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Preface

Volume 94 of Advances in Heterocyclic Chemistry commences with a review of
cascade reactions in heterocyclic synthesis by S.K. Bur (Gustavus Adolphus College,
Minnesota) and A. Padwa (Emory University, Atlanta). The chapter presents a
fascinating array of complex sequences, which provide efficient routes to a wide
variety of heterocyclic systems.

The second chapter is the twelfth in the series on the organic chemistry of he-
terocyclic ligands in metallic complexes by A.P. Sadimenko of University of Fort
Hare (Republic of South Africa). The present contribution deals with the chemistry
of polypyridine ligands in organomanganese and organorhenium complexes. Its
current importance can be measured by the fact that, of the nearly 700 references,
approximately half date from the last 10 years.

V.P. Kislyi, E.B. Danilova, and V.V. Semenov of Zelinsky Institute (Moscow)
discuss the preparation of aminoisoxazoles and their utility in the synthesis of con-
densed systems.

In the final chapter, J. Wolf and B. Schulze (University of Leipzig, Germany)
review isothiazolium salts and their use in synthesis. Many condensed S,N-hetero-
cyclic systems are described in this, the first review dedicated to this topic.

Alan R. Katritzky
Gainesville, Florida
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1. Introduction

Molecules containing heterocyclic substructures continue to be attractive targets
for synthesis since they often exhibit diverse and important biological properties
(96CHC). Accordingly, novel strategies for the stercoselective synthesis of hetero-
polycyclic ring systems continue to receive considerable attention in the field of
synthetic organic chemistry (81JOC2002, 83T3707, 94PAC2095, 91TL1787,
93JA3030, 83JOC2685, 85SHCA745, 89JOCI1236, 83JA4750, 84ACR35,
93J0C4473, 93T10219, 95JA7834, 96T10569, 98JOCS5587, 90JOC1624, 91TL5183,
93JA2064, 93JA7904, 95JOC8044, 96JA6210, 95J0C6258, 92CL443, 94JOC5633,
97JOC3263). The efficiency with which heterocycles can be constructed is important
not only because it affects the production costs for the desired material, but also the
environmental impact associated with waste disposal, conservation of source ma-
terials like petroleum stocks, and energy consumption. The rate of increase in mo-
lecular intricacy as one progresses from simple starting materials to the final product
can also serve as a measure of efficiency (01T6855). On one end of the continuum, a
single synthetic step could convert an inexpensive material into a highly complex
heterocyclic product. On the other end lies a linear series of transformations, wherein
a single atom or group is added in each step to build complexity. As a prerequisite
for an ideally proceeding one-pot sequential transformation, the reactivity
pattern of all participating components has to be such, that each building block is
involved in the reaction only when required to do so. The reality of chemical
synthesis is somewhere between these extremes, with the one-step process held as
the ideal.

Domino reactions (reactions in which several bonds are formed in one sequence
without the isolation of intermediates, the changing of reaction conditions, or the
addition of reagents) (96CR115), multi-component reactions, and the so-called
“telescoping” of reactions (the sequencing of multiple transformations in a single
reaction vessel through the changing of conditions and/or adding of reagents at
appropriate times) allow for a rapid increase in molecular complexity in a single
chemical operation. The terms “‘tandem™ and “cascade” have been applied to all
three of these reaction types and are thus used as general descriptors in this work
(93AGEI131, 96CR115,92TOR13103, 95CR195, 91COS, 95DROSH193, 91COS779,
96CR1). Because of the rate at which they increase molecular intricacy, cascade
reactions have received considerable attention from the synthetic organic commu-
nity. The development of sequences that combine transformations of differing
fundamental mechanism broadens the scope of such procedures in synthetic
chemistry.

This review contains a representative sampling from the last 15 years on the kinds
of reactions that have been sequenced into cascades to produce heterocyclic mol-
ecules. The fact that multiple reactions give rise to a cascade sequence makes the
categorization of these processes difficult. The structure we have imposed, therefore,
is somewhat arbitrary but is loosely based on what, in our judgment, is the key
reaction in the cascade sequence. This mini-review is not intended to be a critical or
comprehensive coverage, but rather provides an overview of the field and thus some
cascade processes are covered in more detail than others.
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II. [4n+ 2r]-Cycloadditions

A. [1,3]-DiroLaR CYCLOADDITIONS

1. Metallo-Carbenoid-Initiated Cascades

Many different examples of cascade processes that employ 1,3-dipoles as reactive
intermediates have been described in the literature. The transition metal-catalyzed
decomposition of diazoimides results in the formation of isomiinchnone dipoles, a
class of mesoionic betaines (03SA681, 99JOC2049, 00JOC2368), which are known to
readily undergo 1,3-dipolar cycloaddition chemistry. Ibata and Hamaguchi were the
first to report that diazoimide 1 formed isomiinchnone 2 on heating in the presence of
Cusy(acac), (74TL4475), and that this reactive dipole could be trapped with various
dipolarophiles such as 3 to give the oxabicyclic product 4 (Scheme 1) (75CL499).

