adeninium acidity
by 2.3–2.5 log units. It implies a stability Kass of this mispair in this particular
sequence of Kass ¼ 102.3–102.5.
Kdiss

Ka

HAþ þ C Ð A þ C þ Hþ
½HAþ  C Ð
Kass
Base paired state

Open state

Similar arguments apply to base pairs or triples containing protonated cytosine bases such as present in HCþ  G Hoogsteen pairs in parallel-stranded DNA
(201), in HCþ  C pairs of the ‘‘i-motif’’ (202), or in C  G  HCþ triplexes. In the
latter, cytosine pKa values are typically in the range 5–6 for intermolecular
triplexes. However, in intramolecular triplexes containing C G  HCþ triplets,
apparent pKa calues are generally higher (203), with a maximum of > 9 reached
in a particularly stable triplex (204). This means a deviation from the normal
pKa value of isolated dCMP in water by 5 log units.
In summary, protonated nucleobases are stabilized by suitably positioned H
acceptors (endocyclic N atom; exocyclic O atom). As a consequence the proton
in question is less acidic and consequently has a higher apparent pKa. Conversely, a deprotonated nucleobase is efﬁciently stabilized by hydrogen donors
and the proton lost has increased its acidity and consequently the apparent pKa is
lowered.
C.

Metalated Nucleobases

The arguments pointed out in Sections III.A and B apply to metal nucleobase
complexes as well. As will be discussed in more detail in Section VI, hydrogenbonding plays a crucial role in stabilizing nucleobases in a particular protonation
state. The orientation of hydrogen-bond donors or acceptors is consequently
important in this respect and seen even in model nucleobase complexes. It is
much more difﬁcult to assess the inﬂuence of the environment, for example, of a
protein associated with a metal–DNA complex or within a folded RNA structure
containing a bound metal. The possibilities sketched in Fig. 18. need in fact to
be extended to the case where the conjugate base is formally still positively
charged (e.g., when considering the following equilibrium):
½MII
LH 2þ Ð ½MII
L þ þ Hþ
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(with LH ¼ neutral nucleobase). It will depend on the strength of the metal–
nucleobase interaction and the immediate environment (solvent, counterions)
how the effect of the positive charge of the metal extends onto the nucleobase.
Scenarios of this kind have neither been studied experimentally nor treated by
means of theoretical methods.

IV.

DETERMINATION OF pKa VALUES

There are numerous ways to determine experimentally pKa values of
chemical compounds (205). Classical methods are potentiometric titration and
ultraviolet (UV) spectroscopy, among others. These techniques have been widely
applied for nucleobases and also for metal–nucleobase complexes. For the extremes such as negative pKa values (pKa 2) of singly or multiply protonated
nucleobases, or very high pKa values (pKa > 15) for deprotonation of exocyclic
amino groups of nucleobases (C, G, A), modiﬁcations have to be employed.
These include the consideration of the Hammett acidity function in superacidic
solvents or solvent mixtures (206), as well as extrapolative techniques according
to Bunnett–Olsen and Marziano–Cimino–Passerini to be applied in polar, aprotic
solvents (45, 207).
The determination of the pKa of a nucleobase by potentiometry relies on
differences in NaOH consumptions between titrations of HNO3 carried out in
the absence and presence of the compound whose pKa is to be obtained (208).
Curve-ﬁt procedures using Newton–Gauss nonlinear least-squares programs are
applied to calculate the pKa value.
Ultraviolet-vis spectroscopy depends on differences in absorption intensities
of species in differing protonation states using the relation
pKa ¼ pH þ log

A0  A
A  A00

where A0 is the absorbance of the protonated species, A00 is the absorbance of the
deprotonated species, and A is the absorbance of a mixture of both species at a
given pH (41).
For the determination of nucleobase pKa values lying in the pH range
of aqueous solutions (pH 0–14), NMR methods are widely used today. In
particular for oligonucleotides, they are the preferred techniques as the
behavior of individual bases can be monitored, a situation to be reached
with other techniques at most for very short oligonucleotides (209). Regardless
of whether 1H, 13C, or 15N NMR chemical shifts are monitored in dependence of pD (in D2O solutions), the principle in all cases is that chemical shifts
d are plotted against pD, giving a sigmoidal curve (provided a single
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protonation–deprotonation step is monitored). The resulting pD proﬁle is then
ﬁtted to the equation
dexp ¼

dA þ dB 10ðpKa pHÞ
1 þ 10ðpKa pHÞ

with dA and dB being the plateau values of the respective chemical shifts in basic
and acidic pD limits, hence for deprotonated and neutral species (116). The pKa
values obtained this way are valid for D2O solutions. They can be converted into
pKa values valid for H2O solutions using the relationship (210):
pKa ðH2 OÞ ¼

pKa ðD2 OÞ  0:45
1:015

The pKa values can also be derived from pD/d proﬁles applying a Hill plot
analysis (198b, 199), namely, by plotting pD values against log [(1  aÞ/a],
values where a represents the fraction of the protonated species. The pKa (D2O)
value is derived from the intercept of the straight line.
The treatment of pKa values becomes more elaborate if microacidity constants need to be considered. These are of interest in cases where intrinsic
basicities or acidities of particular nucleobase sites cannot be obtained experimentally (25, 103, 211). To give an example: Knowledge of the intrinsic basicity
of an adenine-N7 site in double-stranded DNA is of interest with regard to metal
binding in the major groove, yet this value is not to be determined by potentiometric titration of the isolated nucleobase, as protonation always occurs at the
more basic N1 site. Only in a second step is there protonation of N7. Its pKa
value is negative, yet no measure of the intrinsic basicity of this site. As shown
by Sigel (25), through employment of a cyclic microacidity scheme and by
relying on pKa values of closely related N-methyl derivatives [e.g., on N7,N9dimethyladenine, protonated form (7,9-DiMeAHþ)], it is possible to calculate
this value, which is remarkably high, namely, close to 3.
With regard to metal complexes of nucleobases or nucleic acid fragments,
inert diamagnetic species are again conveniently studied applying NMR spectroscopic methods. More sophisticated NMR techniques have likewise been
employed: For example, with methylmercury(II) complexes, the two bond coupl1H) has been found to be related to the basicity of the
ing constant 2J(199Hg
donor atom. Taylor et al. (169e), for example, showed that the pKa1 value of
exocyclic amino groups of A, G, and C can be determined by studying complexes in which a MeHgII unit has replaced a proton of the exocyclic amino group
and applying the linear relationship
2

Jð199 Hg 1 HÞ ¼ 248:5  3:88 pKa
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with DMSO-d6 as the solvent. Good agreement with pKa1 values of these
nucleobases determined by alternative methods has been observed. In a similar
approach, the pKa2 value for the exocyclic amino group of 9-MeA has been
derived from the coupling constant of the compound [(MeHg)2(9-MeA2N6,N6)] and was found to be  29 (212).
Clarke and Taube (41) demonstrated that with redox active metal nucleobase
complexes [e.g., of Ru(II) and Ru(III)], also cyclovoltammetry can be used to
determine pKa values. The relation is
pKa ðRuII  LHÞ ¼ E=59 þ pKa ðRuIII  LHÞ
where pKa (RuII  LH) refers to the pKa to be obtained, pKa (RuIII  LH) is the
spectrophotometrically determined pKa of the Ru(III) complex, and E is
the difference in millivolts between the potential of the Ru(III)/Ru(II) couple
when both species are in the protonated (LH) forms and when they are both
in the deprotonated forms (L).
An indirect method of determining pKa values, frequently applied in biochemical experiments, is to use pH-dependent kinetic assays and to relate rate
proﬁles of reactions with pH. However, it can be difﬁcult to unambiguously
assign the acid–base equilibrium to a speciﬁc process (34c).
Computational methods are increasingly applied to calculate pKa values of
biomolecules. The data obtained for the gas phase are subsequently tried to be
converted into values also relevant for solution conditions. These efforts, frequently made to understand processes occurring in catalytic centers of enzymes
(213), have occasionally also included nucleotides (214).

V.

ALTERED pKa VALUES OF NUCLEOBASES
IN METAL COMPLEXES
A.

Metal Coordination to Neutral Bases

Metal binding to exocyclic oxygen atoms of nucleobases such as O2 or O4
of T(U), O6 of G, and O2 of C (24, 131, 215–218) is expected to acidify NH
and NH2 protons and to reduce the basicity of endocyclic N as well as that of
other carbonyl groups (T, U). Repulsion between the metal entity and the proton
in question is responsible for this effect and, conversely, for a weakening of the
bond between the metal and the carbonyl group. Quantitative data are not
available, but it is certain that the effect of the metal is considerably smaller
than that of an alkyl group. For comparison, O4-methylation of 1-methyluracil
increases the acidity of N(3)H from pKa ¼ 9.75 to  1 (219). Nevertheless, it
is likely that metal binding to an endocyclic N atom requiring deprotonation
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[e.g., T(U)-N3, G-N1] is in fact proceeded by initial binding of this metal to an
exocyclic oxygen atom of the nucleobase and acidiﬁcation of the proton at the
endocyclic N atom.
There are many more reports on pKa changes of nucleobase functionalities in
which neutral nucleobases provide endocyclic N atoms as bonding sites. These
shall be discussed in turns.
1. Cytosine. Metal binding to N3 causes an acidiﬁcation of the exocyclic amino
group. For Pt(II) am(m)ine complexes a maximum increase of  4.5 units has
been observed, from 16.7 in free 1-MeC (45) to  12.5 (220, 221).
2. Guanine. By far the largest number of pKa values available in the
literature is on Pt(II) am(m)ine complexes of N9-substituted guanine
nucleobase complexes, with the metal residing at N7. Examples are listed
in Table II, together with data on a few other metal ions. Clearly, the
acidifying effect is lower than in the case of cytosine as a consequence of
the considerably larger separation between the metal ion and the proton at
N1. The acidiﬁcation of the exocyclic amino group at the 2-position is
expected to be even weaker. Neither it nor the decrease in basicity of N3
and O6 sites have been quantiﬁed. The effect on N3 should in fact be weak,
as evident from the possibility of protonating this site in N7 platinated
guanine (228). The pKa of a 9-EtGH2þ complex carrying a (NH3)3PtII at
N7 has been found to be  0 (222).
TABLE II
The pKa Values of N(1)H Protons in N7 Metalated Guanine Nucleobases
Metal Ion
Pt(II)

Complexa
2þ

[(dien)Pt(9-EtGH-N7)]

cis-[(NH3)2Pt(1-MeC-N3)(9-EtGH-N7)]2þ
cis-[(NH3)2Pt(9-EtGH-N7)2]2þ

Pt(IV)
Ru(II)
Ru(III)
Ni(II)
Cu(II)
a

cis-[(NH3)2Pt(guoH-N7)Cl]þ
cis-[NH3)2Pt(GpC-N7)2]
cis-[(NH3)2Pt(50 -GMP-N7)2]2
trans-[(NH3)2Pt(50 -GMP-N7)2]2
mer,trans-[(dien)(OH)2Pt(9-EtGH-N7)]2þ
[(NH3)5Ru(guoH-N7)]2þ
cis-[(bpy)2Ru(9-EtGH-N7)Cl]þ
[(NH3)5Ru(guoH-N7)]3þ
[Ni(9-EtGH-N7)(H2O)5]2þ
[Cu(guoH-N7)(H2O)x]2þ

Diethylene triamine ¼ dien.

pKa N(1)H

References

8.14  0.06
8.35  0.2
8.3
8.2  0.05
8.02  0.01 (pKa1)
8.67  0.01 (pKa2)
8.5
8.2 (pKa1)
9.5  0.2
9.2  0.2
7.1
8.7  0.1
8
7.36  0.05
7.8  0.3
7.05  0.55

116
103, 177
222
124
125
223
224
43
43
225
41
226
41
227
42a
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3. Adenine. Metal coordination to either N1 or N7 of N9-blocked adenines
has similar acidifying effects on the exocyclic N(6)H2 group. The Pt(II)
reduces the pKa from  17 to  13 in the case of N7 binding, and to > 11
in the case of N1 binding (186, 229). Modiﬁcations of these values are
possible and are the result of secondary interactions (cf. Section VI). The
largest acidiﬁcation of N(6)H2 reported to date is that caused by
(NH3)5RuIII coordination to N1 of adenosine, which lowers the pKa to
8.2 (230). As a consequence, the metal entity undergoes rapid linkage
isomerization to the exocyclic N6 position, and a concomitant shift of a
proton from N6 to N1 takes place (see also Section II. E. 9).
The effect of metal coordination to any of the endocyclic N atoms can
be also expressed in terms of a loss in basicity of the remaining endocyclic
N atoms, hence in a reduced tendency to accept a proton and to become
a metalated adeninium cation. As the pKa values of these species are
frequently in the range 2–0, their determination usually is facile. In
the case of PtII binding to 9-MeA, relevant pKa values are 1.93  0.1
for N7 coordination and 0.45  0.11 for N1 coordination in the mixed
nucleobase complex cis-[(NH3)2Pt(9-MeA)(1-MeC-N3)]2þ (103). This
characteristic difference permits a ready assignment of the metal binding
site in Pt(II) adenine complexes. The apparent increase in basicity of N7
upon N1 Pt(II) binding disappears if microacidity constants are applied
(103).
Metal coordination to N3 of N9-blocked adenine has been demonstrated to be responsible for a dramatic loss in basicity of the N1 position.
With (dien)PtII, for example, the pKa of the singly protonated adenine is
 0.3 and it is the N7 rather than the N1 position that carries the proton
(53). Protonation at N1 requires even lower pH. Applying diaminetethered adenine derivatives and thereby directing the metal to N3, Houlton
and co-workers (231) recently conﬁrmed this loss in basicity in the case
of a Pt(II) complex (pKa ¼ 0.16  0.26). Theoretical calculations by
these authors indicate, however, that in their system protonation at N1 is
maintained, yet that the N1/N7 preference of proton binding is dependent
on conformation (231). The effect of a Pt(II) at N3 of A on the acidity of
the exocyclic amino group remains to be established. In the mentioned
diamine–tethered adenine complex, pD dependent 1H NMR spectra do not
indicate any deprotonation at least up to pD 12.
There are altogether eight combinations possible of how two metal ions
can coordinate to a neutral nucleobase in its preferred tautomeric structure. In
T and U via O2/O4, in C via O2/N3, in G via O6/N7, N3/N7, or N3/O6, and in
A via N1/N7, N3/N7, or N1/N3. In all cases, alterations in pKa values are
expected which should exceed the effect of a single metal. There is X-ray
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structural data available for several of these combinations [e.g., M2(CO2,N3) (232), M2(G-N3,N7) (233), M2(G-O6,N7) (234), M2(A-N1,N7) (235–
237), and M2(A-N3,N7) (238)], but pKa values have been determined in a few
instances only: With a N7/O6 bridged dirhodium(II) complexes of d(GpG),
d(pGpG) as well as the 9-EtGH model base pKa values of  5.7 have been
obtained (239).
For dinuclear Pt(II) complexes of 9-MeA with N1 and N7 metal binding,
protonation to give the adeninium cation is impeded and consequently only
occurs below pH 0. On the other hand, deprotonation of the exocyclic
amino group is facilitated, with pKa values covering a surprisingly large
range, from  12–7.9 (186). Differential stabilization of the deprotonated
adenine nucleobase by neighbor groups accounts for this spread in pKa values
(cf. Section VI).
Examples of three metal ions binding simultaneously to a neutral nucleobase
in its preferred tautomeric structure are scarce. One example, with Pt(II) at N7
of 9-MeA and Agþ at N1 and N3 (132), gives rise to a helical polymer in the
solid state. The effect of the three metal ions on the acidity of the exocyclic
amino group has not been determined.
B.

Metals Replacing Endocyclic Imino Protons
1.

Thymine and Uracil

Substitution of the weakly acidic N3 proton of T or U by a metal ion does not
require strongly alkaline conditions, despite pKa > 9 for these ligands, provided
the metal carries its own base, namely, a hydroxo ligand. Since many metal ions
are cation acids, metal binding to this site is feasible, although frequently disfavored for kinetic reasons or when in competition with other nucleobases.
Examples of this binding pattern include many different metal ions (240–245).
Early work on Agþ (242a) and Pt(II) complexes (44a) of these bases has
revealed that substitution of the N3 proton by these metal ions releases electron
density into the ring, hence makes it, and in particular the exocyclic oxygen
atoms, more basic. Consequently, metalated thyminato (uracilato) ligands can
be protonated to give metalated forms of rare oxo, hydroxo tautomers of these
bases. For Pt(II), the increase in basicity has been quantiﬁed (cf. Section II. E. 9),
with pKa values being  3 or lower. In contrast, this effect is absent with (2,20 bpy)AuIII(bpy ¼ 2,20 -bipyridine), hence this metal entity behaves almost like a
proton at N3 (245).
The fact that replacement of the proton at N3 by a less electron-withdrawing
metal ion makes the exocyclic oxygen atoms excellent ligands for additional
metal ion, is responsible for the existence of so many di- and multinuclear
complexes derived from cis-a2PtL2 (L ¼ T or U) (24, 30, 246).
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2.