Rhodium(II) catalysts also initiate a similar reaction (91JOC820). By tethering the
dipolarophile moiety within the diazoimide, complex polycyclic frameworks can be
formed in a single step (88TL1677). Thus, heating compounds such as 5 with cata-
lytic Rh,(OAc)4 produced cycloadduct 6 as a single diastereomer in 73-91% yield
(Scheme 2). Over a period of years, Padwa and coworkers demonstrated that this
cascade sequence is quite general. Diazoimides with the general structure 7 (n = 1, 2,
3; m=1, 2) were readily converted to the corresponding polycyclic system 8
(92TL4731).

Compounds of type 6 and 8 contain an N,O-acetal functional group and have been
used as precursors to N-acyliminium ions. This method was exploited for the syn-
thesis of B-ring homologs of the erythrinane family of alkaloids (97JOC67). In these
studies, diazoimides of type 9 were exposed to catalytic amounts of rhodium(II) and
oxabicycles 10 are formed in 90-98% yield (Scheme 3). Treating 10 with BF3+OEt,
provided the ring opened products 11 in 85-95% yield as single diastereomers.

Isomiinchnone dipoles generated by the cyclization of rhodium carbenoid inter-
mediates with adjacent amido groups have also been shown to undergo cyclo-
addition with both electron-rich and certain heteroaromatic n-bonds. For example,
the catalytic decomposition of diazoimide 12 provided dipole 13 which subsequently
added across the indole m-bond to give a cycloadduct possessing the aspidosperma
alkaloid skeleton (Scheme 4) (95JOC6258).

e O,N O,N
NO,
MeOL.~co,Me
Cu,(acac), 3 o
o | — o)
N . o
S o= I_ o4 L > |_co,Me
PR N™ ar N™ar Ph" Ar  CO.Me
Ph PH
Ar
1 2a 2b 4

Scheme 1
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This sequence was recently used in the synthesis of the alkaloid (+)-aspidophytine
(19). The key sequence of reactions was initiated by treatment of diazo ketoester 15
with Rhy(OAc), to generate a transient metallocarbene that reacted with the prox-
imal imido carbonyl group to form dipole 16 (060L3275). A subsequent 1,3-dipolar
cycloaddition across the tethered indole n-bond gave cycloadduct 17 in 97% yield.
Oxabicycle 17 was then converted into 18 by the action of BF3¢OEt, in 70% yield
and this compound was eventually converted into (+)-aspidophytine (19).

Dauben used a related cyclization—cycloaddition approach for the synthesis of
tigliane 22. Carbonyl ylide 21, derived from the diazo ketoester 20, underwent
intramolecular cycloaddition to form 22, a molecule which contains the C(6),
C(9)-oxido bridge of the tigliane ring system (Scheme 5) (93JOC7635).
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2. Pummerer-Initiated Cascade

A Pummerer-initiated cascade reaction has also been used as a method for
generating isomiinchnones for further use in cycloaddition chemistry. For example,
treatment of sulfoxide 23 with acetic anhydride first resulted in the formation of a
reactive thionium ion that reacted with the distal amide carbonyl group to produce
isomiinchnone 24 (Scheme 6) (99JOC2038). Exposure of 24 to a dipolarophile, such
as N-phenylmaleimide, resulted in 1,3-dipolar cycloaddition to give 25 as a single
diastereomer in 85% yield.

The specific conditions required to successfully effect this transformation were
important and warrant comment. The initial attempts to form the isomiinchnone in-
termediate, employing TFAA to promote the cyclization and Et;N to deprotonate the
oxonium ion intermediate, failed to produce the isomiinchnone dipole. Rather, cyclic
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ketene acetal 26 was obtained. After considerable experimentation, it was found that
the slow addition of 23 to a mixture of acetic anhydride, a catalytic amount of p-TsOH,
and the appropriate dipolarophile at 120 °C in toluene gave consistently good yields of
the 1,3-cycloadduct. A variety of dipolarophiles were found to participate in these
cycloadditions. When 24 was allowed to react with DMAD, the initially formed oxa-
bicycle underwent rapid fragmentation to produce furan 27 (41% yield) and methyl
isocyanate. The reaction of isomiinchnone 24 with 1,4-naphthoquinone afforded
cycloadduct 28 in 73% yield. Other suitable dipolarophiles include vinyl sulfones,
maleic anhydride, and acrylate derivatives. Unactivated olefins also participated in
the cycloaddition reaction when they were tethered to the isomiinchnone dipole.
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For example, when sulfoxide 29 was treated with acetic anhydride, azapolycycle 30 was
isolated as a single diastereomer in 73% yield.

The synthesis of the ergot alkaloid (+)-costaclavine 34 demonstrates the utility of
this methodology for the synthesis of natural products (Scheme 7) (00JOC2368).
Construction of the ergot skeleton began by acylation of the methyl amide func-
tionality of 31 with (ethylsulfanyl)acetyl chloride and this was followed by a
subsequent oxidation of the sulfide with NalO,4 to provide sulfoxide 32. A tandem
Pummerer cyclization/cycloaddition cascade, initiated by exposing 32 to acetic
anhydride and catalytic p-TsOH, gave tetracycle 33 in 64% yield. Several functional
group interconversions of 33 then delivered (+)-costaclavine 34. The synthesis of
several other alkaloids, including onychine, dielsquinone, ( +)-lupinine, and pumilio-
toxin C, was also accomplished using this methodology (00JOC2368).

3. Nitrones

The intramolecular 1,3-dipolar cycloaddition of nitrones is a well-precedented
reaction for the formation of cyclic isooxazolidines. An interesting method that has
been used for the generation of N-H nitrones from readily available starting
materials is through the 1,2-prototropic shift of oximes. Although it is unusual to
observe cycloadditions using these N—H nitrones, a few examples have been
reported. For example, while studying the synthesis of a series of Amaryllicaceae
alkaloids, Wildman observed that the reaction of 6-hydroxybuphandidrine (35) with
hydroxylamine produced cycloadduct 38 in good yield (Scheme 8) (71JOC3202).
This reaction presumably occurs by formation of the intermediate oxime 36 that
undergoes a 1,2-prototropic shift to give nitrone 37. Cycloaddition of the nitrone
dipole across the adjacent alkene moiety furnishes cycloadduct 38.

Christy and coworkers observed a similar cyclization on condensing ketone 39
with hydroxylamine in hot ethanol to provide compound 41 (Scheme 9)
(79JOC3117). Oxime 40 could be prepared under milder conditions, and was found
to undergo a 1,2-prototropic shift followed by intramolecular cycloaddition to
provide 41 on warming to 75°C in toluene.
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In a related study, Heathcock reported that ketone 42 reacted with hydroxylamine
hydrochloride under similar conditions to produce 44 (87JOC226). The intermediate
oxime 43 that was first formed could be isolated under milder conditions. Whereas
heating oxime 43 at reflux in acetonitrile for 30 h gave 44 in 92% yield, heating 43 in
DMF formed a 1:1-mixture of the diastereomeric cycloadducts 44 and 45.
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While exploring the chemistry of a-brominated aldoxime derivatives, Padwa and
Hassner observed the cycloaddition of oximes that contained pendant olefins. For
example, the reaction of 46 with fluoride ion in the presence of allyl alcohol produced
oxime 47 (Scheme 10) (88TL4169). Heating a benzene solution of 47 at 80 °C led to
the formation of 48 as a single diastereomer, though only in 25% yield. The Hassner
group later expanded the method to include the fluoride-mediated reaction of
aldoxime 49 with various allyl amines to generate oximes 50 in 70-80% yield
(88TL5313). Heating toluene solutions of these oximes at reflux temperatures led to
the formation of pyrrolidines 51.

The cascade sequence was also used to synthesize indolizidine, pyrrolizidine, and
quinolizidine structures. Thus, heating oximes 52 at 180 °C in a sealed tube provided
cycloadducts 53 or 54 in 60-76% yields (equation (1)) (89TL2289). Each of the
products were isolated as single diastereomers. When five-membered rings were ob-
tained from the cycloaddition, cis-anti isomers (i.e. 53a,b) were formed, whereas
formation of a six-membered ring led only to the cis-syn isomer (i.e. 54a,b).

H -0
. OH N HN
N 180°C H /o

N or
( PhMe

n (\/);\ ( nN nN (1)
52a n=1,m=1
gggﬂf;mf12 53a n=1 54a n=1
52d N2 me2 53b n=2 54b n=2

The Grigg group also studied the tautomerization of oximes to N—H nitrones
followed by a dipolar cycloaddition reaction. The well-known H-bonding dimeric
association of oximes, in both solution and the solid state, allows for a concerted
proton transfer to occur and provides nitrone 56 (Scheme 11) (91TL4007). Another
possible pathway involves tautomerization of the oxime to an ene-hydroxylamine
(i.e. 57) followed by a 1,4-hydride shift to give nitrone 58. To probe the ene-hydro-
xylamine mechanism, deuterated oxime 59 was prepared and heated at 140 °C in
xylene. The physical characteristics of the isolated product, however, were consistent
with compound 60, suggesting that the 1,2-prototropic reactions does not proceed
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via the ene-hydroxylamine. Grigg postulated that while the tautomerization between
an oxime and a N—H nitrone is facile, dipolar cycloadditions involving these types of
nitrones are relatively rare because (a) unactivated or electron rich dipolarophiles
have too large a HOMO/LUMO gap, although intramolecular cycloadditions to
form five-membered rings can overcome this gap, and (b) electron deficient di-
polarophiles preferentially undergo Michael-type reactions with oximes.

Another interesting cascade involving nitrones is the copper catalyzed reaction
with alkynes to produce B-lactams that was originally reported by Kinugasa
(72CC466). Stoichiometric amounts of copper(I) phenylacetylide (61) react with
various aryl nitrones 62 in pyridine to give B-lactams 63 in 50-60% yield (equation
(2)). In each case, only the cis-lactams were isolated.