Guanine

Replacement of the proton at N1 of G by a metal ion has qualitatively similar
consequences as substitution of the imino proton of T and U. The Pt(II) binding
to this site increases the basicity of the purine ring, but it is not clear how the
residual electron density is distributed. The N1 platinated guanine bases titrate
with a pKa of  5 (176, 177), and from the high pD dependence of the H8
resonances in the 1H NMR spectra it is concluded that the most likely protonation site is N7 (cf. Fig. 16). In its protonated state, the nucleobase represents
again a ‘‘metal-stabilized’’ rare tautomer.
Binding of additional metal ions to other sites of N1 metalated guanine is possible (e.g., to N3, O6, N7 or combinations thereof). With Pt(II),
crystallographically veriﬁed examples include N1,N7 (176, 247) as well as
N1,N3,N7 (222) patterns, and for Cu(II) a N1,O6,N7 pattern has been
reported (248). The mechanism leading to substitution of the N1 proton by
the metal is not established. In addition to direct proton displacement (e.g.,
by a metal-OH entity), an acidiﬁcation scenario of N(1)H achieved by metal
binding to other sites (e.g., O6 and/or N3) is an alternative. As we have
shown, simultaneous metal binding to N7 and N3 lowers the pKa of a guanine
N(1)H to < 6 (249), thus making proton binding at N1 compatible with metal
binding. Formation of N1,N3,N7-trimetalated 6-oxopurine ligands could
conceivably proceed in such a fashion (133, 222). It may depend on the
available metal ion concentration whether metal ions eventually stay on all
three sites or if, for example, the metal at N3 eventually is lost to produce the
N1,N7 dimetalated adduct.
The effect of metals at N1 and N7 of guanine on the properties of the exocyclic amino group in 2-position is difﬁcult to assess, given the uncertainty of
local charge distribution in guanine. It is to be noted, however, that guanine
dianion formation through deprotonation of both N1 and the exocyclic amino
group and threefold metal ion binding (N1, N2, N7) has been realized (237)
(Fig. 19).

C.

Metals Replacing Protons of Exocyclic Amino Groups

Early work on the interactions of metal ions with DNA and nucleosides, performed with Hg(II) and MeHgþ, have unambiguously revealed
that these metal species interact with the exocyclic amino groups of C, A,
and G with displacement of protons (93, 250). Preparative, X-ray crystallographic and NMR work on isolated nucleobases in particular by Beauchamp and co-workers in the 1980s (185, 212, 251) has later conﬁrmed this
feature.
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Figure 19. Metalated cyclic nucleobase quartet containing dianionic guanine and monoanionic
adenine nucleobases. [Reprinted with permission from M. S. Lüth, E. Freisinger, F. Glahé, and
B. Lippert, Inorg. Chem., 37, 5044 (1998). Copyright # American Chemical Society.]

1.

Cytosine

Displacement of a proton from the exocyclic amino group by a metal ion and
the simultaneous shift of this proton to the N3 position leads to a ‘‘metalstabilized’’ form of the rare iminooxo tautomer of cytosine (cf. Section II. E. 9
and Fig. 16). The proton at N3 is considerably more acidic than when located at
N4, but it depends on the speciﬁc metal and secondary interactions (see below)
whether this proton is more acidic than the N3 proton of unmetalated cytosinium
(pKa ﬃ 4.2) or displays lower acidity (Fig. 20 and Table III). From the limited
number of pKa values available it appears that the effect of the metal entity is
generally lower than that of a proton, but that stabilization of the N3 deprotonated species by favorable hydrogen-bonding interactions could boost the
effect of the metal (see also Section VI). For example, (NH3)5RuIII in the anti
arrangement (pKa ¼ 5.3) does not acidify the N(3)H to the extent a proton at N4
does. However, if in the syn arrangment, with hydrogen bonding between NH3
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protons and N3 possible, the (NH3)5RuIII moiety decreases the pKa to 2.6, hence
the proton becomes more acidic than in the unmetalated cytosinium cation [pKa
CydHþ, 4.17 (21)]. The effects of Pt(II) and Pt(IV) appear to be always weaker
than that of a proton, with pKa values in the range 5.8–9.6 (Table III). Variations
are due to the existence of different rotamers, especially in complexes containing two N4 bonded cytosine bases (44c, 166, 167, 172, 175) with multiple
possibilities of hydrogen bonding interactions between the two nucleobases as
well as with other ligands at the metal. It depends on the method applied and
the rates of ligand rotation whether or not the pKa values of individual rotamers
are resolved or whether only averaged values are observed (168).
TABLE III
The pKa Values of N(3)H Protons in N4 Metalated Cytosine Nucleobases
Metal Ion

Complex
*

2þ

Pt(IV)

[(dien)Pt(1-MeC -N4)]
trans-[(NH3)2Pt(1-MeC*-N4)2]2þ
trans,trans,trans-[(NH3)2Pt(OH)2(1-MeC*-N4)2]2þ

Ru(II)
Ru(III)

[(NH3)5Ru(cyd*-N4)]2þ
[(NH3)5Ru(cyd*-N4)]3þ

Pt(II)

a
b

[(NH3)5Ru(50 -CMP*-N4)]þ
a
b

For different rotamers [cf. (175)].
Neutral cytidine in rare tautomeric structure ¼ cyd*.

pKa N(3)H

References

8.7
7.5–9.6 a
5.8 (pKa1)
8.2 (pKa2)
9.7
2.6 (syn)
5.3 (anti)
3.2 (syn)
4.9 (anti)

221
167, 175
44b
168
171
171
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As to the way of formation of cytosine–N4 metal complexes, initial binding
to N3 and subsequent migration to N4 with displacement of an amine proton is a
common way. The process can be facilitated by OH (169 a,b) or through redox
chemistry (44b, 168).
Binding of two metal ions simultaneously to N3 and N4 of cytosine is a
common pattern (170) and raises the question concerning the acidity of the
remaining proton at N4. Intuitively, one might expect this proton to be fairly
acidic as a consequence of the combined action of two metal ions in close
proximity. Of course, the orientation of the two metal ions is likely to have an
inﬂuence as well, with higher acidiﬁcation expected in the case of an anti
orientation of the two metals. Surprisingly, however, for a dinuclear (dien)PtII
complex of 1-methylcytosinate, the pKa of the remaining N4 proton has been
found to be higher than 14, probably even considerably higher (169a, Fig. 20).
This means that a single (dien)PtII at N3 acidiﬁes the N(4)H2 group to a larger
extent than do two of these dipositive entities the remaining N4 proton. Still, it is
established that both protons at the exocyclic amino group can eventually be
replaced by metal ions, with an additional metal coordinated to N3 (185).
2.

Adenine

Metal binding to N6 of adenine and proton shift to N1 leads to a metalated form
of the rare imino tautomer of adenine (cf. Section II. E. 9). The metal may adopt a
syn or anti orientation with respect to N1 (168), or may be chelated to N6 and N7
(252). As outlined in Section II. E. 9, additional metal-binding patterns are known,
but with only one exception (186) acid–base properties have not been studied. Reported pKa values for N1 protons are listed in Table IV. As can be seen, a number of
these values are well in the physiological pH range, and a comparison of [(dien)Pt(9-MeA*-N6)]2þ (179a) with trans-[{a2PtII-(1-MeC-N3)}2(9-MeA-N6,N7)]4þ (186)
clearly reveals an additive effect of the second metal ion bonded to N7.
TABLE IV
The pKa Values of N(1)H Protons in N6-Metalated Adenine Nucleobases
Metal Ion
Pt(II)
Hg(II)
Ru(II)
Ru(III)
a
b
c

Complex

a
*

2þ

[(dien)Pt(9-MeA -N6)]
trans-[{a2Pt(1-MeC-N3)}2(9-MeA*-N6,N7)]4þ
[RHg(9-MeA*-N6)]þ a
a-[(azpy)2Ru(9-MeA*-N6,N7)]2þ b
[(NH3)5Ru(ado*-N6)]3þ c

pKa N(1)H

Reference

7.76
5.0
4.5
6.5
2.5 (syn)
4.9 (anti)

179a
186
180
252
171

R ¼ 1,3-Dimethyluracilyl-C5 and 9-MeA* ¼ 9-methyladenine in rare tautomer form.
2-phenylazopyridine ¼ azpy.
Adenosine, neutral form in rare tautomeric structure ¼ ado.
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3.

Guanine

Established cases of metal binding to the exocyclic amino groups of guanine
bases are rare. Amino group mercuration has been reported for 1-methylguanosine
(169e), and the X-ray crystal structure of a dianionic 9-methylguanine complex
with Pt(II) at N7, and Hg(II) at both N1 and N2 has been determined (237). The
compound has been depicted in Fig. 19. The pKa values have not been determined.
D.

Metal Ion Binding to C Atoms

There is an increasing number of examples of metal nucleobase complexes
with metal ions replacing aromatic C protons, hence of organometallic nucleobase compounds. Frequently they form in aqueous solution. With pyrimidine
bases, it is the 5-position that becomes metalated, and with purine bases it is the
8-position. This ﬁeld has recently been reviewed by Houlton (23). Both with C8
metalated adenine and guanine species proton shifts from the 8- to the 7positions have been veriﬁed (253, 254). The effect of C-metalation on acid–base
properties of these bases have not been reported, however. The same applies to
C5 metalated pyrimidine nucleobases. Based on ﬁndings with a diplatinum(III)
complex carrying a 1-methyluracilyl entity in its axial position (255), it appears
that metal binding to C5 does not enhance the acidity of the proton at N3.
E.

Combining Methylation and Metalation

The use of N-methyl derivatives of nucleobases is instrumental in estimating
tautomer equilibrium constants (cf. Section II. B) as well as in determining microacidity constants of nucleobases (cf. Section IV.). As pointed out, these methods
rely on the ﬁnding that methyl groups attached to endo- or exocyclic N atoms of
nucleobases have roughly the same effects on pKa values as have protons. This
relationship also allows us to estimate the acidifying effect of nucleobase protonation on adjacent amino protons. For example, since methylation of the N1 position
of 9-MeA lowers the pKa of the N(6)H2 group to 9.1 (256), a similar effect can be
expected for a proton at this site. This acidiﬁcation, which has independently been
determined from NMR line broadening experiments in dependence on pH (257),
is the source of amino proton exchange in acidic medium.
The very same philosophy can also be applied to metal complexes. Indeed,
metal compounds containing methylated nucleobases [e.g., 1,9-dimethylguanine
(1,9-DiMeG) (258), 7,9-DiMeG (131a, 259), 6,9-DiMeG (258), 1,9-DiMeA
(260), 6,9-DiMeA (52), or 6,6,9-trimethylguanine (6,6,9-TriMeA) (53)] have
been reported, but only in one case has the effect of metal ion coordination on
the tautomer equilibrium of a nucleobase (adenine) been measured (52).
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Methylation, in combination with metal coordination, can occasionally lead to
dramatic alterations in pKa values, with shifts > 12 units. Such a case is realized
with a Pt(II) complex of 1,9-DiMeA (260): While in 9-MeA the exocyclic amino
group deprotonates with pKa ¼ 16.7, in 1,9-DiMeAHþ this deprotonation occurs
with pKa ¼ 9.1, and in the Pt(II) complex trans-[(NH3)2Pt(1,9-DiMeAH-N7)2]4þ
the pKa values further drop to 6.4 (pKa2) and 4.1 (pKa1). As discussed in more
detail in Section VI, neighbor group effects account in part for this acidiﬁcation.
In a comprehensive study on Pt(II) complexes of adenine and guanine model
nucleobases, Sigel has examined the different effects of N-metal binding,
N-methylation, and N-protonation on acid–base equilibria involving the endocyclic N atoms of these bases (25, 103). He found that ‘‘the effect of a proton or
of a methyl group always outruns the effect of divalent metal ions’’, the latter
being primarily (dien)PtII and cis-a2PtII, and that the acidifying effect of a
Pt(II) entity at N7 on the proton at N1 is practically identical with that of a Pt(II)
at N1 on the acidity of a proton at N7. This relationship becomes evident only
if microacidity constants, and hence the intrinsic acidities of the respective sites
are considered, however.
Although not comprehensively done as yet, it is possible to evaluate the differential effects of metal coordination to nucleobases on the acidity of exocyclic
amino groups following similar lines. Again, it is quite obvious that the effect of a
Pt(II) ion is inferior to that of a methyl group and that of a proton, namely, PtII <
CH3þ ’ Hþ. To stick once more with adenine: Methylation of N1 reduces the
acidity of N(6)H2 from 16.7 (9-MeA) to 9.1 (1,9-DiMeAHþ), yet (dien)PtII coordination to N1 reduces this acidity to  12 only. Similar arguments apply to N3
platination of cytosine [in comparison with 3-methylcytidine (3-MeCyd), pKa 8.7
(261)]: Again, the acidiﬁcation of the exocyclic amino group is considerably weaker.

VI.

IMPORTANCE OF HYDROGEN-BONDING INTERACTIONS
IN METAL NUCLEOBASE COMPLEXES ON pKa

Throughout this chapter yet in particular in Sections II. E. 9, III. B, and V. C, the
importance of ‘‘neighbor group effects’’ on individual pKa values has been
mentioned. This term refers primarily to the signiﬁcance of favorable or unfavorable hydrogen-bonding interactions in stabilizing or destabilizing protonated or
deprotonated nucleobase sites. Thus the 2.7 units difference in pKa values between
the anti and syn rotamers of [(NH3)5RuIII(Cyd*-N4)]3þ (cf. Table III) reﬂects the
stabilization of the deprotonated N3 position by hydrogen bonding with the NH3
ligands, which is possible in the syn orientation only. Similar arguments apply to the
corresponding adenosine complexes with the (NH3)5RuIII entity at N6 (Table IV).
If more than a single nucleobase is attached to the metal, the possibilities of stabilization or destabilization of protonated or deprotonated sites
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increases. The range of pKa values observed for the various rotamers of
trans-[a2PtII(1-MeC*-N4)2]2þ reﬂects this situation, and is also supported by
DFT calculations (175).
In the system with N1,N7 diplatinated 9-MeA nucleobases, this aspect
has been studied in more detail (186). Depending on the nature of coligands,
pKa values for deprotonation of the exocyclic amino group of 9-MeA have
been found to vary between a high of  12 and a minimum of 7.9. There are
at least two possible interpretations of these ﬁndings: (1) Assuming that values
of  12 essentially reﬂect the acidifying effects of the two metal ions, then the
two PtII ions were cause of an  105-fold acidiﬁcation of the exocyclic amino
group, and the minimum value of 7.9 means an additional 104-fold acidiﬁcation
due to favorable neighbor group effects. The minimum pKa value observed in a
trinuclear complex of trans-a2PtII containing a central (9-MeA-N7)Pt(N79-MeA) cross-link and two Pt(1-MeU-N3) units coordinated to the N1 positions
of the two 9-MeA ligands (262), has been attributed to the hydrogen-donor
properties of the amino group of the neutral 9-MeA, which stabilizes the 
NH
group of the second adenine base. The role of the amino group of the neutral
9-MeA is thus similar to that of amino groups in certain metalhydroxo species
where it likewise stabilizes the anion and adds to the acidity of the metal
aqua complex (263). A survey of pKa values of a class of related complexes of
cis- and trans-a2PtII as well as a3PtII with 9-methyladenine (9-MeA) and
9-ethyladenine (9-EtA) ligands and other nucleobases (186) seem to be in
agreement with this hypothesis. (2) An alternative interpretation would be to
assume a priori additive effects of two metal entities at N1 and N7 in acidifying the exocyclic group, which are reduced by an insufﬁcient stabilization
of the deprotonated group due to unfavorable intramolecular hydrogen-bonding
interactions, however. For example, the individual acidiﬁcations of the N(6)H2
group of 9-MeA in complexes of dienPtII with N1 coordination ( 6 log units)
and with N7 coordination ( 4 log units) do not add up, as the pKa of the
diplatinated complex (pKa ﬃ 11) (229b) displays an acidiﬁcation of only
 6 units. This situation is in contrast to the roughly additive effects of N1
methylation and N7 PtII coordination in trans-[(NH3)2Pt(1,9-DiMeAH-N7)2]4þ
(cf. Section V.E.).
It is obvious that details of ﬁne tuning of pKa values still need to be settled.
However, presently available pKa data in any case support the general view that
an appropriately located hydrogen donor such as an exocyclic amino group of a
nucleobase causes a lowering in the pKa value of N(6)H2 of adenine complexes,
whereas a hydrogen acceptor such as an exocyclic carbonyl group of another
nucleobase, increases the pKa (Fig. 21). Considering the fact that in all these
compounds am(m)ine coligands of the Pt(II) are present, one might argue that
hydrogen bonding among these ligands and the deprotonated adenine site
could have provided the stabilization required to reduce the pKa. In fact, DFT
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Figure 21. Effects of neighbor groups on N(6)H2 acidity of N1,N7 diplatinated adenine: Low pKa
by efﬁcient hydrogen bonding between  NH2 donor and  NH versus high pKa due to repulsion
between  NH and O acceptor.

calculations are supportive of such a scenario (Fig. 22). At the same time, they
reveal an alternative to a direct NH   H2N interaction, namely, via a solvent
molecule (186). We do not wish to exclude such a possibility, even though it
does not readily rationalize the spread in pKa values experimentally observed in
Pt am(m)ine complexes. If true (for all compounds) pKa values should display
only slight variations.
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Figure 22. Geometry-optimized gas-phase structure of monodeprotonated form of cis[(NH3)2Pt{(N1-9-MeA-N7)Pt(NH3)3}2]6þ involving hydrogen bonding between N(6)H , NH3,
OH2, and N(60 )H2. [Reprinted with permission from (186).]

The hypothesis that a direct interaction between the imino group of the
anionic adenine base and the amino group of a suitably positioned second
nucleobase is crucial for the pKa lowering is certainly supported by the results of
a crystal-structure analysis of the complex trans-[(NH3)2Pt(1,9-DiMeA-N7)(1,9DiMeAH-N7)]3þ (Fig. 23). In this compound (260), direct hydrogen bonding
between the NH2 group of one adenine and the NH group of the other adenine
is taking place. The pKa value leading to the formation of this compound from
trans-[(NH3)2Pt(1,9-DiMeAH)2]4þ is 4.1, hence 5 log units lower than that of
the free base.
It is very likely that similar variations in pKa values as found in the 9-MeA/
PtII system, namely, 4 log units attributable to hydrogen-bonding effects, will
eventually also be seen with other nucleobases, provided such compounds can
be prepared. We predict that, for example, the acidiﬁcation of the guanine-N1
position by Pt(II) coordination at N7 will exceed the typical value of
pKa ’ 1.5 seen in many closely related Pt(II) am(m)ine complexes, if it is
possible to generate complexes in which an appropriate microenvironment for
a stabilization of the deprotonated N1 position is generated. It appears that the
ready formation of hemiprotonated, N7-platinated guanine pairs (cf. Fig. 6) at
pH values substantially lower than the pKa for guanine deprotonation, in fact
may be a consequence of this principle.
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Figure 23. View of cation trans-[(NH3)2Pt(1,9-DiMeAH-N7)(1,9-DiMeA-N7)]3þ with direct
hydrogen-bond formation between exocyclic groups of the adenine ligands. [Reprinted with
permission from M. Roitzsch and B. Lippert, J. Am. Chem. Soc., 126, 2421 (2004). Copyright #
2004 American Chemical Society.]

Of course, and foremost, this concept applies to mispairing scenarios caused
by metal binding to DNA and to pairing schemes in RNA involving noncomplementary bases, with one being metalated.
VII.

SUMMARY

In this chapter, the effects of metal binding to nucleobases on their acid–base
properties have been examined. As has been pointed out, metal coordination
causes a general acidiﬁcation of nucleobase protons and a loss in basicity of
endocyclic N atoms. Even though the opposite effects are also possible, in
principle, although rare (40), they have thus far not been reported for nucleobases. If the metal is capable of displacing a weakly acidic NH proton, an
apparent increase in basicity is observed, at least with þ2 metal cations, but, for
example, not with (2,20 -bpy)AuIII. This ﬁnding is the consequence of a generally
lower polarizing power of þ2 metals as compared to the proton. Upon proper
consideration of microacidity equilibria, the acidifying effect of the metal
becomes evident.
The phenomenon of ‘‘shifted pKa values’’ is now well established in nucleic
acid chemistry. By in large, it refers to pKa shifts of protonated nucleobases to
higher values in nucleic acid structures, hence there is an apparent loss in acidity
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due to microenvironment effects. Here it has been demonstrated that a pKa shift
in the opposite direction can likewise be realized, namely, a lowering of nucleobase pKa values. These shifts can be dramatic, approaching or even exceeding
10 log units. Both the nature of the metal species and its effective charge,
coligands, and microenvironment contribute to these effects. Details of the latter
are only beginning to emerge and at present rely essentially on a study of the
effects of coligands in the N(6)H2 acidity in N1,N7 platinated 9-MeA complexes. For this reason, reported pKa values of metal nucleobase complexes need
to be treated with caution in that they are not speciﬁc for the particular metal ion
in a particular oxidation state, but rather reﬂect the particular metal geometry,
for example, a cis- or trans-diam(m)ine environment in the case of Pt(II).
The topic of pKa shifts as a consequence of metal binding is of relevance at
least to the following areas:
1. Pairing Schemes. Metal coordination to a nucleobase can have a major
inﬂuence on hydrogen-bonding properties, ranging from steric blockage
to polarization effects, nucleobase ionization, and stabilization of rare
tautomers. The window of nucleobase neutrality is clearly altered as a
consequence of metal coordination.
2. Catalysis. Nucleobases with their pKa values shifted into the physiological
pH range are of interest with regard to possible acid–base catalysis reactions. Of all the metal patterns discussed in this chapter, the following
ones appear to be of particular interest in this context: G-N7, G-N1, A-N6,
and C-N4. These metal coordination sites produce pKa values sufﬁciently
close to physiological pH. Neighboring group effects in either direction
could modify these values to become relevant for physiological pH conditions. Two- or morefold metal coordination as a source of pKa alterations,
as demonstrated in model systems, is a priori less likely to be of biological relevance. Also less likely, but nevertheless attractive from a speculative point of view, is binding of a single metal ion to a methylated rare
nucleobase in RNA. Generation of a N7-metalated 1-methyladeninyl
moiety in a hypothetical catalytically active RNA molecule provides the
option of having an exocyclic group in 6-position, which could oscillate
between two different protonation states, 
NH2 and 
NH. In so doing,
this site could become a relay for protons, similar to the behavior of the
imidazole group of the amino acid histidine in certain instances. A ﬁnal
point should be made. In assessing the possible roles of metal binding to
nucleobases for nucleic acid catalysis based on acid–base chemistry, we
should consider that the metal ion need not be in the immediate vicinity
of the active site, but rather should be able to trigger release or take up of a
proton at a peripheral site that could then migrate to or from the active site
via a network of hydrogen bonds.
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3. Mechanism of Formation of Multinuclear Complexes. Probably least
relevant to biology and not the focus of this chapter is the topic of
formation of multinuclear complexes of nucleobases involving deprotonation of nucleobases at pH values far below their relevant pKa values. Once
deprotonated, nucleobases appear to be particularly prone to multiple
metal binding, at least in the case of divalent metal ions.
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ABBREVIATIONS
A
A*
a
ado
azpy
bpy
C
C*
CD
cpa
cyd
cyd*
cydH
d(GpG)
dien
1,9-DiMeA
1,9-DiMeAHþ
6,9-DiMeA
7,9-DiMeA

Adenine, general
Adenine in rare tautomer form
Amine or ammine, general
Adenosine, neutral form
2-Phenylazopyridine
2,20 -Bipyridine
Cytosine, general
Cytosine in rare tautomer form
Circular dichroism
Cyclopropylamine
Cytidine, neutral form
Cytidine in rare tautomer form
Cytidine, protonated at N3
Deoxyguanylyl(30 -50 )guanosine
Diethylenetriamine
1,9-Dimethyladenine
1,9-Dimethyladenine, protonated form
N60 ,N9-Dimethyladenine
N7,N9-Dimethyladenine
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7,9-DiMeAHþ
1,9-DiMeG
6,9-DiMeG
7,9-DiMeG
6,6,9-TriMeA
DMSO
ESI–MS
9-EtA
9-EtGH
9-EtGH2þ
G
G*
G
50 -GMP
GpC
guoH
HA
HCþ
1
H NMR
M
C*
9-MeA
9-MeA*
1-MeC
3-MeCyd
9-MeG
9-MeGH
9-MeGH-N7
MeHgþ
MeNH2
NMR
RNA
T
Tm
1-MeT
1-MeTH
6,6,9-TrimeA
U
UV–vis
e
r

N7,N9-Dimethyladenine, protonated form
1,9-Dimethylguanine
2-Amino-6-methoxy-9-methylpurine
(6,9-dimethylguanine)
7,9-Dimethylguanine (betain)
6,6,9-Trimethylguanine
Dimethyl sulfoxide
Electro spray ionization mass
spectrometry
9-Ethyladenine
9-Ethylguanine, neutral form
9-Ethylguanine, protonated form
Guanine, general
Guanine in rare tautomer form
Guanine, deprotonated at N1
50 -Guanosine monophosphate
Guanylyl(30 -50 )-cytidine
Guanosine, neutral form
Adenine, protonated (usually at N1)
Cytosine, protonated at N3
Proton nuclear magnetic resonance
Metal complex of rare cytosine tautomer
9-Methyladenine
9-Methyladenine in rare tautomer form
1-Methylcytosine
3-Methylcytidine
9-Methylguanine, deprotonated at N1
9-Methylguanine, neutral form
Neutral 9-MeGH, carrying metal at N7 position
Methylmercury cation
Methylamine
Nuclear magnetic resonance
Ribonucleic acid
Thymine, general
Melting temperature
1-Methylthymine, deprotonated at N3
1-Methylthymine, neutral form
N60 ,N60 ,N9-Trimethyladenine
Uracil, general
Ultraviolet–visible
Dielectricity constant
Distance
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Anticancer Drug, B. Lippert, Ed., VHCA Zürich and Wiley-VCH, Weinheim, 1999, p. 73.
(b) E. R. Jamieson and S. J. Lippard, Chem. Rev., 99, 2467 (1999).
12. (a) M. A. Sirover and L. A. Loeb, Science, 194, 1434 (1976). (b) L. J. N. Bradley, K. J. Yarema,
S. J. Lippard, and J. M. Essigmann, Biochemistry, 32, 982 (1993). (c) J. Müller, R. K. O. Sigel,
and B. Lippert, J. Inorg. Biochem., 79, 261 (2000).
13. C. Vialas, C. Claparols, G. Pratviel, and B. Meunier, J. Am. Chem. Soc., 122, 2157 (2000).
14. Various articles in Metal-DNA-Chemistry, T. D. Tullius, Ed., ACS Symposium Series 402,
American Chemical Society, Washington, DC, 1989.
15. (a) S. A. Strobel, H. E. Moser, and P. B. Dervan, J. Am. Chem. Soc., 110, 7927 (1988). (b) S. A.
Strobel and P. B. Dervan, Science, 249, 73 (1990). (c) D. S. Sigman and C.-h. B. Chen, in MetalDNA-Chemistry, T. D. Tullius, Ed., ACS Symposium Series 402, American Chemical Society,
Washington, DC, 1989, p. 24.
16. (a) J. Stubbe and J. W. Kozarich, Chem. Rev., 87, 1107 (1987). (b) S. A. Kane and S. M. Hecht,
Prog. Nucleic Acids Res. Mol. Biol., 49, 313 (1994).
17. A. M. Pyle, Science, 261, 709 (1993).
18. M. J. Fedov, Curr. Opin. Struct. Biol., 12, 289 (2002).
19. See, e.g., various articles in (a) Probing of Nucleic Acids by Metal Ion Complexes of Small
Molecules, Vol. 33, Metal Ions in Biological Systems, A. Sigel and H. Sigel, Eds., M. Dekker,
New York, 1996. (b) Interactions of Metal Ions with Nucleotides, Nucleic Acids, and Their
Constituents, Vol. 32, Metal Ions in Biological Systems, A. Sigel and H. Sigel, Eds., M. Dekker,
New York, 1996.
20. Nucleic Acids in Chemistry and Biology, G. M. Blackburn and M. J. Gait, Eds., Oxford
University Press, Oxford, 1996.

ALTERATIONS OF NUCLEOBASE pKa VALUES UPON METAL COORDINATION 439
21. W. Saenger, Principles of Nucleic Acid Structure, Springer, New York, 1984.
22. Oxford Handbook of Nucleic Acid Structure, S. Neidle, Ed., Oxford University Press, Oxford,
1999.
23. A. Houlton, Adv. Inorg. Chem., 53, 87 (2002).
24. B. Lippert, Coord. Chem. Rev., 200–202, 487 (2000).
25. H. Sigel, Pure Appl. Chem., 76, 1869 (2004).
26. J. Arpalahti, Perspectives on Bioinorganic Chemistry, R. W. Hay, J. R. Dilworth, and K. B.
Nolan, Eds., JAI Press Inc., Connecticut, 1999, Vol. 4, p. 165.
27. R. B. Martin, in Cisplatin—Chemistry and Biochemistry of Leading Anticancer Drug, B. Lippert,
Ed., VHCA Zürich and Wiley-VCH Weinheim, 1999, p. 183.
28. J. Reedijk, Proc. Natl. Acad. Sci. U.S.A., 100, 3611 (2003).
29. E. Zangrando, F. Piechierri, L. Randaccio, and B. Lippert, Coord. Chem. Rev., 156, 275 (1996).
30. B. Lippert, Prog. Inorg. Chem., 37, 1 (1989).
31. W. N. Hunter and T. Brown, in Oxford Handbook of Nucleic Acid Structure, S. Neidle, Ed.,
Oxford University Press, Oxford, 1999, p. 313.
32. K. Gehring, J.-L. Leroy, and M. Guéron, Nature (London), 363, 561 (1993).
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J. Am. Chem. Soc., 108, 6616 (1986). (c) H. Schöllhorn, U. Thewalt, and B. Lippert, J. Am.
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Acids Res., 28, 438 (2000).
156. J. D. Watson and F. H. C. Crick, Nature (London), 171, 964 (1953).
157. M. D. Topal and J. R. Fresco, Nature (London), 263, 289 (1976).
158. (a) R. Chattopadhyaya, K. Grzeskowiak, and R. E. Dickerson, J. Mol. Biol., 211, 189 (1990).
(b) R. Chattopadhyaya, S. Ikuta, K. Grzeskowiak, and R. E. Dickerson, Nature (London), 334,
175 (1988).

444

BERNHARD LIPPERT

159. T. W. Bell, Z. Hou, Y. Luo, M. G. B. Drew, C. Chapoteau, B. P. Czech, and A. Kumar, Science,
269, 671 (1995).
160. P. Ilich and R. Hille, Inorg. Chim. Acta, 263, 87 (1997).
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Soc., 125, 10714 (2003).

ALTERATIONS OF NUCLEOBASE pKa VALUES UPON METAL COORDINATION 447
240. (a) G. Y. H. Chu, R. E. Duncan, and R. S. Tobias, Inorg. Chem., 16, 2625 (1977). (b) R. W.
Chrisman, S. Mansy, H. J. Peresie, A. Ranade, T. A. Berg, and R. S. Tobias, Bioinorg. Chem., 7,
245 (1977).
241. W. Beck and N. Kottmair, Chem. Ber., 109, 970 (1976).
242. (a) F. Guay and A. L. Beauchamp, J. Am. Chem. Soc., 101, 6260 (1979). (b) K. Aoki and
W. Saenger, Acta Crystallogr., C40, 775 (1984).
243. (a) H. Chen, M. M. Olmstead, M. F. Maestre, and R. H. Fish, J. Am. Chem. Soc., 117, 9097
(1995). (b) R. Faggiani, H. E. Howard-Lock, C. J. L. Lock, and M. A. Turner, Can. J. Chem., 65,
1568 (1987). (c) L. D. Kosturko, C. Folzer, and F. R. Stewart, Biochemistry, 13, 3949 (1974).
244. (a) E. Kikuta, S. Aoki, and E. Kimura, J. Biol. Inorg. Chem., 7, 473 (2002). (b) K. Kimura,
H. Kitamura, K. Ohtani, and T. Koike, J. Am. Chem. Soc., 122, 4668 (2000). (c) E. Kimura,
T. Ikeda, S. Aoki, and M. Shionoya, J. Biol. Inorg. Chem., 3, 259 (1998).
245. W. Micklitz, B. Lippert, G. Müller, P. Mikulcik, and J. Riede, Inorg. Chim. Acta, 165, 57 (1989).
246. F. Zamora, H. Witkowski, E. Freisinger, J. Müller, B. Thormann, A. Albinati, and B. Lippert,
J. Chem. Soc., Dalton Trans, 175 (1999).
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I.