,?‘r Ar, N/Ar
= + A _N. —
C“4© o Pyr. j:& )
- rt Ph O
61 62 63

Miura and coworkers showed that the reaction could also be carried out using
catalytic amounts of Cul in the presence of pyridine (95JOC4999). Asymmetric re-
actions were reported to occur with chiral bisoxazoline ligands producing B-lactams
with moderate (40-68%) enantiomeric excesses. Use of an oxazolidinone with a chiral
auxiliary appended to the alkyne also provided enantiomerically pure products
(02TL5499). In all of these latter reports, mixtures of cis and trans lactam isomers
were obtained in which the trans-product predominates. It was also shown that the
cis-isomer could easily be converted to the trans-product when exposed to base.
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The Fu group recently reported the use of C,-symmetric planar-chiral
bis(azaferrocene) ligands for the catalytic enantioselective Kinugasa reaction. A va-
riety of terminal alkynes 64 (Rl = Ar, Bn, 1-cyclohexenyl) were allowed to react with
nitrones 65 (R*> = Ar, Cy, PhCO; R? = Ar) in the presence of catalytic amounts of
the CuCl*67 complex to give diastereomeric mixtures (>90:10) predominating in
cis-substituted B-lactams 66 in moderate to good yields (45-90%) and with good
enantiomeric excesses (67-92%; Scheme 12) (02JA4521). With regard to the R?

64 65 66
| v
R2 R1 R2
R1 N | N
jl\/\/N—Ra N,
[Cu] 0 [Cu]O R
68 69
CuBr (5%)
I ligand (5.5%)
H
Cyo,NMe (0.5 equiv)
- N MeCN, 0 °C N
O + "Ar 0 \Ar
70 71
Me Me
Me &|_) M
/ e Qo
Me Fe /_\F; ’\T>\
| Me ||: R
Sy =X ¢
Me | N Me Me | _Me
Fe
Me | Me Me Me
S5\ Me
Me Me
Me
67 72a R=iPr
72b R =tBu

Scheme 12
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group on nitrone 65, electron-rich aromatic groups increased the enantioselectivity,
although the yields were somewhat lower.

An intramolecular variant of this catalytic enantioselective process was recently
reported. Nitrone 70 was converted to azetidinone 71 in the presence of the
CuBre72a complex in 74% yield and with 88% ee (03AG4082). Ligand 72b was also
quite effective, providing 71 with 90% ee, although the yield was only 47%.

The mechanism for the Kinusaga reaction is thought to involve a [3 + 2]-cyclo-
addition of the nitrone with the copper-acetylide to give isoxazolidine 68.
Rearrangement of 68 then provides the copper enolate of the corresponding
B-lactam (i.e. 69), which is subsequently protonated to provide the observed product.
The proton source for this last step is likely to be the conjugate acid of the base used
to generate the copper-acetylide. Through considerable experimentation, the Fu
group developed conditions that allowed for the reaction of the enolate with added
electrophiles. Thus, exposing 73 to CuBre+72a in the presence of KOAc, allyl iodide,
and the silyl enol ether of acetophenone gave rise to B-lactam 74 in 70% yield and
with 90% ee (equation (3)) (03AG4082).

S CuBr (5%) S
_ \_| | 72a (5.5%) \ |
== H + /\/ )
Ph(Me3SiO)C=CH, =\ 3)
_ O’N\ (2 equiv) N,
+Ar KOAc (1.0 equiv) 0 Ar
MeCN, RT
73 74

Brandi and coworkers developed an interesting tandem cycloaddition/thermal
rearrangement cascade involving nitrones and methylenecyclopropane derivatives to
produce 4-pyridones. For example, heating nitrone 75 with 76 at 110 °C for 7 days
afforded pyridone 78 in 63% yield (Scheme 13) (92JOC5666). The intermediate
isoxazolidine 77 was suggested to undergo homolytic cleavage of the weak N-O
bond to give diradical 79 which underwent further fragmentation to provide di-
radical 80 (93SL1). Cyclization of 80 then gave rise to 4-pyridone 78.

Nitrone 81 underwent a dipolar cycloaddition reaction with bicyclopropylidene 82
at 60 °C over a 30-day period to give isoxazolidine 83 in 93% yield (Scheme 14)
(96JOC1665). Further heating of 83 in toluene at reflux for 5 days produced pyri-
done 84 in 63% yield. When a toluene solution of 81 and 82 was heated at reflux for
several days, pyridone 84 was isolated in 61% yield. Nitrone 85 produced indolizi-
dine 86 when heated with 82 in benzene at reflux temperatures for 7 days.