INTRODUCTION

Myogobin (Mb) is a heme protein responsible for the storage of molecular
oxygen (1). Thus, its biological function is reversible binding of molecular oxygen
to the heme and very similar to that of hemoglobin, while hemoglobin consists of
a tetrameric structure (a2b2) in Nature (2, 3). Myoglobin is one of the proteins
whose tertiary structures in various states have been solved by X-ray crystallography. Thus, Mb has been used as a model for many hemoproteins and heme
enzymes (4, 5). A recent outstanding observation is the time-resolved crystal structure studies of the dissociation of CO bound to heme, the so-called LAUE (6).
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Through this work, we now know how CO (or even O2) interacts, in a short period
of time, with a protein matrix around the heme prosthetic group. These studies are
very important in order to understand the nature and molecular mechanism of Mb.
The major topics of this chapter are very different from the biological function of
Mb. Here, we describe how we are able to introduce functions, which are different
from that of Mb, by modifying the heme prosthetic groups and/or the protein
matrix of Mb. In the beginning of this chapter, we describe the molecular design
of the Mb active site for the introduction of other heme enzyme functions. Then,
modiﬁcation of the heme prosthetic group to alter the nature of Mb is also
addressed. Later, the combination of the heme prosthetic group modiﬁcation and
the site-directed mutagenesis of Mb is reviewed as a powerful method for the
construction of metalloenzymes.
II. REPLACEMENT OF THE PROXIMAL HISTIDINE LIGAND
IN Mb INTO CYSTEINE OR TYROSINE: PROTEIN MIMICS OF
CYTOCHROME P450 AND CATALASE
Cytochrome P450 reductively activates molecular oxygen and introduces
atomic oxygen into the substrates, called monooxygenase (Scheme 1a) (7).
Among the monooxygenase functions of P450, hydroxylation of alkanes and
aromatic rings is a difﬁcult process to mimic by synthetic model systems (8, 9).
On the other hand, dismutation of H2O2 catalyzed by catalase is also a process
difﬁcult to mimic (Scheme 1b). A structurally unique feature of these two
enzymes is the ligation of cysteinate for P450 (10, 11) and tyrosinate for
catalase (12, 13), respectively, while most hemoproteins and heme enzymes

(a) Cytochrome P450

R-H, Ar-H
Fe3+ Por

O=Fe4+ Por +•

Fe3+ Por + 2H + + 2e- + O2
H2O

R-OH, Ar-OH

R: alkyl group, Ar: aromatic group

(b) Catalase
H2O2
O=Fe4+ Por +•

Fe3+ Por + H2O2
H2O

Fe3+ Por
H2O + O2

Scheme 1. Monooxygenation and dismutation reactions catalyzed by cytochrome P450 and
catalase, respectively.
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Figure 1. Active site structures of (a) cytochrome P450cam (PDB 2CPP), (b) beef liver catalase
(PDB 4BLC), and (c) horseradish peroxidase (HRP) (PDB 1ATJ).

utilize histidine as the proximal ligand (14–17) (Fig. 1). Therefore, the
introduction of either cysteine or tyrosine into Mb as the proximal ligand is a
great challenge in the examination of their roles in biological functions.
In 1991, Adachi et al. (18) successfully replaced the distal histidine (His 93)
of human Mb with cysteine and tyrosine. According to these mutation,
absorption, electron paramagnetic resonance (EPR), and resonance Raman
spectra of H93C and H93Y Mbs became very similar to those of P450 and
catalase, respectively (18, 19). For example, the Soret bands of H93C and H93Y
Mbs appear at 391 and 402 nm (Fig. 2), respectively, while those of P450cam
2
408
H93C
H93Y
WT

Absorbance

1.5

391

402

1
480

0.5

509

598
629

502

280

×5

632

0
300

400

500

600

700

Wavelength (nm)
Figure 2. Ultraviolet–visible (UV–vis) spectra of the resting states of wild-type, H93C, and H93Y
human Mb.
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TABLE I
Redox Potentials (Fe3þ/Fe2þ Couple) of Various Hemoproteins–Heme Enzymes
Protein

Redox Potential (mV)
170
270
250
<500
þ55
þ50
230
190

P450cam (low spin)
P450cam (high spin)
Horseradish peroxidase
Beef liver catalase
Sperm whale myoglobin
Human myoglobin
H93C myoglobin
H93Y myoglobin

and beef liver catalase are observed at 391 and 405 nm. In addition, redox
potentials (Fe3þ/Fe2þ) of H93C and H93Y Mbs are negatively shifted by
>240 mV due to the anionic nature of cysteine and tyrosine bound to the
heme (Table I) (18).
As depicted in Scheme 1, both P450 and catalase afford the common active
(IV)
species responsible for their oxidations, O
porphyrin p-cation radical; soFe
called compound I (7, 20).
In the case of beef liver catalase, distal histidine (His74) is believed to serve
as a general acid–base catalyst to facilitate the heterolytic O
O bond of
hydroperoxide bound to the heme (Scheme 2) (21). The Asn147 residue located
near the heme could assist the heterolysis by making the distal site into a polar
atmosphere. The same acid–base mechanism has been attributed to peroxidases

H

His

His

H

His
N

N

O

Gln
NH2

H
O-OH

III

H2O2

N
H

Gln

N

N

III

+H
N

HO

His
Gln

III

Gln

N
H2 O

O

H
N

O
IV

Fe

Fe

Fe

Fe

O

O

O

O

Tyr

Tyr

Tyr

Tyr

+

Compound I
Scheme 2. Role of distal histidine in catalase on the formation of compound I.
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Tyr96

OH
O

Arg186
+
O
NH2
NH2
O
H
H

d-camphor

H δO

Asp251
O
NH

O
H
H

O

Thr252

δ+ O
Fe

III

S
Figure 3. Roles of thiolate ligation and proton network on the heterolytic O
O bond cleavage of
hydroperoxide bound to heme.

such as cytochrome c peroxidase (CcP) and HRP (22, 23). However, the crystal
structure of cytochrome P450cam shows that there are no residues serving as an
acid–base catalyst while a proton network is present (24), thus, the cycteinate
ligand in P450cam is considered to help the heterolytic O
O bond cleavage by
stabilizing charge separation of the heme bound hydroperoxide (push effect) as
shown in Fig. 3 (25). At the same time, a hydrogen bond between hydroperoxide
bound to a heme and a water molecule could assist the cleavage.
The reaction of H93C Mb with cumene hydroperoxide was examined (19), in
order to examine the push effect by the thiolate ligand, since cumene hydroperoxide has been widely used to diagnose the nature of the O
O bond cleavage
(26). The heterolytic O
O bond cleavage in cumene hydroperoxide affords
cumyl alcohol, while the homolysis yields cumyloxyl radical followed by the
release of a methyl radical which ends up forming acetophenone (Scheme 3).
Thus, we examined the ratio of cumyl alcohol and acetophenone upon the
addition of cumene hydroperoxide to the Mb mutants: Native Mb were
examined as well (19). As shown in Scheme 3, both acetophenone and cumyl
alcohol were formed in all cases, however, great enhancement of the cumlyl
alcohol formation is observed only for the cysteine mutant, H93C Mb. These
results support the push effect of the thiolate ligand to facilitate heterolysis,
however, it is not clear yet why the phenolate ligand could not be effective for
the heterolysis. Unfortunately, all efforts to observe compound I of these two
mutants failed.

FUNCTIONALIZATION OF MYOGLOBIN
O

Me
PhMe2C-OOH

O

+

C

O
Fe

L

L

4+

+•
+ PhMe2C-OH

Fe

Me

3+

3+

Fe

Ph

heterolysis

455

L
O
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Scheme 3. The homolytic and heterolytic O
O bond cleavage of cumene hydroperoxide bound to
the heme.

III. CONSTRUCTION OF THE CuB CENTER OF
HEME–COPPER OXIDASES IN THE DISTAL SITE OF Mb
Heme containing oxidases also reductively activate molecular oxygen, similar
to cytochrome P450, and further reduce compound I to water. Thus, the overall
reaction is a four electron reduction of molecular oxygen to afford 2 mol of
water and the process couples with a proton gradient that drives the adenosine
triphosphate (ATP) synthesis (27, 28). Heme–copper oxidases contain a heteronuclear heme–copper center (Fig. 4a) (29, 30), where molecular oxygen is
captured and reduced. In order to understand the roles of the heme–copper
center, Lu and co-workers (31, 32) introduced a copper-binding site into Mb by
replacing two amino acid residues, Leu 29 and Phe 43, with histidine [Fig. 4b].
In the absence of metal ions, L29H/F43H Mb decreased the O2-binding
afﬁnity, while the addition of Ag(I), a redox-inactive mimic of Cu(I), increased
the O2-binding afﬁnity. Very interestingly, Cu(I) was essential for the O2
reduction, that is, no O2 reduction was observed in copper free Zn(II) or
Ag(I) incorporated L29H/F43H Mb. In the presence of excess amounts of
reductant such as ascorbic acid, heme was converted into verdoheme. On the
FeIV
other hand, the reaction of CuL29H/F43H Mb with H2O2 gave the O
III
species, so-called compound II, suggesting the formation of an Fe 
O
O
Cu
intermediate for the reductive activation of O2 being coupled with the heme
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Figure 4. The CuB site structures of (a) cytochrome c oxidase (PDB 1J54) and (b) an expected
structure of Cu-L29H/F43H Mb.

oxygenase type of heme degradation (33, 34) due to lack of a proton (Scheme 4).
The results indicate that the Cu center plays a critical role in O2 binding and
reduction, and that the proton delivery in the course of the O2 reduction is
important to prevent undesired heme degradation.

His

His
His

+

O
His

His

CuI

CuII

His

N
N

O
O2

FeII

Fe

HN
HN

O

FeIII

HO

O

O

OH

verdoheme

heme oxygenase reaction

2H+

2e+

H2O
His

His

II

Cu

FeIII

His
His

His

2e+ + 2H+

CuII

His

O
FeIV

+•

H2O
oxidase cycle

Scheme 4.

Proposed reactions of Cu-L29H/F43H Mb with O2.
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USE OF Mb MUTANTS AS PROTEIN MODELS FOR HEME
OXYGENASE

Heme oxygenase is a central monooxygenase of the heme catabolism and
forms a stoichiometric complex with protoheme IX (33, 34). The enzyme
utilizes electrons and molecuar oxygen for the regioselective heme degradation
to yield a-biliverdine and carbon monoxide (CO) through three sequential
oxygenase reactions. The formation of ferrous oxyheme is followed by
hydroxylation of the a-meso-carbon, presumably via a ferric hydroperoxide
OOH). The release of CO leads to verdoheme, which is
complex (Fe3þ
converted to biliverdin (Scheme 5). The meso hydroxylation is a key step for
the regiospeciﬁc ring opening of the tetrapyrrole macrocyle.
As described above, Mb is known to proceed the heme oxygenase type of
reaction, the so-called coupled oxidation, in the presence of a large excess of
one-electron reducing reagents (35, 36). Although the mechanism of heme
degradation by Mb may not be the same as that by heme oxygenase, the ringopening proceeds preferentially at the a-meso-carbon. The speciﬁc oxidation of
the a-meso position is expected on the basis of its crystal structure of oxyMb,
that is oxygen bound to the heme is located between the a- and b-meso
positions. In addition, the b-meso position is blocked by Phe43, while the aposition is less crowded (Fig. 5) (37).
Close inspection of oxyMb (Fig. 6) (37) indicates that both oxygen atoms
interact with proton on the Ne of the distal histidine (1.74 Å with distal oxygen
and 2.02 Å with proximal oxygen) to stabilize the molecular oxygen bound to
the heme iron. Thus, the coupled oxidation of Mb mutants, in which the distal
histidine (His 64) is relocated or deleted, were performed to examine active site
residues controlling the regiospeciﬁc heme degradation (38, 39). The L29H/
H64L Mb almost exclusively gave biliverdin IXg, although H64L mainly
afforded the a isomer. Relocation of the distal histidine at the 43 and 107
positions increased the amount of g isomer to 44 and 22%, respectively. The
increase in the ratio of g isomer was also observed by a single replacement of
either His 64 with Asp or Phe 43 with Trp. It appears that the polarity of the
active site as well as hydrogen bonding between the oxygen molecule bound to
the heme and His or Trp is important in controlling the regioselectivity.

V.
A.

RELOCATION OF THE DISTAL HISTIDINE IN Mb

Introduction of Acid–Base Function into the Distal Site of Mb

As discussed in Scheme 2, the distal histidine in peroxidase and catalase is a
crucial amino acid residue for the formation of compound I. In fact, the
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γ

α
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δ

Figure 5. Active site structure of oxymyoglobin (PDB 1A6M).

replacement of the distal histidine in CcP with leucine deceased the compound I
formation rate from 107 to 102M1 s1 (40). As discussed in Section IV, the
crystal structure of oxyMb shows the interaction of the proton of the distal
histidine with bound oxygens (37), however, Mb is not able to form compound I
as an observable species. Instead, the reaction of Mb and H2O2 gives compound
II at a rate of 102 M1 s2 (41). This rate is ﬁve orders of magnitude smaller
than those of peroxidases and catalase (21, 40), therefore, the distal histidine in
Mb hardly serves as a general acid
base catalyst for compound I formation.
One may ask why the distal histidine in Mb does not serve as the general acid–
base catalyst.

Figure 6. Hydrogen bonding between His 64 and heme-bound molecular oxygen (PDB 1A6M).
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Figure 7. Hydrogen bonding of distal histidine with hydroperoxide bound to Mb (black) and
peroxidase (gray).

Comparison of the distal histidines in Mb (37) and CcP (42) indicates that the
distance of the histidine from the heme iron is very different, 4.3 Å for Mb and
5.6 Å for CcP. As already pointed out, the oxygen atoms in oxyMb interact with
a proton on Ne of the distal histidine to stabilize the molecular oxygen bound to
the heme iron. On the other hand, only the distal oxygen of hydroperoxide
bound to CcP is expected to interact with the proton of the distal histidine
(Fig. 7) on the basis of the crystal structure of an oxy-CcP mutant (43). For the
formation of compound I, hydroperoxide bound to the heme must be cleaved
heterolytically (Scheme 2) (44). Thus, charge separation at the transition state of
the cleavage is expected as depicted in Fig. 7 (inset) (44). Apparently, the
exclusive hydrogen bonding to the negatively charged distal oxygen stabilizes
the transition state to accelerate the heterolytic O
O bond cleavage and yields
compound I and a water molecule.
These considerations suggest that it will be possible to transform Mb into
peroxidase if one could relocate the distal histidine in Mb at a position similar to
peroxidases and catalase. Thus, Mb mutants, in which the distal histidine was
introduced at the position of Phe 43 or Leu 29 with concomitant replacement of
His 64 with leucine (F43H/H64L and L29H/H64L Mb), were prepared (45, 46).
The crystal structure of F43H/H64L Mb showed the distance between the heme
iron and the Ne of His43 being 5.7 Å, whereas that of L29H/H64L Mb is 6.5 Å
(46). A very important feature of these Mb mutants is their ability to afford
compound I in their reactions with nonenzymatic oxidant m-chloroperbenzoic
acid (mCPBA) as an observable species under stopped-ﬂow conditions (46).
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TABLE II
Asymmetric Oxidation of Thioanisole and Styrene by Mb and Its Mutants
O
S

Mb Mutant

Turnover
(per min)

Sperm whale myoglobin
L29H/H64L
F43H/H64L

0.13
5.5
47

H218O2

18

O Content
(%)
92
97
96

S*

H218O2

ee (R)
(%)

Turnover
(per min)

25
97
85

0.015
0.14
4.5

18

*

O

O content
(%)

ee (R)
(%)

20
94
94

9
80
68

In addition, L29H/H64L and F43H/H64L Mb are capable of oxidizing thioanisole and styrene with high enantioselectivity (Table II) (45). If enantioselectivity is concerned, L29H/H64 Mb gave (R)-phenyl methyl sulfoxide with 97%
enantiomeric excess (ee), while native Mb gave a sulfoxide of < 25% ee
selectivity under the same conditions.
In the sulfoxidation, >90% of the oxygen atom in the sulfoxide came from
H218O2. On the other hand, the wild-type Mb was not able to introduce the
18
O of H218O2 into the epoxide, while the mutants catalyzed the oxidation
with 94% incorporation of 18O. The failure of 18O incorporation by wild-type
Mb suggests that the styrene oxidation proceeds through a mechanism other
than oxotransfer from compound I. Independent studies on Mb-catalyzed
oleﬁn oxidation suggested that the active species could be a peroxide radical
bound to a protein surface amino acid residue such as tyrosine, due to leakage
of the oxidizing equivalent from compound I to an oxidizable amino acid such
as tyrosine on the Mb surface (Scheme 6) (47). This ﬁnding implies that the
sulfoxidation by wild-type Mb proceeds much faster than the leakage.
Asymmetric sulfoxidation by Mb mutants are also applicable to other sulﬁdes
bearing simple substituents. Table III shows examples of asymmetric sulfoxidation catalyzed by wild-type and L29H/H64L Mb (48). For a wide range of
substrates, L29H/H64L Mb exhibits high activity and selectivity.

B.

Oxo-Transfer Mechanism and Enantioselectivity

Thioanisole and styrene share a similar structure, thus the conﬁguration of
the sulfoxide and epoxide are expected to be the same, since both substrates
could be accommodated in a similar manner in the active site of Mb mutants.
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Scheme 6. Two epoxidation processes by wild-type Mb compound I.