4. Nitrile Oxides

Brandi also examined the subsequent thermal behavior of the dipolar cyclo-
adducts that arise from the reaction of nitrile oxides with methylenecyclopropanes.
In general, the isoxazoline intermediates require much higher temperatures than
their isoxazolidine counterparts for the rearrangement to occur, and the yields ob-
tained from the single pot cascades are somewhat low. In part, this is because some



Sec. 11.A] THE SYNTHESIS OF HETEROCYCLES 13

O/Me Me Me o
o M e |G| —
+ (e}
N\O 110°C N~g N
75 76 77 78
Me Me
79 80
Scheme 13
H_ _Ph Ph
hig Ph 0
N +
Me”+ 0 CeHs  Me— N CeHsMe N
- 60 °C 0 110 °C Me”
30d 5d
81 82 83 84
w3 = . 0
Mg N+ CeHs Me 1 Vg N
o~ 80 °C Me Me
7d Me
85 86
Scheme 14

nitrile oxides rearrange to the corresponding isocyanates at elevated temperatures.
Another complication is that the intermediate isoxazolines can act as dipolarophiles
in [3 +2]-cycloadditions with the starting nitrile oxides. For example, nitrile oxide
87a undergoes the cycloaddition/rearrangement cascade with 82 at 170 °C over 5
days to provide dihydrofuropyridine 88a in only 7% yield (equation (4))
(96JOC1665). Similarly, nitrile oxide 87b reacted with 82 under the same condi-
tions to give 88b in 21% yield.

+ - 82 R O
RTCEN"0 470 B
54 e 4)
87a R = mesityl 88a R = mesityl

87b R =PhsC 88b R =Ph,C
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Other cascade sequences have also been observed to occur from the thermolysis of
isoxazolines, thereby increasing the utility of the nitrile oxide cycloaddition reaction.
For example, in the context of synthesizing testosterone derivatives, Guarna and
coworkers reported that the reaction of a nitrile oxide derived from oxime 89 with 76
gave isoxazoline 90 (Scheme 15) (91TL6395). Hydrolysis of the ketal moiety pro-
vided cycloadduct 91, which was heated at reflux in DMF to furnish 92 in 30% yield.

5. Azides

The Pearson group studied a synthetically useful cascade in which azides undergo
dipolar-cycloaddition with dienes followed by a thermal rearrangement to produce
pyrrolidine containing products. Thus, heating azido diene 92 to 100 °C in CHCIj; for
15 h afforded the pyrrolizidine derivative 93 in 90% yield (Scheme 16) (90JOCS5719).
The phenylsulfanyl substituent was critical both in terms of the products isolated and
the rates of the reaction. The mechanism for this cascade was suggested to involve an
initial dipolar cycloaddition to provide an intermediate triazole 94 in the rate-
determining step. Triazole 94 then fragments by loss of nitrogen to either produce a
diradical or a zwitterionic intermediate 95. The resulting intermediate could cyclize
either to 93 directly or alternatively give vinylaziridine 96. The formation of 96
would likely be reversible, and some products isolated with other substrates suggest
its involvement as an intermediate. Formally, this process can be considered as a
[4+ 1]-cycloaddition of a nitrene with a 1,3-diene.

The stereoselectivity of the azide-diene cascade was examined using substrates
bearing chiral centers. Choosing azido-dienes that could lead to natural product pre-
cursors, Pearson’s group prepared azides 97, 99, and 101 (Scheme 17) (90JOC5719).



Sec. 11.LA] THE SYNTHESIS OF HETEROCYCLES 15
SPh CHCl3 SPh
= 100 °C
A
N3 N
92 SPh 93
J VA
96 .
~
PhS Y SPh
Gre” — G
N B
N\N, N . \
94 95
Scheme 16
MOMO SPh MOMQ pH SPh
=
CHCl, ! N
N3 100 °C
1-2d
97 98
OAc 7 AcO . SPh
N3 DMSO
48 h
99 100
BnO , sPh
BnO B
DMSO BnO"
108 h
101 102
Scheme 17

Thermolysis of 97 at 100 °C in CHCI; for 2 days provided 98 in 74% yield. Diene 99
produced 100 in 62% yield on heating at 95°C in DMSO for 48 h, and the poly-
oxygenated azide 101 furnished 102 in 55% yield on heating at 75 °C in DMSO.

An unusual tandem Wittig/[3 + 2]-cycloaddition sequence of an azide was used for
the synthesis of azasugars. Thus, acetal 103 was allowed to react with
PhsP = CHCO,Et to provide diazoamine 106 (Scheme 18) (96T14745, 99EJOC1407).
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The Wittig reagent presumably underwent reaction with the ring-opened form of
ketal 103 to provide the intermediate enoate 104. Dipolar cycloaddition of the pen-
dant azide across the n-bond then produces triazole 105 that undergoes a subsequent
dipolar cycloreversion reaction to give diazoamine 106.

B. DieLs— ALDER AND RELATED PROCESSES

1. Diels— Alder

Diels—Alder cycloaddition chemistry has also been extensively exploited for many
cascade reactions. A tandem Diels—Alder approach (92TL5649, 91TL2549) toward
tricyclic molecules was used by Markd’s group as an approach toward gibbarellic
acid. Enone 107 was reacted with 2-pyrone (108) under high pressure to provide the
Diels—Alder adduct 109 in 33% yield (Scheme 19) (93TL7305). Exposure of 109 to
TiCly effected the extrusion of CO, to give the intermediate cyclohexadiene 110 that
underwent cycloaddition to afford 111 in 69% yield. Dihydroxylation followed by a
periodate-mediated ring cleavage produced 112, which contains the core of gibbe-
rellic acid, in 80% yield.