However, the (R)-phenylmethyl sulfoxide has the opposite conﬁguration to (R)styrene oxide (Fig. 8, inset) (49). A possible structural difference between
styrene and thioanisole is the fact that the ethylene group in styrene is in the
plane of the phenyl ring while the S-methyl group in thioanisole is perpendicular
to the phenyl group. If the Mb mutants discriminate this steric difference, one
could expect (S)-sulfoxide formation if cyclic sulﬁdes are employed as substrates, since the cyclic sulﬁdes should have planar structures (Fig. 8c) similar to
styrene. Table III lists representative results of cyclic and acyclic sulﬁde

TABLE III
Asymmetric Oxidation of Aromatic Sulﬁdes Catalyzed by Wild-type and L29H/H64L Mbs

O
L29H/H64L
Ar-S-R
Ar
p-Cl
Ph
Ph
p-Me
Ph
Ph
CH2
Ph
a

R

Ar-S-R

H2O2

Turnover (per min)

Me
Me
Me
Me
Et

Values in parentheses are results by wild-type Mb.

a

3.5 (0.19)
5.5 (0.25)
10 (0.54)
4.0 (0.66)
6.5 (0.46)

ee (R)
87
97
87
86
95

(13)a
(25)
(11)
(13)
(7.6)
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O
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Me

(R)

Figure 8. Structures of (a) styrene, (b) thioanisole, (c) 1,2-dihydrobenzothiophen, (d) (R)-styrene
oxide, and (e) (R)-phenyl methylsulfoxide.

TABLE IV
Asymmetric Oxidation of Cyclic and Acyclic Sulﬁdes Catalyzed by Mb and Its Mutants
Wild-Type Mb
——————————
Turnover
(per min)
ee

L29H/H64L
———————
——
Turnover
(per min)
ee

F43H/H64L
————————
Turnover
(per min)
ee

S
0.25

25 (R)

5.5

97 (R)

47

85 (R)

0.46

7.6 (R)

6.5

95 (R)

26

54 (R)

0.65

27 (R)

1.6

71 (R)

3.2

27 (R)

2.2

0.2 (R)

24

67 (S)

95

17 (S)

0.8

5.4 (R)

3.2

66 (S)

50

34 (S)

S

S
O
S

S
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oxidation by Mb mutants, showing the (S)-conﬁguration of cyclic sulfoxides and
the (R)-conﬁguration for acyclic sulfoxides (49).
C.

Diastereoselective Oxidation

Synthetic iron porphyrin complexes such as Fe(TPP) (tetraphenylporphyrin
¼ TPP), Fe(TMP) (Tetramesitylporphyrin ¼ TMP), and Fe(TDCPP) (tetrakis
(dichlorophenyl)porphyrin ¼ TDCPP) (Fig. 9) have been used as models for
P450 and peroxidase (9, 50–54). Early pioneering work showed that epoxidation catalyzed by FeIII(TPP) was successfully carried out by the use of
iodosylbenzene (Ph
I
O) as an oxidant (50). A very interesting feature of
this model epoxidation is that the cis oleﬁn is readily oxidized while the trans
oleﬁn is hardly oxidized (e.g., cis-stylbene can be oxidized in 80% yield, but
trans-stylbene gave only a trace amount of the epoxide under the same
conditions) (50, 55). Most of the model reactions are carried out in homogeneous organic solvents such as chloroform, dichloromethane, and acetonitrile,
thus, the cis-epoxidation is expected to be a kinetically favorable process over
the trans-epoxidation.
In the case of Mb mutants, epoxidation proceeds in the heme cavity, thus the
cis–trans selectivity may not be the same as that observed for the model
reactions. For the epoxidation of cis- and trans-b-methylstyrene, there are four
possible epoxide structures as shown in Scheme 7. The oxidation of trans-bmethylstyrene by wild-type, L29H/H64L, and F43H/H64L Mb proceeded
stereoselectively to form the corresponding trans epoxide with high diastereoselectivity for the mutants, while cis-b-methylstyrene was oxidized by wild-type
and F43H/H64L Mb to afforded a mixture of trans and cis-epoxide (Table V).
(49). In addition, L29H/H64L Mb showed its ability to catalyze diastereoselective epoxidation up to 99% ee.
As described above, cis oleﬁn is more reactive than trans oleﬁn in the
homogeneous model oxidations catalayzed by synthetic iron porphyrin complexes, however, both L29H/H64L and F43H/H64L Mb catalyze the trans oleﬁn
more efﬁciently, presumably due to the presence of the substrate-binding site.
Ar
N
Ar

Ar=

Cl

N
Fe

N

Cl
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N
Cl

Ar

TPP

TMP
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Figure 9. Structures of Fe(TPP), Fe(TMP), and Fe(TDCPP) used as oxidation catalysts.
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Scheme 7. Four possible products for the oxidation of cis- and trans-b-methylstyrene.

VI.

MIMICKING OF A CHLOROPEROXIDASE ACTIVE SITE
A.

Introduction of a Carboxylate Group Near the Heme

While most of peroxidases utilize the distal histidine as a general acid–base
catalyst, chloroperoxidese (CPO) uniquely uses glutamate as the terminal acid–
base catalyst (Scheme 8) (56).
The biological function of CPO is the chlorination of substrates such as bketoadipic acid and monochlorodimedone in the presence of H2O2 and chloride
TABLE V
Diastereoselective Oxidation of b-Methylstyrene by Wild-Type, L29H/H64L, and F43H/H64L Mb

Oleﬁn

Product(s)

Wild-Type Mb
————————
Turnover
ee
(per min)
(%)

L29H/H64 Mb
F43H/H64 Mb
——————– ——————
Turnover
ee Turnover ee
(per min) (%) (per min) (%)

trans-Epoxide
(1R, 2R)

0.076

39

0.29

83

cis-Epoxide
(1R, 2S)
trans-Epxoide
(1R, 2S)
Phenylacetone

0.0026

3

0.12

>99

0.0024

13

Trace

16

96

0.15

45

Trace

0.038

82

Trace

0.4

466

YOSHIHITO WATANABE AND TAKASHI HAYASHI
His 105

H

H+
N

N
N

H
N

N
H

N

O

O

H

H
O
C
O
H
H OO
Fe

Glu 183

O

S

C
O

H
OH
O

III

C

Fe

III

S

H OH
O
FeIV

+•

S

Cys 29

Scheme 8. Active site structure and acid–base function of glutamic acid (Glu183) in CPO.

ion at low pH (57). In the absence of the chloride ion, CPO catalyzes classical
peroxidase reactions and P450 type of oxidations in the pH range of 4–7. To
mimic the CPO active site, the distal histidine in Mb was replaced by aspartic
acid (H64D Mb) (58). The H64D Mb was found to catalyze thioanisole and
styrene oxidation by H2O2 with 1000- and 820-fold higher rates than those of
native Mb, respectively. More importantly, H64D Mb gave compound I as an
obervable species even in its reaction with H2O2 for the ﬁrst time. Comparison
of the UV–vis spectra of compound I prepared by mCPBA and H2O2 indicated
the yield of compound I accumulated by H2O2 reaction was  40% (Fig. 10),
IV
followed by rapid reduction to compound II (O
Fe species) (58). Inspection
of the reaction of H64D Mb and H2O2 indicated that Glu 64 does not serve as
the general acid–base catalyst, but rather serves to provide a more polar
atmosphere in the active site, which is also an important factor for the binding
and heterolysis of H2O2 to afford compound I.
B.

Improvement of Enantioselectivity of H64D Mb Mutant

Though H64D Mb showed very high oxidation activities for sulfoxidation
and epoxidation, H64D Mb lost its high enantioselectivity in the sulfoxidation of
thioanisole [6% ee for (R)]. A preliminary crystal structure study of H64D Mb
indicated that the carboxylate of Asp 64 interacts with Arg 45 via water
molecules. According to this interaction, the distance between the carboxylate
group of Asp 64 and the heme iron is >7.8 Å (59), which suggests that the active
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Figure 11. Prepared H64D/V68X Mb mutants.

site of H64D Mb is too spacious to hold substrates for enantioselective
oxidation. If this is the case, low enantioselectivity of H64D Mb could be
improved by perturbing its substrate-binding domain structure. Structural
studies of wild-type Mb indicated that the access of small molecules such as
O2 and CO to the active site is limited by His 64 and Val 68 residues located
immediately above the heme. Thus, Val 68 in H64D Mb was replaced by other
amino acid residues shown in Fig. 11 (59). After the screening of sulfoxidation
activity and enantioselectivity of H64D/V68X Mb-catalyzed thioanisole oxidation,
H64D/V68A and H64D/V68S Mb were found to be good biocatalysts for
enantioselective sulfoxidation without losing catalytic activity (Fig. 12) (587, 59).
C.

Origin of Enantioselectivity by H64D/V68X Mb Mutants

Mechanisms of sulfoxidation catalyzed by compound I of heme enzymes
were investigated by direct observation of sulﬁde-induced reduction of three
different compound I species including HRP, His 64 Ser Mb, and
IV
þ
O
Fe TMP (Fig. 9) (60). The reaction of thioanisole and compound I of
IV
HRP gave the resting state of HRP with accumulation of compound II (O
Fe
species) as an intermediate. The yield of sulfoxide by a stoichiometric reaction
of HRP compound I with thioanisole was only 25%. On the other hand, the same
IV
þ

sulfoxidation by O

Fe TMP and compound I of His 64 Ser Mb exclusively
exhibited a two-electron oxidation process, resulting in the quantitative formation
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Figure 12. Rates and enantioselectivity of thioanisole oxidation catalyzed by H64D/V68X Mb
mutants.

of sulfoxide. On the basis of these results, as well as kinetic studies, it was
concluded that the sulfoxidation by compound I of HRP proceeds via electron
transfer, while the sulfoxidation by compound I of Mb mutants and
IV
þ
O
Fe TMP occur via direct oxygen transfer.
The enantioselective sulfoxidation of thioanisole for the (R)-isomer by
H64D/V68A and H64D/V68S Mbs suggest the sulfoxidation intermediate
shown in Scheme 9 could be stabler for (R)-sulfoxide formation over the (S)isomer. The chiral discrimination for (R)- and (S)-intermediates is caused by
steric interaction between the transition state and the heme cavity. However, it is

‡
Me
S
Me
S
O
FeIV

O
+•

Fe

Me
S
O
FeIII

(R)
Scheme 9. Expected oxidation intermediate for (R)-methylphenyl sulfoxide formation.
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Figure 14. Energy proﬁles of (R)- and (S)-amine binding to the Mb mutants.

impossible to measure the relative stability of the (R)- and (S)-transition states.
Due to the structural similarity between a-methylbenzylamine and methylphenyl sulfoxide, the enanitioselective ligation of (R)- and (S)-a-methylbenzylamine to H64D/V68A and H64D/V68S Mbs was examined. The ligation of (R)and (S)-amine were expected to give similar structures for the transition state
structures of the sulfoxidation (Fig. 13) (61).
While (R)-amine was expected to show greater binding afﬁnity becaused (R)sulfoxide formation, the binding constants (K) of (S)-methylbenzylamine for
H64D/V68A and Hh64D/V68S Mbs were 27- and 112-fold larger than those of
the (R)-isomer. In order to determine the chiral discrimination step in the amine
binding, the on- and off-rate of the amine binding to the Mb mutants were
examined. The on-rates of (R)- and (S)-a-methylbenzylamine to H64D/V68A
and H64D/V68S Mbs are almost identical, 1.3104 and 2.2–2.7104 M1 s1,
respectively. On the other hand, a large difference was obtained for the off-rate,
16–22 s1 for the (R)-amine and 0.2–0.6 s1 for the (S)-amine. These results
indicate that the chiral discrimination of the (S)-amine ligation over the (R)amine by H64D/V68A and H64D/V68S Mbs is caused by a very small off-rate
of the (S)-amine relative to the (R)-amine, 1:27 for H64D/V68A Mb and 1:92
for H64D/V68S Mb. The results may imply the Fe
O bond cleavage in the (S)sulfoxide formation also proceeds much slower than that for the (R)-sulfoxidation due to the higher activation energy of the former (Fig. 14) (59, 61).

VII.

AROMATIC RING OXIDATION BY MYOGLOBIN MUTANT

Among the oxidation catalyzed by heme enzymes, alkane hydroxylation is
the hardest process to mimic with synthetic metalloporphyrins (7). This ﬁnding
is also true for myoglobin mutants, even though the mutants are able to afford
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compound I. For example, F43H/H64L Mb catalyzes sulfoxidation and epoxidation at reasonable rates (Table II), while only trace amounts of hydroxylated
products were obtained. In Nature, cytochromes P450 are the heme enzymes
responsible for the hydroxylation. For example, P450cam catalyzes the hydroxylation of d-camphor to 5-exo-d-camphor at a rate of >1000 turnover/protein/
min (62). It seems very interesting to consider why P450 is able to catalyze the
hydroxylation.
Figure 1(a) shows the active site structure of P450cam in its resting state (10,
11). At a glance, it is apparent that the substrate, d-camphor, is captured
immediately above the heme iron. Binding of the substrate to a P450 active
site is believed to be an important factor for the site-speciﬁc hydroxylation as
well as the case of P450cam (63). The Mb mutants show high epoxidation and
sulfoxidation activities because they have space to accommodate a substrate
near the heme, however, there are no speciﬁc interactions between the heme
pocket and substrate to hold the substrate near the heme. Thus, the substrate is
able to get into the active site of the mutants by hydrophobic interaction. At the
same time, it will be easy for the substrate to get out of the active site. This
ﬁnding implies that the substrates never steadily stay at the active site of the
myoglobin mutants as observed for P450s. Therefore, there are large differences
in the active sites of P450 and myoglobin mutants. Apparently, it is much easier
for P450 to oxidize the substrates that are waiting to be oxidized. It seems very
interesting for myoglobin mutants to examine their oxidation activity by holding
the substrates near the heme iron.
For this reason, tryptophan was introduced near the heme of myoglobin by
site directed mutagenesis of Phe 43 to Try (Fig. 15) (64, 65). In this particular

Figure 15. Expected location of Try 43 in the active site of F43W/H64L Mb.
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case, if we are able to prepare compound I, the oxo
oxygen in compound I
could interact with the aromatic ring of the tryptophan to be oxidized, since the
C7 are expected to be 5.0 and 4.9 Å, respectively, on
distances of Fe
C6 and Fe
the basis of molecular dynamics calculations (66). In fact, the site-speciﬁc
oxidation at the C6 position of the aromatic ring of tryptophan was observed.
Oxidation of Trp 43 was conﬁrmed by the digestion of the product followed by
isolation of the modiﬁed fragment and nuclear magnetic resonance (NMR),
mass–mass, and amino acid analysis. More importantly, the aromatic oxidation
was found to proceed almost stoichiometrically, indicating that compound I of
myoglobin is capable of proceeding by the P450-type of aromatic oxidation.
These results imply that the aromatic ring oxidation (hydroxylation) is not a
unique reaction for P450. In addition, it also suggests a possible use of
hemoproteins as catalysts for the hydroxylation of alkanes.

VIII.

DIRECT EVOLUTION OF HEME ENZYMES

In this chapter, we mostly addressed rational molecular design of myoglobin
for the introduction of enzymatic activities. These studies are directly coupled
with the mechanistic aspects of enzymatic reactions. If the introduction and
enhancement of the catalytic activities are the major concerns, there is a
straightforward so-called ‘‘directed evolution’’ approach. For example, Arnold
and co-worker (67) prepared 200,000 random mutants of P450cam coexpressed
with HRP1A6 for H2O2-dependent naphthalene hydroxylation. Then, the second
generation of P450cam library afforded several variants showing 20-fold
improvements in the naphthalene hydroxylation (67). Random mutagenesis
has also been applied to horse heart myoglobin for improving its peroxidase
activities (68). After four cycles of mutagenesis and screening, a series of single,
double, triple, and quadruple variants with enhanced peroxidase actvities were
obtained. Among them, the quadruple mutant, T39I/K45D/F46L/I107F
P450cam showed a 25-fold faster reaction rate with H2O2.

IX.

MODIFICATION OF MYOGLOBIN BY THE
RECONSTITUTIONAL METHOD

In Mb, heme is located in the heme pocket via multiple noncovalent
interactions such as Fe-His coordination, hydrophobic contacts with several
nonpolar amino acid residues, and hydrogen bonding between heme propionates
and polar amino acids (69). Therefore, the hemin can be easily removed from
the heme pocket under acidic conditions to give apomyoglobin (apoMb) (70,
71). Over the past three decades, a variety of artiﬁcial iron porphyrins and
porphyrinoids have been incorporated into the apoprotein to reconstitute the
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Figure 16. Replacement of native hemin (protohemin IX) with an artiﬁcially created prosthetic
group (metal complex).

Mbs (Fig. 16), in which almost all studies have focused on the interaction
between the artiﬁcial hemes and the protein matrix or the physiological function
of Mb. In contrast, there has been a limited number of extensive studies that
demonstrate the modiﬁcation of Mb to provide new and useful functions (72). In
the following sections, the conversion of Mb into unique heme enzymes by
replacement of the native hemin with an artiﬁcially created prosthetic group is
described.
A.