A tandem Claisen/Diels—Alder sequence was recently used to construct the tri-
cyclic structure found in a series of Garcinia natural products, represented by more-
Ilin. On heating at 140 °C, acrylate ester 113 underwent an initial [3,3]-sigmatropic
rearrangement to provide intermediate 114 (Scheme 20) (020L909). A subsequent
intramolecular Diels—Alder cycloaddition then produced 115 in 92% yield.

Several reaction cascades where amidofurans act as 4t components in Diels—Alder
chemistry have recently been examined as a strategy for alkaloid synthesis
(97JOC4088, 98JOC3986, 99JOC4617). For example, the thermolysis of amidofuran
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116 led to the formation of 119 in 71% yield (Scheme 21) (98JOCS5304). In this
reaction, an intramolecular [4+2]-cycloaddition of 116 first provides oxabicycle
117. Nitrogen-assisted opening of the oxygen bridge then leads to zwitterionic 118. A
1,2-hydride shift of 118, driven by the formation of a strong C = O double bond,
results in the formation of 119. Interestingly, if the 2m reaction partner was not
geminally substituted (as in 120), a deprotonation/dehydration cascade proceeds at a
faster rate than the 1,2-hydride shift. This reaction sequence constitutes a de novo
synthesis of the carbocyclic ring of an indole.
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Coupling of this indole methodology with Rawal’s azadiene work (99JOC3039,
00JOC9059) led to a synthesis of Kornfeld ketone analogues with substitution pat-
terns that are difficult to otherwise obtain. Heating a mixture of 122a and Rawal’s
diene (123) in CH;CN at reflux for 2h furnished a 2:1-mixture of diastereomeric
amines 124 that was immediately treated with HF at room temperature (rt) to
unmask the enone 125 (Scheme 22) (02014135, 05JOC6833). The crude reaction
mixture was then heated at reflux in toluene for 30 min to effect an intramolecular
Diels—Alder cycloaddition. Ring opening of the resulting cycloadduct followed by
dehydration provides the tricyclic ketone 126a in 60% yield from 122a. In a similar
manner, amidofurans 122b.,c were converted to dihydroindoles 126b,c.

Furans are also useful 4t components for tandem Ugi condensation/intra-molecular
Diels—Alder cascade reactions. For example, stirring a methanolic mixture of com-
pounds 127-129 and benzylamine at rt provided the Ugi condensation product 130 that
underwent a subsequent intramolecular Diels—Alder cycloaddition to furnish 131 in
70-90% yield (Scheme 23) (99TL1851). This methodology also allowed for a solid
phase synthesis by using an ArgoGel-Rink resin as the amine component, providing
cycloadducts 131 (after cleavage from the resin) in ca. 90-95% yields.

In a related sequence, pyrrole was found to act as a 4n reaction partner leading to
the formation of aza-bridged derivatives. Propionic acid (132) was used in the Ugi
condensation with 128 and 133 to provide alkyne 134 (Scheme 24) (04JOC1207).
Heating 134 at reflux temperature in toluene promoted a somewhat rare intramo-
lecular Diels—Alder reaction of a pyrrole, giving rise to the formation of intermediate
135. Ring opening of the nitrogen bridge in 135 produced isoindolone 136 in 65%
yield.

A novel tandem Pictet—Spengler/intramolecular Diels—Alder sequence has been
used to prepare carboline derivatives. Reaction of imine 137 with maleic anhydride
in CH,Cl, provided cycloadduct 140 in 60-80% yields (Scheme 25) (02TL203). The
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reaction proceeds by acylation of the imine with the available anhydride to first
produce iminium ion 138 which then cyclizes with the indole ring to give 139. An

intramolecular Diels—Alder reaction of the furan with the proximal m-bond ulti-
mately provides 140.
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In another example of multi-component reactions involving Diels—Alder cyclo-
adducts, Zhu and coworkers found that a mixture of an amine, an aldehyde, and
isonitrile 141 led to oxazole 142 when the reaction was carried out in the presence of
a mild acid catalyst (Scheme 26) (02JA2560). Further reaction of 142 with a variety
of a,B-unsaturated acid chlorides produced Diels—Alder substrates 143 that under-
went cyclization to give bridged ethers 144. Ring opening with concomitant loss of
morpholine afforded 145 that rapidly tautomerized to give 146 in 32-75% yield.

Taylor and Raw recently designed a tethered imine-enamine cascade sequence
that converts 1,2,4-triazenes into substituted pyridines. In the presence of molecular
sieves, N-methylethylenediamine (147) underwent condensation with excess cyclic
ketone 148 (n = 1-4) to give imine—enamine 150 (04CC508). The enamine portion of
the molecule then participated in an inverse-demand Diels—Alder cycloaddition
reaction with 149 to provide intermediate 151. Cycloreversion of 151 with loss of
N, then gave 152 in which the tertiary amino group underwent addition to the
adjacent imine functionality to afford zwiterionic 153. Finally, an intramolecular
Cope elimination produced 154 in 74-100% yield. Several other triazines were also
shown to participate in this novel cascade (Scheme 27).

2. Hetero Diels— Alder

A domino Knoevenagel/hetero-Diels—Alder cycloaddition cascade was developed
by Tietze (96CR115) and has continued to attract considerable attention. For
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example, variously substituted pyrazolones 155 and thio substituted heterocycles of
type 156 were condensed to furnish novel heterocyclic structures (Scheme 28)
(02T531). The reaction of 155 and 156 in the presence of EDDA (ethylene diam-
monium diacetate) at rt in CH;CN gave 157. On heating the reaction mixture at
reflux, hetero-Diels—Alder cycloadducts such as 158 could be isolated in good yields
(81-87%).

A related domino process was used for the synthesis of coumarin derivatives that
contain sugar-fused moieties. In the presence of NaOAc and HOAc, the reaction
of coumarin 159 with prenylated sugar aldehyde 160 produced 161 in 82% yield
(equation (5)) (04TL3493). A variety of 1,3-dicarbonyl compounds also participated
in the reaction and provided tandem condensation/cycloaddition products in
good yields (70-80%).

o)
0.__0 (o}
(:Enjr + H "0 NaOAc
o)( HOAc 5
(0] >§/\O ()
159 160

161

An interesting example of a formal [4 + 2]-cycloaddition has been found to occur on
condensing N-substituted anilines with ®-unsaturated aldehydes in the presence of
Lewis Acids. In this study, N-phenylamines 162 underwent condensation with 163 to
provide acridine products 165 in ca. 60-75% yields (Scheme 29) (96CC1213). The
intermediate iminium ions 164 that are first formed either participate in a concerted
[4 + 2]-cycloaddition (followed by proton transfer) or else undergo polar addition to the
pendant alkene by addition of the resultant benzylic carbocation onto the aniline ring.

3. Nitroalkene [4+2]][3+2 ]-Cycloadditions

The Denmark laboratory has developed an elegant tandem [4+ 2]/[3 + 2]-cyclo-
addition strategy for the synthesis of a variety of alkaloid natural products
(96CR137). Nitroethylene (166) readily undergoes a Lewis acid promoted cyclo-
addition with vinyl ethers that contain a chiral auxiliary group to give nitronates 168
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with good stereoselectivity (Scheme 30) (98JOC3045). For example, vinyl ether 167a
provided 168a with a 20:11 diastereoselectivity, whereas 167¢ afforded 168c¢ with
>50:1 selectivity. The initially formed nitronates 168 were unstable to silica gel
chromatography, but the crude products underwent a ready [3 + 2]-cycloaddition
reaction with electron deficient dipolarophiles. In these reactions, dimethyl maleate
reacted with 168 to provide 6:1-mixtures of 169 and 170 in 84-89% yield.

This tandem intermolecular [4+ 2]/intermolecular [3+ 2]-cycloaddition strategy
was successfully applied to the synthesis of (+)-casuarine. In this synthesis,
nitroalkene 171 was allowed to react with enol ether 172 in the presence of SnCly at
—78 °C to give intermediate nitronate 173 (Scheme 31) (00JOC2875). A dipolar
cycloaddition of 173 with 174 provided 175 in 76% yield as a mixture predominating
in the stereoisomer shown in Scheme 31. Stereoselective reduction of the ketone
moiety in 175, followed by conversion to the corresponding mesylate, gave 176 in
84% yield. Exposure of 176 to Raney nickel under high pressure afforded pyrrolizi-
dine 177 in 64% yield and with 98% ee. Oxidative removal of the silyl group pro-
duced (+)-casuarine (178) in 84% yield.

The Denmark group has also developed several interesting variants of this se-
quence. For example, the intermolecular [4 + 2]/intramolecular [3 + 2]-cycloaddition
cascade (98JOC1604, 97JA125, 97JOC7086) was used to construct several natural
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products, such as (-)-rosmarinecine (96JA8266). For this particular natural product,
the Lewis acid promoted reaction of nitroalkene 179 with chiral enol ether 180
produced nitrosoacetal 181 in 94% yield and with excellent stereoselectivity (25:1—
exo:endo) as shown in Scheme 32. Reduction of the lactone moiety afforded lactol
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182 in 91% yield. Exposing 182 to Raney nickel under H, (160 psi) gave the bicyclic
lactam 183 in 64% vyield. The chiral auxiliary could be recovered in 98% yield.
Protection of the lactol followed by reaction with p-nitrobenzoic acid, Ph;P, and
DEAD provided benzoate ester 184 in 69% yield from 183. Finally, deprotection
of the lactol in compound 184 followed by exposure to RedAl produced
(-)-rosmarinecine (185) in 57% yield for the two-step procedure.