Molecular Design of an Artiﬁcial Prosthetic Group

The strategy of modifying the prosthetic group can be divided into at least
three approaches, as shown in Fig. 17: (1) modiﬁcation of peripheral alkyl and/
or alkenyl side chains or two heme-propionates of protoheme IX; (2) substitution of other metals such as Co, Mn, Cr, and so on, for the heme-iron; and (3)
preparation of a new prosthetic group with a non-porphyrin framework. These
heme modiﬁcations must have a drastic inﬂuence on the Mb function, thus, the
incorporation of an artiﬁcial prosthetic group into apoMb will give us a new
protein with unique functions.
B.

Peroxidase and Peroxygenase Activities of Reconstituted Mb

As mentioned above, a prosthetic group of Mb, heme b, is the same as that of
some heme peroxides such as HRP and CcP, and there are two characteristic
histidines, the proximal and distal, in the heme pocket. However, the peroxidase
and peroxygenase activities of Mb are much lower than those observed for the
native heme peroxidase, which were discussed in Section V. In addition, Mb has
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Figure 17. Three methods of molecular design to create an artiﬁcial prosthetic group.

no clear substrate-binding site near the heme molecule. In particular, the latter
problem seems to be solved not only by a mutagenetic approach (Section VII),
but also by the reconstitutional method.
1.

Modiﬁcation of the Heme-Propionate Side Chains

For example, Hayashi et al. (73) recently reported an enhancement of the
peroxidase activity of Mb by modiﬁcation of two heme-propionate side chains.
They prepared an artiﬁcial hemin having two benzene moieties linked at each
terminal carboxylate of the heme-propionates in protoheme IX, as shown in
Fig. 18. The modiﬁed hemin was then inserted into the horse heart apoMb to
yield a reconstituted Mb. The characterization of the reconstituted Mb was
carried out by ultraviolet–visible (UV–vis), NMR, and electronspray ionization–mass spectrometry (ESI–MS). Particularly, the UV–vis spectrum of the
reconstituted Mb is comparable with that observed for the native Mb, suggesting
that the artiﬁcial hemin is located in the normal position of the heme pocket.
Upon the addition of H2O2 to a solution of the reconstituted Mb, the
characteristic spectrum assigned as the ferryl species (FeIV
O) was observed
with a formation rate constant of 1.6  103 s1 at 20 C. A comparison of the
reactivities between ferryl Mb and the reconstituted Mb is summarized in
Fig. 19. Interestingly, the relative rate constants toward neutral substrate
oxidation by the reconstituted Mb are remarkably higher than those observed
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Figure 18. Construction of a substrate-binding site on the Mb surface by reconstitutional method.

for the native Mb, suggesting that the phenol derivatives easily enter the
artiﬁcially created expanded hydrophobic heme pocket. Evidence for the
substrate binding into the heme pocket is noted in the titrimetric measurement
of guaiacol in a solution of the reconstituted Mb by monitoring the spectral
changes in the Soret band region (Kd ¼ 0.08 mM at 20 C). Steady-state kinetic
measurements of guaiacol oxidation by Mbs indicates that both the Km and kcat
values are clearly improved by the reconstituted Mb. Thus, the value of kcat/Km,
which represents the speciﬁcity of the enzyme, is  13-fold higher than that of the
native Mb. The peroxygenase activity of the reconstituted Mb also increases (74).

[Ru(NH3 )6 2+
Cytochrom c red
Catechol
Hydroquinone

native Mb

Guaiacol

reconstituted Mb
0

1

2

15

20

25

30

Relative rate constant (fraction of ative Mb)

Figure 19. Relative reactivities of oxoferryl Mbs toward small substrate and cytochrome c oxidations.
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TABLE VI
Kinetic Parameters for the Guaiacol and Thioanisole Oxidations by Mbsa,b
Guaiacol Oxidation
————————————————
Native Mb
Reconstituted Mb
kcat(s1)
Km (mM)
kcat/Km
a
b

0.36
32
0.011

1.1
7.4
0.15

Thioanisole Oxidation
——————————————
Natie Mb
Reconstituted Mb
0.086
1.7
0.050

0.096
0.28
0.34

See Refs. 73, 74.
At 20 C, in 100-mM phosphate buffer, pH 7.0

The initial turnover number of the thioanisole oxidation by the reconstituted Mb
is clearly larger than that observed for the native Mb, and the kcat/Km value is
more than seven fold higher than that of the native protein. The epoxidation of
styrene is also effectively catalyzed by the reconstituted Mb by 10-fold increase
compared to native Mb. These ﬁndings indicate that the appropriate modiﬁcation of the heme propionate side chains forms a substrate-binding domain
that enhances the peroxidase and peroxygenase activities of Mb, as shown in
Table VI.
Another example, which demonstrates the modulation of the peroxidase
activity of Mb by modiﬁcation of the heme-propionate side chains, has been
proposed by Casella and co-workers (75). They prepared a Mb reconstituted
with peptide-linked hemin such as protohemin-L-arginyl-L-alanine or protohemin-L-histidine methyl ester as shown in Fig. 20. The peroxidase activity toward
small substrate oxidations by the reconstituted Mb slightly increased; the kcat
R1
O
N

N

Fe
N

N

O

apomyoglobin

R2
R1 = –NH-His-OMe or –NH-Arg-Ala-OH, R2 = –OH
or
R1 = –OH, R2 = –NH-His-OMe or –NH-Arg-Ala-OH

Figure 20. Introduction of amino acid moieties into the terminal of one propionate to yield the
modiﬁed Mb.
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and kcat/Km values of the L-tyrosine oxidation catalyzed by the reconstituted Mb
with the histidine-linked hemin are ﬁvefold and 4.7-fold greater than those
observed for native Mb, respectively. This result may support the fact that the
modiﬁcation of the heme-propionate side chain allows a substrate to easily
access the oxoferryl species.
2.

Metal Substitution

It has been well known that metalloporphyrins, except iron porphyrins, can
be inserted into apoMb (76). In a series of metal-substituted Mbs, replacement
of the heme-iron with manganese seems to be another way to modulate the
reactivity with H2O2 and the peroxidase activity in Mb. For example, the
manganese-modiﬁed Mb, which was ﬁrst reported by Yonetani and Asakura, is
one of the potent proteins that exhibits peroxidase activity (77). The addition of
an excess amount of H2O2 into a solution of the manganese Mb shows a shortlived species that is comparable with that observed for manganese HRP
compound I (78, 79). However, the formation of the intermediate is very slow
(kapp ¼ 2.5 M1 s1) in the manganese Mb system compared to iron Mb and
manganese HRP (kapp ¼ 1.3  103 M1s1 and 1.3  104 M1 s1 for the iron
Mb and manganese HRP, respectively). Thus, manganese Mb does not exhibit
sufﬁcient peroxidase activity at present.
3.

Artiﬁcial Ligand Framework

Several groups have been challenged to prepare modiﬁed Mbs with nonporphyrin macrocycles, because an iron complex with an artiﬁcial ligand
framework will be attractive to regulate protein functions (80–86). However,
almost all works have mentioned the ligand binding to heme iron in Mbs.
Recently, a Mb reconstituted with iron methylchlorin (Fig. 21a) has been used
as a model of an iron-chlorin enzyme. To mimic the key intermediate of iron
chlorin-containing proteins, Chang and co-workers (87) detected the compound
II and oxyferrous compound III state of the methylchlorin iron complex in the
Mb matrix by UV–vis and magnetic circular dichroism (MCD) spectroscopies.
In this study, the protein matrix of Mb may serve as a useful protein environment to create an oxidase model.
Recently, there is a unique Mb reconstituted with the ‘‘non-porphyrinoid’’
metal complex. Watanabe and co-workers successfully inserted [CrIII(salophen)]þ (salophen ¼ N, N0 -bis(salicylidene)-1,2-phenyl-enediamine into apoMb
to yield a semisynthetic metalloenzyme (88). They used a H64D/A71G mutant
as the apoprotein, because the H64D mutation may allow easy access of a
substrate and oxidant and the A71G mutation increases the binding afﬁnity of
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Figure 21 Non-porphyrin metal complex as new prosthetic groups for Mb.

the chromium complex. The 1:1 complex between the H64D/A71G mutant and
Cr(III) Schiff base complex [Fig. 21(b)] was completely characterized by
electrospray ionization–time of ﬂight mass spectrometry (ESI–TOF MS).
Figure 22 illustrates the structure of the reconstituted A71G myoglobin with
[FeIII(salophen)]þ, indicating that the iron complex is just in the heme cavity
with a coordination between the His 93 and the iron metal (89). Moreover, the
reconstituted protein exhibits peroxygenase activity with a sixfold higher
turnover number compared to the chromium complex without protein for the
sulfoxidation of thioanisole. Moreover, the H2O2-dependent sulfoxidation catalyzed by the protein gave an (S)-sulfoxide with a 13% ee, indicating that the
sulfoxidation occurs in the chiral protein matrix. This composite is a ﬁrst
example of Mb reconstituted with a non-tetrapyrrole macrocyclic metal complex.

Figure 22. The crystal structure of FeIII(salophen)apo-A71GMb (81).
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Figure 23. Schematic representation of ﬂavomyoglobin. (a) Reconstituted myoglobin. Sequential
electron transfer occurs from reduced nicotinamide adenosine dinucleotide (NADH) to the hemin via
ﬂavin moiety. (b) Structure of an artiﬁcial ﬂavin-linked hemin, a ﬂavohemin.

C.

Reductive O2 Activation by Mb

In cytochrome P450, reductive O2 activation is a key process to generate the
highly oxidative species (compound I). The catalytic cycle requires two
electrons that are sequentially transferred from NADPH [NADPH ¼ reduced
form of nicotinamide adenosine dinucleotide phosphate] via a special reductase.
Myogobin has the same prosthetic group as found in P450, however, Mb has no
special electron pathway. To activate the iron-bound O2 in Mb, Hayashi and coworkers (90) prepared ﬂavohemin (Fig. 23) and inserted it into apoMb, where
the ﬂavin moiety plays a role as an electron mediator between NADPH and the
hemin in the protein. They carried out the deformylation of 2-phenylpropionaldehyde catalyzed by Mbs upon the addition of NADH. Based on the results,
the ﬂavin-linked Mb accelerated the deformylation and produced only acetophenone as a product, suggesting that the iron-peroxo intermediate is smoothly
generated via the reduction of oxyferrous species by the reduced ﬂavin moiety.
D. Other Reactions Catalyzed by Reconstituted Mb
A Mb reconstituted with cobalt(II) protoporphyrin IX was found to play a
role as a catalyst for the photoinduced hydrogenation of acetylene when eosin is
linked on the surface of the protein as shown in Fig. 24 (91). Irradiation of the
eosin-linked cobalt Mb was found to produce a cobalt(I) species due to electron
transfer from the photoexcited eosin moiety to cobalt(II) in the protein. In an
aqueous solution, the cobalt(I) species is converted into cobalt(III)-hydride
and the intermediate may react with acetylene in the presence of Na2edta
[edta ¼ ethylenediaminetetraacetic acid (ligand)] as a radical scavenger to
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Figure 24. Eosin-conjugated cobalt myoglobin. The photoexcited eosin moiety reduces the
cobalt(II) porphyrin and allow the reactive cobalt-hydride, H–Co(III)Mb.

eliminate the back-electron transfer. The photoinduced hydrogenation of acetylene catalyzed by the cobalt Mb follows Michaelis–Menten kinetics.
An alternative application of cobalt Mb has been reported by Willner and coworkers (92). They immobilized the reconstituted cobalt Mb on the functionalized electrodes and generated cobalt(I)-Mb by the electrochemical reduction of
cobalt(II)-Mb. The hydrogenation of acetylenedicarboxylic acid smoothly
occurred on the functionalized electrode, and the electrocatalytic reaction in
H2O and D2O reveals a clear isotope effect, kH/kD ¼ 2.7, indicating that the
hydride transfer from cobalt(III)-hydride in Mb is the key reactive process.
E.

Models for Electron-Transfer Protein by Reconstituted Mb

Although Mb is a typical O2 storage protein, it seems to be a good model for
electron-transfer proteins, because not only is Mb a well-known simple protein,
but also the metal-substituted Mbs, such as zinc or magnesium Mbs, are readily
available. In the last two decades, there have been many studies on photoinduced electron transfer by Mbs reconstituted with zinc porphyrins or manganese porphyrins (93). This section focuses on the recent efforts to drastically
modify the heme prosthetic group in order to construct a unique model for
electron transfer in biological systems. Construction of an electron-transfer model
using reconstituted Mbs is mostly divided into two styles as shown in Fig. 25:
(1) a chromophore-linked Mb to detect an intramolecular charge-separation
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(a)

e–

(b)

e–

Figure 25. Two types of electron-transfer models. (a) A chromophore-linked Mb. (b) A protein
assembly using an interface-attached Mb.

species, and (2) an interface-attached Mb to monitor an electron transfer within
a protein–protein complex.
1.

A Chromophore-Linked Mb

A chromophore such as the quinone, ruthenium complex, C60, or viologen is
covalently introduced at the terminal of the heme-propionate side chain(s) (94–
97). For example, Hamachi et al. (98) appended Ru2þ(bpy)3 (bpy ¼ 2,20 bipyridine) at one of the terminals of the heme-propionate (Fig. 26) and
monitored the photoinduced electron transfer from the photoexcited ruthenium
complex to the heme-iron in the protein. The reduction of the heme-iron was
monitored by the formation of oxyferrous species under aerobic conditions,
while the Ru(III) complex was reductively quenched by EDTA as a sacriﬁcial
reagent. In addition, when [Co(NH3)5Cl]2þ was added to the system instead of
EDTA, the photoexcited ruthenium complex was oxidatively quenched by the
cobalt complex, and then one electron is abstracted from the heme-iron(III) to
reduce the ruthenium complex (99). As a result, the oxoferryl species was
detected due to the deprotonation of the hydroxyiron(III)-porphyrin cation
radical species. An extension of this work was the assembly of the Ru2þ(bpy)3
complex with a catenane moiety including the cyclic bis(viologen)(100). In the
supramolecular system, vectorial electron transfer was achieved with a longlived charge separation species (t > 2 ms).
2.

Interface-Attached Mb

The construction of an artiﬁcial protein–protein complex is an attractive
subject to elucidate the electron-transfer process in biological systems. To
convert Mb into an electron-transfer protein such as cytochromes, Hayashi
and Ogoshi (101) prepared a new zinc Mb having a unique interface on the
protein surface by the reconstitutional method as shown in Fig. 27. The modiﬁed
zinc protoporphyrin has multiple functional groups, carboxylates, or ammonium
groups, at the terminal of the two propionates. Thus, the incorporation of the
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zinc porphyrin into apoMb allows us an acidic or basic Mb due to the formation
of the localized anionic or cationic cluster, respectively, upon exit from the heme
pocket (102–104).
The reconstituted Mb with a negatively charged patch formed by the
carboxylate cluster was found to produce a stable complex with a positively
charged methyl viologen (Ka ¼ 2.6  103 M1 at 20 C, 10 mM phosphate
buffer, pH 7.0) or cytochrome c (Ka ¼ 6.5  104 M1 at 20 C, 10 mM phosphate
buffer, pH7.0) via an electrostatic interaction (105, 106). A plausible structure of
the zinc Mb–cytochrome c complex is illustrated in Fig. 28. Fast photoinduced
electron transfer (et) from the zinc Mb to the methyl viologen dication within a
stable complex was observed with a rate constant of 2.0  109 s1. Moreover,
the cationic cytochrome c was reduced by a long-range electron transfer from
the triplet state of the zinc Mb within the protein–protein complex
(ket ¼ 2.2  103 s1). The structure of the interface formed by the carboxylate
cluster has a clear inﬂuence not only on the complex stability, but also on the
rate constant of the electron transfer (107). These results suggest that the
modiﬁed Mb seems to be a good model for the electron-transfer protein in
Nature.

Figure 28. Plausible structure of reconstituted Mb–cytocyhrome c complex. Green protein is the
reconstituted Mb. Blue molecule represents the artiﬁcially created hemin as a prosthetic group. Pink
protein is cytochrome c and red molecule is heme c in cytochrome c. The structure was generated by
computer simulation.
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X. HYBRIDIZATION OF AMINO ACID MUTATION AND
MODIFIED-HEME RECONSTITUTION TO FUNCTIONALIZE
MYOGLOBIN
As mentioned above, both the point-mutation on the distal side of the Mb and
the modiﬁcation of the heme-propionate side chains are effective to convert the
Mb into peroxidase and peroxygenase. Thus, one can imagine that the combination of an amino acid mutation and a modiﬁed-heme reconstitution may more
effectively allow us a new catalyst by oxygen storage. Recently, two examples,
which demonstrated the hybrid modiﬁcation of Mb, have been reported. One is
the T67R/S92D Mb reconstituted with the modiﬁed hemin where a histidine is
linked at the terminal of the heme-propionate side chain (108). The peroxidase
activities toward p-hydroxyphenylpropionic acid and tyramine oxidations by the
reconstituted mutant Mb are increased by 24- and 2.3-fold, respectively, based
on the kcat/Km value compared to those observed for the native Mb.
Another example is the H64D mutant Mb reconstituted with a chemically
modiﬁed hemin having two aromatic rings at the heme-propionate termini, as
shown in Fig. 29 (109). The reconstituted Mbs were examined for 2-methoxyphenol (guaiacol) oxidation in the presence of H2O2 (Table VII). Compared
with the native Mb, the H64D reconstituted Mb showed a 430-fold higher kcat/
Km value, which is signiﬁcantly higher than that of CcP and only threefold less
than that of HRP. Figure 30 demonstrates that the initial rate of the guaiacol
oxidation, indicating that the hybrid Mb remarkably accelerates the guaiacol
oxidation. In addition, the H2O2-dependent degradation of bisphenol A was
accelerated by the H64D reconstituted Mb by > 35-fold compared to that
observed for the native Mb. In this system, a highly oxidized heme reactive
species is smoothly generated and a substrate is effectively bound in the heme
pocket. The present results indicate that the combination of a modiﬁed-heme
reconstitution and an amino acid mutation should offer interesting perspectives
toward developing a useful biomolecule catalyst from a hemoprotein.
TABLE VII
Kinetic Parameters of Guaiacol Oxidation Catalyzed by Mbsa
Myoglobinb
Mb(native)
rMb(native)
Mb(H64D)
rMb(H64D)

Turnover Number (s1)
0.019
0.18
1.3
5.6

kcat/Km (M1 s1)
53
1,800
5,100
23,000

20-mM malonate buffer (pH 6.0) at 25 C. [protein] ¼ 2.0 mM,
[guaiacol] ¼ 0.5 mM, [H2O2] ¼ 15 mM.
b
Reconstituted Mb-rMb. The type of protein matrix is described in
parentheses.
a
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Turnover number
rMb(H64D)

1.5

Mb(H64D)

1

0.5
rMb(native)

0

Mb(native)

0

0.5

1

1.5

2

Time (s)
Figure 30. Hydrogen peroxide-dependent guaiacol oxidation catalyzed by Mbs at 25 C, pH 6.0.
Lines represent the formation of oxidized products in the presence of rMb(H64D), Mb(H64D),
rMb(native), and Mb(native), are represented respectively, where rMb represents the reconstituted Mb.

After the completion of this chapter, a review paper on engineering and
prosthetic group modiﬁcation of myoglobin was published (110). The Mb
mutant T67R/S92D Mb, which has been brieﬂy reviewed in this chapter (108),
was intensively reviewed in this paper.
XI.

CONCLUSION

In this chapter, the utilization of the Mb framework for the introduction or
alternation of protein–enzyme activities has been reviwed. Especially, enatioselective oxidation of sulﬁdes and oleﬁns are highlighted. More importantly, it
addresses the importance of design of the protein active site and the prosthetic
group for the construction of artiﬁcal enzymes exhibiting high activities and
selectivities.
ABBREVIATIONS
apoMb
ATP
bpy

Apomyoglobin
Adenosine triphosphate
2,20 -Bipyridine
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CcP
CPO
edta
EDTA
ee
EPR
ESI–MS
ESI–TOF MS
et
HRP
Mb
MCD
mCPBA
Ms–Ms
NADH
NADPH
NMR
P450
Por
rMb
salophen
TDCPP
TMP
TMPþ
TPP
UV–vis
Amino acids
Ala, A
Asn, N
Asp, D
Cys, C
Gly, G
His, H
Ile, I
Leu, L
Lys, K
Phe, F
Ser, S
Thr, T

Cytochrome c peroxidase
Chloroperoxidase
Ethylenediaminetetraacetic acid (ligand)
Ethylenediaminetetraacetic acid (solvent)
Enantiomeric excess
Electron paramagnetic resonance
Electrospray ionization mass spectrometry
Electrospray ionization–time of ﬂight mass
spectrometry
electron transfer
Horseradish peroxidase
Myoglobin
Magnetic circular dichlomism
Meta-chloroperoxybenzoic acid
Mass–Mass
A reduced form of nicotinamide adenosine
dinucleotide
A reduce form of nicotinamide adenosine
dinucleotide phosphate
Nuclear magnetic resonance
Cytochrome P450
Porphyrin
Reconstituted myoglobin
N,N0 -Bis(salicylidene)-1,2-enediamine
Tetrakis(dichlorophenyl)porphyrin
Tetramesitylporphyrin
A cation radical form of TMP
Tetraphenylporphyrin
Ultraviolet–visible
Alanine
Aspargine
Aspartic acid
Cysteine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Phenylalanine
Serine
Threonine
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Trp, W
Tyr, Y
Val, V

tryptophan
Tyrosine
valine
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dimensional reduction, 12–21
core anion substitution, 13–18
heterometal substitution, 18–21
interstitial solution, 21
salt incorporation, 12–13
low-temperature routes, 21–25
solution methods, 25–30
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cluster excision, 25–26
ligand substitution reactions, 27–30
core anion exchange, 27–28
terminal ligand exchange, 28–30
solution-phase cluster assembly, 26–27
High-Curie temperature ferromagnetism,
aggregates and nanocrystalline thin
ﬁlms, 114–117
Highest occupied molecular orbital (HOMO),
hexanuclear clusters, electronic
structures, 5–8
High-temperature solid-state routes, hexanuclear
clusters, solid-state synthesis, 8–11
Histidine ligands:
relocation in myoglobin, 457–465
acid-base function, 457–461
diastereoselective oxidation, 464–465
oxo-transfer mechanism and
enantioselectivity, 461–464
replacement in myoglobin cysteine or
tyrosine, 451–455
Hoogsteen pairing, nucleobase pKa values,
metal binding and base pair stability,
402
Host material impurities, doped semiconductor
nanocrystals, research background,
51–55
Hot-injection techniques, doped nanocrystal
synthesis, 55–57
Huang-Rhys dimensionless excited-state
distortion, doped semiconductor
nanocrystals:
luminescence spectroscopy, 93–94
manganese/zinc sulﬁde nanocrystals,
luminescence, 97–98
Hydrogen bonding:
distal histidine relocation in myoglobin,
457–461
metal-nucleobase self-pairing, 404–406
non-Watson-Crick metal-base pairs, 406–407
nucleobase pKa values:
metal binding and base pair stability,
399–402
metal coordinated alteration, 430–434
metal ions and base pairing, 396
protonated base pairs and triplets, 394–395
Hydrophobic interactions, xanthate complexes,
gallium, indium, and thallium, 260
Hydroxylamine (NH2OH), nitric oxide chemical
biology, 356–362
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Hyperﬁne splitting:
doped semiconductor nanocrystals,
luminescence spectroscopy, 92–94
hexanuclear clusters, electronic structures,
6–8
Hypermodiﬁed nucleobases, pKa values of,
392–394
Hypervalent interactions, xanthate complexes:
gallium, indium, and thallium, 257–260
sulfur, selenium, tellurium, 298
zinc, 211–216
Impurity theory, doped semiconductor
nanocrystals:
growth mechanisms and, 63–70
research background, 54–55
Inclusion chemistry, xanthate structures, nickel
adducts, 175–188
Indirect effects, nitric oxide chemical biology,
353–356, 370–375
autoxidation, 371–372
HNO and oxygen, 374–375
oxygen diffusion, 372–373
Indium, xanthate complexes, 253–260
Indium-arsenic crystals, doped nanocrystals,
diluted magnetic semiconductors, 101–
103
Indium tin oxide (ITO) electrode, doped
semiconductor nanocrystals:
electroluminescent devices, 112
photochemistry and photovoltaics, 113–114
Inductively coupled plasma-atomic emission
spectroscopy (IES-AES), doped
semiconductor nanocrystals, diluted
magnetic semiconductors, 99-103
Interface-attached myoglobin, electron-transfer
protein models, 482–486
Intermolecular interactions, xanthate structures:
antimony, 285–287
binary sulfur/selenium structures, 293–298
bismuth, 289–292
cadmium, binary structures, 224–226
gallium, indium, and thallium, 257–260
germanium, 265–267
gold, 205–210
mercury:
adducts, 244–246
organomercury complexes, 250–253
nickel:
adducts, 182–188

binary structures, 173–175
organotellurium, 300–309, 302–309
silver, 199–203
Interstitial substitution, hexanuclear clusters:
dimensional reduction, 21–23
electronic structures, 6–8
Intramolecular interactions:
trivalent uranium molecular activation with
water, 335–336
xanthate structures:
cadmium mixed ligands, 235–239
germanium complexes, 260–267
gold, 205–210
mercury:
adducts, 244–246
binary structures, 242–244
organomercury structures, 251–253
nickel adducts, 182–188
organotin structures, 272–275
Inverse opal mesostructures, doped nanocrystals,
117–118
Inverted micelle methods:
doped nanocrystal synthesis, 55–57
surface-exposed dopants, 74
doped semiconductor nanocrystals:
electroluminescent devices, 110–112
impurities, 65–70
Iodide ligands:
hexanuclear clusters, terminal ligand
exchange, 29–30
mixed-ligand tin xanthates, 269–270
trivalent uranium, divalent synthetic
equivalents, 343–344
Ionized nucleobases, nucleobase pKa values,
395
Iridium, nitroxyl detection, 365–367
Iron:
diastereoselective oxidation, distal histidine
relocation in myoglobin, 464–465
doped semiconductor nanocrystals, extended
X-ray absorption ﬁne structure, 89
heme-propionate side chains, peroxidaseperoxyganase modiﬁcation of, 475–478
nitric oxide autoxidation, 372–374
xanthate structures, 156–158
Iron proteins, nitrosylation and nitroxyl
detection, 365–367
Isocrystalline core-shell (ICS) procedure, doped
semiconductor nanocrystals, surfaceexposed dopants, 72–74
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Isoelectronic anion substitutions, hexanuclear
clusters, dimensional reduction, 17–18
Isopropyl analogues, xanthate structures,
germanium, 263–267
Isotopic labeling, nitroxyl-metal interactions,
368–369
Jahn-Teller distortion, hexanuclear clusters,
electronic structures, 7–8
KCN melt, hexanuclear clusters, excision
reactions, 26
Ketimide lithium salts, trivalent uranium,
divalent synthetic equivalents,
343–344
Kinetic analysis, nitroxyl-metal interactions,
368–369
Labile ﬁxation, trivalent uranium nitrogen
activation, 328–333
LaMer model, crystal nucleation and growth,
60–63
Lanthanides, trivalent uranium coordination
chemistry, sulfur donors, 340–341
Lattice parameter shifts, doped nanocrystal
synthesis, x-ray diffraction and Raman
spectroscopy, 75–79
LAUE protein, myoglobin binding, 450–451
L-cysteine, nitric oxide and nitroxyl-metal
interactions, 368–369
Lead, xanthate structures, 276–281
Lewis acids and bases:
nucleobase pKa values, 389–392
trivalent uranium:
carbon coordination chemistry, 337–338
molecular activation, 326–333
xanthate structures:
bismuth, 291–292
cadmium, 226–233
nickel, 175–188
technetium, 150–152
zinc, 216–223
Lifetime measurements, nitric oxide indirect
effects, 371–374
Ligand-ﬁeld absorption spectroscopy, doped
semiconductor nanocrystals, 83–84
Ligand substitution reactions, hexanuclear
clusters, 27–30
core anion exchange, 27–28
terminal ligand exchange, 28–30
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Ligand-to-metal charge transfer (LMCT), doped
nanocrystals, 109–110
Lorentzian signals, doped semiconductor
nanocrystals, electron paramagnetic
resonance spectroscopy, 80–82
Lowest unoccupied molecular orbital (LUMO):
hexanuclear clusters, electronic structures,
5–8
trivalent uranium, divalent synthetic
equivalents, 343–344
Low-temperature routes, hexanuclear clusters,
solid-state synthesis, 21–25
Luminescence activators, doped semiconductor
nanocrystals, 49–55
surface-exposed dopants, 73–74
Luminescence spectroscopy:
doped semiconductor nanocrystals:
doping probes, 90–94
manganese/zinc sulﬁde nanocrystals,
94–98
research background, 50–55
hexanuclear clusters, 32–33
Macroacidity constants, nucleobase pKa values,
389–392
Macrophage activation, nitrogen oxide chemical
biology and, 351–352
Macroscopic materials, doped nanocrystal
synthesis, x-ray diffraction and Raman
spectroscopy, 76–79
Magnetic circular dichroism (MCD):
doped semiconductor nanocrystals,
magnetooptical properties and sp-d
exchange interactions, 103–110
heme-propionate side chains, peroxidaseperoxyganase modiﬁcation of, 478–480
Magnetic ions, doped semiconductor
nanocrystals, 49–55
Magnetic measurrements, trivalent uranium
nitrogen activation, 332–333
Magnetic spectroscopic techniques, doped
semiconductor nanocrystals, research
background, 54–55
Magnetism, doped nanocrystals, 98–103
Magnetooptical spectroscopies, doped
semiconductor nanocrystals, 103–110
Manganese:
doped semiconductor nanocrystals:
diluted magnetic semiconductors, 100–103,
101–103
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Manganese (Continued)
electroluminescent devices, 110–112
electron paramagnetic resonance
spectroscopy, 77–82
extended X-ray absorption ﬁne structure,
87–89
impurities, 63–70
luminescence spectroscopy, 90–94
manganese/zinc sulﬁde nanocrystals,
94–98
magnetooptical properties and sp-d
exchange interactions, 104–110
xanthate structures, 148–150
Marziano-Cimino-Passerini technique,
nucleobase pKa values determination,
419–421
Maxam-Gilbert sequencing reaction, pKa values
of nucleobases, 393–394
Metalated nucleobases:
environmental effects, 418–419
methylation and, 429–430
N7 guanine deprotonation, 403
Metal binding mechanisms, nucleobase pKa
values, metal ions and base pairing,
398–402
Metal-chalcogenide frameworks, dimensional
reduction, 12–21
core anion substitution, 17–18
Metal complexes:
nitric oxide autoxidation, 372–374
nitric oxide/nitroxyl direct effects, 364–367
Metal-halide frameworks, dimensional
reduction, 12–21
Metal ions, nucleobase pKa value alteration:
base pairing effects, 395–415
acidiﬁcation and basicity loss, 397–398
metal binding and base pair stability,
398–402
metal-modiﬁed pairs, triplets and more,
409–410
N7 metalated guanine deprotonation,
402–403
non-Watson-Crick pairs, 406
nucleic acid triplexes and metals, 406–408
self-pairing, metal-nucleobase complexes,
403–406
tautomerization scenarios, 410–415
cytosine, 414–415
guanine, 415
uracil-thymine, 412–414
carbon atom metal ion binding, 429

C atom binding, 429
chemically modiﬁed nucleobases, 392–394
endocyclic imino protons, 424–425
environmental effects, 415–419
metalated nucleobases, 418–419
nucleic acids, 417–418
exocyclic amino group proton replacement,
425–429
adenine, 428
cytosine, 426–428
guanine, 429
future research issues, 434–435
hydrogen-bonding interactions, 430–434
ionized nucleobases, 395
methylation-metalation combination,
439–430
neutral bases, altered values for, 421–424
protonated nucleobases in base pairs and
triplets, 394–395
research background, 386–389
usual values, 389–392
values determination, 419–421
Metalloenzymes, nitroxyl species and, 357–362
Metal-metal bonding, hexanuclear clusters,
cluster geometries, 2–5
Metal-modiﬁed base pairing, basic properties,
409–410
Metal-nucleobase complexes, self-pairing,
403–406
Metal substitution, heme-propionate side chains,
peroxidase-peroxyganase modiﬁcation
of, 478
Metal-to-ligand-to-metal bridges, hexanuclear
clusters, cluster excision, 25–26
Metathetic ligand replacement, trivalent uranium
reactivity, 324–325
9-Methyladenine (9-MeA), nucleobase-metal
binding, hydrogen bonding interactions,
431–434
Methylation-metalation, metal-nucleotide
complexes, 429–430
Microacidity constants, nucleobase pKa values
determination, 420–421
Mirror symmetry, xanthate structures:
bismuth, 290–292
organomercury, 247–253
organotin structures, 271–275
Mixed-ligand structures, xanthate complexes:
antimony, 285–287
cadmium, 233–239
nickel, 188–192
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sulfur, selenium, tellurium, 293–298
tellurium, 298–300
organotellurium, 304–309
tin, 269–270
zinc, 223–224
Mixed-metal cluster compounds, hexanuclear
clusters, terminal ligand exchange,
30
Molecular activation, trivalent uranium:
dinitrogen, 325–333
future research issues, 344–345
research background, 322–323
sp3 C–H bond, 323–325
water, 333–336
Molecular orbital calculations:
hexanuclear clusters:
electronic structures, 5–8
supramolecular assemblies, 37–38
xanthate anion structures, 134–135
Molybdenum:
DNA tautomerization and, 411–415
hexanuclear clusters:
dimensional reduction, heterometal
substitution, 20–21
electronic structures, 6–8
excision reactions, 26
solid-state synthesis, 9–11
solution-phase cluster assembly, 27
trivalent uranium nitrogen activation and,
326–333
xanthate structures, 141–145
Monoclinicity:
arsenic xanthate structures, 283
xanthate complexes, sulfur, selenium,
tellurium, 293–298
Monodentate ligands, xanthate structures:
bismuth, 291–292
cadmium adducts, 227–233,
229–233
cobalt, 164–166
copper, 197–198
iron, 157–158
mercury binary structures, 241–244
nickel:
adducts, 180–188
mixed-ligand structures, 189–192
organotellurium, 300–309
phosphorus, 282
sulfur, selenium, tellurium, 298
tin, 268–269
organotin structures, 274–275
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Mononuclear complexes:
trivalent uranium nitrogen activation,
327–333
vanadium xanathate structures, 137–138
xanthate structures:
germanium, 262–267
nickel:
adducts, 178–188
binary structures, 174–175
organomercury, 250–253
rhenium, 152–155
Mononucleotides, nucleobase pKa value
alteration, 391–392
Monooxygenation reactions, cytochrome
P450-catalase catalytic reactions, 0
Multinuclear complexes, shifting nucleobase
pKa values and, 436
Myoglobin (Mb) functionalization:
aromatic ring oxidation, 471–473
chloroperoxidase active site mimicking,
465–471
carboxylate group near heme center,
465–466
H64D mutant enantioselectivity, 466–468
H64D/V68X mutant enantioselectivity,
468–471
distal histidine relocation in, 457–465
acid-base function, 457–461
diastereoselective oxidation, 464–465
oxo-transfer mechanism and
enantioselectivity, 461–464
heme-copper oxidases construction, 455–456
heme enzyme functionalization, 473
mutant protein models, heme oxygenase, 457
proximal histidine ligand replacement,
451–455
reconstitutional modiﬁcation, 473–486
amino acid mutation, 487–488
artiﬁcial prosthetic group molecular design,
474
catalytic reactions, 480–481
electron-transfer protein models, 481–486
chromophore-linked Mb, 482
interface-attached Mb, 482–486
peroxidase-peroxygenase activities, 474–
480
artiﬁcal ligand framework, 478–480
heme-propionate side chains, 475–478
metal substitution, 478
reductive oxygen activation, 480
research background, 450–451
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Nanocrystalline thin ﬁlms, high-Curie
temperature ferromagnetism, 114–117
Néel transition temperature, doped
semiconductor nanocrystals, diluted
magnetic semiconductors, 102–103
Neutral bases, metal coordination to, pKa value
alteration, 421–424
Newton-Gauss nonlinear least-squares
programs, nucleobase pKa values
determination, 419–421
Nickel:
doped nanocrystals, magnetooptical
properties and sp-d exchange
interactions, 107–110
xanthate structures, 167–192
adducts, 175–188
binary structures, 167–175
mixed-ligand structures, 188–192
Nickel cyanide, nitrosylation and nitroxyl
detection, 364–367
Niobium, hexanuclear clusters, dimensional
reduction, 13–14
Nitrates, chemical biology of, 350–351
Nitric oxide (NO), chemical biology:
direct and indirect effects, 353–356
indirect effects, 370–375
autoxidation, 371–372
HNO and oxygen, 374–375
oxygen diffusion, 372–373
nitroxyl species, 356–362
detection of HNO, 369
differentiation of direct effects, 369–370
direct effects, 362–370
metal complexes, 364–367
sulfur and nitrogen compounds, 367–369
research background, 350–352
Nitric oxide synthase (NOS):
chemical biology of, 352
nitroxyl species and, 356–362
Nitrites:
chemical biology of, 350–351
nitric oxide autoxidation, 372–374
Nitrogen:
chemical biology of, 350–351
ﬁxation, trivalent uranium molecular
activation, 325–333
ligands:
trivalent uranium coordination chemistry,
338–340
xanthate structures:

cadmium adducts, 227–233
nickel adducts, 178–188
zinc adducts, 220–223
nitric oxide and nitroxyl-metal interactions,
367–369
pKa values of nucleobases, chemically
modiﬁed bases, 393–394
Nitrogen dioxide (NO2), nitric oxide indirect
effects, 371–374
Nitroglycerine, nitric oxide metabolism,
360–362
Nitrosyl formation, nitric oxide chemical
biology, 353–356
Nitroxyl species (HNO):
direct effects, 363–370
nitric oxide chemical biology, 356–362
detection techniques, 369
differentiation of direct effects, 369–370
direct effects, 362–370
metal complexes, 364–367
sulfur and nitrogen compounds, 367–369
oxygen reactions, 374–375
N-methyl derivatives, tautomeric structures,
429–430
‘‘Non-porphyrinoid’’ metal complex, hemepropionate side chains, peroxidaseperoxyganase modiﬁcation of,
478–480
Non-Watson-Crick pairing, metal-nucleobase
pairs, 406–407
Nuclear magnetic resonance (NMR), nucleobase
pKa values determination, 419–421
Nucleation theory, doped nanocrystal synthesis,
dopant inﬂuence, 57–63
Nucleic acids:
environmental effects, pKa values, 417–418
triplexes and metals, 406–408
Nucleobase pKa values:
metal complex alterations, 421–430
endocyclic imino protons, metal
replacement in, 424–425
exocyclic amino group protons, metal
replacement, 425–429
ion binding to C atoms, 429
methylation/metalation combinations,
429–430
neutral base-metal coordination, 421–424
metal coordinated alteration:
base pairing effects, 395–415
acidiﬁcation and basicity loss, 397–398
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metal binding and base pair stability,
398–402
metal-modiﬁed pairs, triplets and more,
409–410
N7 metalated guanine deprotonation,
402–403
non-Watson-Crick pairs, 406
nucleic acid triplexes and metals,
406–408
self-pairing, metal-nucleobase
complexes, 403–406
tautomerization scenarios, 410–415
cytosine, 414–415
guanine, 415
uracil-thymine, 412–414
carbon atom metal ion binding, 429
chemically modiﬁed nucleobases, 392–394
endocyclic imino protons, 424–425
environmental effects, 415–419
metalated nucleobases, 418–419
nucleic acids, 417–418
exocyclic amino group proton replacement,
425–429
adenine, 428
cytosine, 426–428
guanine, 429
future research issues, 434–435
hydrogen-bonding interactions, 430–434
ionized nucleobases, 395
methylation-metalation combination,
439–430
neutral bases, altered values for, 421–424
protonated nucleobases in base pairs and
triplets, 394–395
research background, 386–389
usual values, 389–392
values determination, 419–421
Nucleosides, nucleobase pKa values, 391–392
Nucleotides, nucleobase pKa values, 391–392
Octahedral geometry:
hexanuclear clusters, 3–5
dimensional reduction:
core anion substitution, 17–18
heterometal substitution, 18–21
electronic structures, 6–8
xanthate structures:
antimony, 284–287
cadmium:
adducts, 227–233
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mixed-ligand structures, 234–239
gallium, indium, and thallium, 254–260
iron, 156–158
molybdenum, 142–145
nickel adducts, 178–188
osmium, 160–162
rhenium, 153–155
ruthenium, 158–160
zinc adducts, 219–223
Oligonucleotides:
metal-modiﬁed base pairing, 409–410
nucleobase pKa values determination,
419–421
triplex structures, 407–408
One-dimensional clusters, solution assembly,
36
One-electron oxidation, hexanuclear clusters,
electrochemistry, 31
Optically detected magnetic resonance
measurements (ODMR), diluted
magnetic semiconductors,
magnetooptical properties and sp-d
exchange interactions, 104–110
Organometallic species:
trivalent uranium coordination chemistry,
carbon donors, 337–338
xanthate structures:
antimony, 286–287
arsenic, 283
gallium, indium, and thallium, 255–260
germanium, 262–267
iron, 156–158
nickel, mixed-ligand structures, 189–192
organomercury, 246–253
organotin structures, 270–275
tellurium, 300–309
tungsten, 146–148
Osmium:
hexanuclear clusters, dimensional reduction,
heterometal substitution, 18–21
nitroxyl detection, 365–367
xanthate structures, 60–162
Oswald ripening, doped semiconductor
nanocrystals, luminescence
spectroscopy, 92–94
Oxidant peroxynitrite (ONOO ):
nitric oxide autoxidation, 372–374
nitric oxide chemical biology, 352
direct effects, 362–370
nitroxyl-oxygen reactions, 374–375
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Oxidation reactions:
distal histidine relocation in myoglobin,
457–461
diastereoselectivity, 464–465
oxo-transfer and enantioselectivity,
461–464
nucleobase pKa values and, 435
trivalent uranium molecular activation with
water, 335–336
xanthate structures, 135–137
molybdenum, 144–145
osmium, 160–162
Oxidized proteins, nitric oxide and nitroxylmetal interactions, 366–367
Oxo clusters:
crystal nucleation and growth, 60–63
xanthate structures:
molybdenum, 142–145
organotin structures, 273–275
Oxo-transfer mechanism, distal histidine
relocation in myoglobin, 461–464
Oxygen molecules:
myoglobin reductive activation, 480
trivalent uranium coordination chemistry,
341–342
trivalent uranium nitrogen activation,
329–333
xanthate anion structures, 134–135
lead, 281
organotin structures, 272–275
Oxyhemoglobin, nitric oxide chemical biology,
353–356
Oxymyoglobin, distal histidine relocation,
459–461
Pairing schemes, shifting nucleobase pKa values
and, 435
Palladium, xanthate structures, 192–193
Paramagnetism, hexanuclear clusters, 32
pD proﬁling, nucleobase pKa values
determination, 420–421
Pentagonal bipyramidal structures:
antimony, 285–287
organotellurium xanthates, 302–309
Peroxidase:
heme oxygenase-catalyzed heme degradation
in, 457–461
myoglobin reconstitutionalization,
474–480
Peroxide formation, nitric oxide-metal
interactions, 366–367

Peroxygenase, myoglobin
reconstitutionalization, 474–480
Perturbation theory, doped nanocrystals, crystal
nucleation and growth, 62–63
Phosphine/phosphite ligands, xanthate
structures:
cobalt, 163–166
copper, 197–198
germanium, 263–267
gold, 207–210
mercury adducts, 244–246
nickel adducts, 180–188
organomercury, 250–253
organotellurium, 308–309
organotin structures, 273–275
osmium, 160–162
rhodium, 166–167
technetium, 150–152
zinc adducts, 222–223
Phosphorus, xanthate structures, 282
Photochemistry:
doped semiconductor nanocrystals, 112–114
hexanuclear clusters, 32–33
Photoluminescence spectra, doped
semiconductor nanocrystals,
electroluminescent devices, 111–112
Photovoltaics, doped semiconductor
nanocrystals, 112–114
Piloty’s acid, nitroxyl species and, 358–362
p-interactions:
trivalent uranium nitrogen activation, 326–
333
xanthate complexes:
cadmium adducts, 228–233
gallium, indium, and thallium, 258–260
germanium, 264–267
lead, 281
zinc adducts, 219–223
xanthate structures, nickel adducts, 181–188
pKa values:
nitric oxide/nitroxyl direct effects, 362–370
nucleobase alterations, metal coordination:
base pairing effects, 395–415
acidiﬁcation and basicity loss, 397–398
metal binding and base pair stability,
398–402
metal-modiﬁed pairs, triplets and more,
409–410
N7 metalated guanine deprotonation,
402–403
non-Watson-Crick pairs, 406
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nucleic acid triplexes and metals,
406–408
self-pairing, metal-nucleobase
complexes, 403–406
tautomerization scenarios, 410–415
cytosine, 414–415
guanine, 415
uracil-thymine, 412–414
carbon atom metal ion binding, 429
chemically modiﬁed nucleobases, 392–394
endocyclic imino protons, 424–425
environmental effects, 415–419
metalated nucleobases, 418–419
nucleic acids, 417–418
exocyclic amino group proton replacement,
425–429
adenine, 428
cytosine, 426–428
guanine, 429
future research issues, 434–435
hydrogen-bonding interactions, 430–434
ionized nucleobases, 395
methylation-metalation combination, 439–
430
neutral bases, altered values for, 421–424
protonated nucleobases in base pairs and
triplets, 394–395
research background, 386–389
usual values, 389–392
values determination, 419–421
Platinum:
exocyclic amino groups, metal replacement in
cytosine, 427–428
metal-nucleobase tautomerization and, 411–
415
nucleobase-metal binding:
hydrogen bonding interactions, 431–434
methylation-metalation, 430
neutral base pKa value alteration, 424
xanthate complexes, 193–194
Polarization effects, nucleobase pKa values:
environmental effects, 416
metal binding and base pair stability, 398–402
metal ions and base pairing, 396
Poly(ADP-ribose) polymerase (PARP), nitroxylmetal interactions, 368–369
Polymeric structures, xanthate complexes:
antimony, 285–287
bismuth, 290–292
cadmium adducts, 232–233
lead, 276–281
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nickel adducts, 184–188
tellurium, 298–300
Polymorphic structures:
managanese xanthates, 148–150
triplexes, 407–408
xanthate complexes:
manganese, 149–150
mixed-ligand tin xanthates, 269–270
organotin structures, 275
silver, 201–203
sulfur, selenium, tellurium, 293–298
zinc adducts, 217–223
Porphyrin complexes, diastereoselective
oxidation, distal histidine relocation in
myoglobin, 464–465
Potassium salts, xanthate anion structures,
131–135
Potentiometric titration, nucleobase pKa values
determination, 419–421
Protonation states:
environmental effects, 417–418
nucleobase pKa values:
base pairs and triplets, 394–395
usual values, 389–392
Proton nuclear magnetic resonance
spectroscopy, hexanuclear clusters,
terminal ligand exchange, 28–30
Proton transfer:
nitric oxide direct effects, 362–370
nitric oxide/nitroxyl direct effects, 364–370
Prussian blue solid, hexanuclear clusters,
extended solid frameworks, 33–36
Py (Pyridine) molecules:
doped nanocrystals, diluted magnetic
semiconductors, 100–103
doped semiconductor nanocrystals, surfaceexposed dopants, 70–74
trivalent uranium nitrogen activation,
325–333
Pyrazine ligands, xanthate structures, nickel
adducts, 184–188
Pyrazolylborate ligands, trivalent uranium
nitrogen coordination chemistry,
339–340
Pyrrole ring structures, trivalent uranium
nitrogen activation, 329–333
Quantum dots (QDs):
doped semiconductor nanocrystals, 50–55
diluted magnetic semiconductors, 100–103
electron absorption spectroscopy, 83–84
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Quantum dots (QDs) (Continued)
luminescence spectroscopy, 92–94
magnetooptical properties and sp-d
exchange interactions, 104–110
surface-exposed dopants, 70–74
wide-angle X-ray scattering (WAXS),
77–79
high-Curie temperature ferromagnetism, 117
Quantum mechanical calculations, nitric oxide
chemical biology, direct effects,
363–370
Raman spectroscopy, semiconductor doped
nanocrystals, 75–79
Rate constants, nitric oxide and nitroxyl-metal
interactions, 366–367
Reactive nitrogen oxide species (RNOS):
indirect effects, 371–375
nitric oxide chemical biology, 353–356
Reactive oxygen species (ROS), nitric oxide
chemical biology, 355–356
Reactivity studies:
hexanuclear clusters, dimensional reduction,
heterometal substitution, 20–21
nitroxyl and nitric oxide direct effects,
369–370
trivalent uranium, 323–325
trivalent uranium molecular activation with
water, 333–336
Reconstitutional modiﬁcation, myoglobin
functionalization, 473–486
amino acid mutation, 487–488
artiﬁcial prosthetic group molecular design,
474
catalytic reactions, 480–481
electron-transfer protein models, 481–486
chromophore-linked Mb, 482
interface-attached Mb, 482–486
peroxidase-peroxygenase activities, 474–480
artiﬁcal ligand framework, 478–480
heme-propionate side chains, 475–478
metal substitution, 478
reductive oxygen activation, 480
Redox chemistry:
hexanuclear clusters:
electrochemistry studies, 30–31
excision reactions, 26
paramagnetism, 32
nitroxyl and nitric oxide direct effects,
369–370

nucleobase pKa values determination, 421
Reduction potential:
nitric oxide direct effects, 362–370
nitric oxide/nitroxyl direct effects, 364
trivalent uranium, 323
Reperfusion injuries, nitroxyl species
production, 360–362
Rhenium:
hexanuclear clusters:
core anion substitution, 13–18
dimensional reduction, 12–13
heterometal substitution, 18–21
electrochemistry, 30–31
electronic structures, 5–8
solid-state synthesis, 9–11
solution-phase cluster assembly, 27
terminal ligand exchange, 28–30
xanthate structures, 152–155
Rhodium, xanthate structures, 166–167
RNA structure:
metal-modiﬁed base pairing, 409–410
non-Watson-Crick metal-base pairs, 406–407
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