More recently, the Denmark group reported on the tandem intramolecular [4 + 2]/
intramolecular [3 +2]-cycloaddition of nitroalkenes. Exposure of nitrone 186a,b
to SnCly produced nitronate 187a,b (Scheme 33) (010L2907). Warming the crude
reaction mixture containing 187a in toluene at 80 °C for 90 min afforded 188a as a
single diastereomer in 82% overall yield. Nitronate 187b required heating at 100 °C
in toluene for 3 days in order to give 188b as a single diastereomer, though in only
44% yield (along with 40% of 187b). Reduction of 188a,b with Raney nickel under a
hydrogen atmosphere (160 psi) provided the fused tricycles 189a,b in 71 and 78%
yield, respectively. The selectivity of this tandem sequence is remarkable in that
compounds 189a,b each contain six contiguous stereogenic centers. Similarly,
nitroalkene 190 produced 191 in 87% yield when exposed to a Lewis acid. The
reaction of 191 with Raney nickel in the presence of hydrogen provided the bridged
tricycle 192 in 81% yield.

In these cited examples, Denmark employed a Lewis acid (often in twofold to
threefold excess) to effect the tandem cycloaddition reaction. In an alternate
approach, Scheeren promoted the tandem [4 + 2]/[3 + 2]-cycloadditions by using high
pressure. For example, nitroalkene 193a reacted with methyl acrylate and ethyl vinyl
ether under 15 kbar pressure to produce the bicyclic nitroso acetals 195a and 196a in
17 and 45% yield, respectively, after heating for 1h (equation (6)) (97T11929).
Nitrone 193b reacted under similar conditions to produce 194b, 195b, and 196b in 29,

MeO,C CO,Me
MeO,C
e H ) Ra-Ni
o )n SnCl, 70& ok )n Toluene n H H, / 160 psi
2 | Toluene wH NaHCO3 MeOH HO
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Heteroaromatic substituted nitroalkenes also participate in this high-pressure
reaction sequence. For example, the reaction of 198a—c with 197 and methyl acrylate
afforded diastereomeric mixtures of 199a—c in 53-74% yields (Scheme 34)
(01EJOCS53). In contrast, 198a reacted with 197 and N-phenyl maleimide to
provide 200 as a single diastereomer.

A tandem cycloaddition sequence involving nitroalkenes derived from carbo-
hydrates was recently investigated. In this study, nitroalkene 201 reacted with ethyl
vinyl ether in EtOH at 25 °C to produce 202 as a single diastereomer in 89% yield
(Scheme 35) (96JOC1880). A subsequent reaction of 201 with ethyl vinyl ether and
1,4-benzoquinone gave rise to a single diastereomer, whose structure was tentatively
assigned as 203, in 41% yield (99J0C1494).

4. [4+3]-Cycloadditions

Based on the Harmata group’s earlier work using alkoxyallyl sulfone (88JOC6154,
90TL5981) and vinyl sulfoxide (91JA9861) substrates, Bai and coworkers applied a
Pummerer rearrangement/intramolecular [4+ 3]-cycloaddition cascade toward the
synthesis of pseudolaric acid A (Scheme 36) (99TL545, 99T13999). In their studies,
sulfoxide 204 was allowed to react with TFAA in the presence of 2,6-lutidine to give
cycloadduct 205 in 50% yield and with a remarkably high diastereoselectivity
(>95% de). Hydrolysis of the trifluoroacetyl group delivered an advanced interme-
diate (206) that was used for the synthesis of pseudolaric acid A.

ITI. Rearrangements and Electrocyclizations

A. [2,3]-SIGMATROPIC SHIFTS

The [2,3]-sigmatropic rearrangement of ammonium ylides can lead to interesting
heterocycles. Although it has been known for some time that the Simmons—Smith
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reagent (CICH,),Zn reacts with tertiary amines to provide quaternary ammonium
salts, the chemistry of the intermediate ammonium ylide had received little attention.
Recently, Aggarwal reported that the reaction of (ICH,),Zn with allyl amine 207a
produced the unreactive ylide 208 (030L1757). Treatment of 208 with n-BulLi,
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however, generated an activated zincate complex 209 that rearranged to give
homoallyl amine 210a in 70% yield (Scheme 37). That a [2,3]-sigmatropic rear-
rangement occurs, as opposed to a Stevens rearrangement, was established by treat-
ing 207b with (ICH;),Zn followed by n-BuLi to produce 210b in 76% yield. This
reaction was also applied to oxazolidine 211, furnishing the eight-membered ring 212
in 72% yield and with a >98% diastereoselectivity.
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A novel cascade sequence was encountered during a study of the thermolysis of
propargylic sulfoxide 213 which gave the rearranged structure 217 in 60-70% yield
(Scheme 38) (02T10309). The cascade was initiated by a [2,3]-rearrangement of the
sulfoxide, which first produced the allene intermediate 214. A subsequent [3,3]-
rearrangement of the transient allene then gave enone 215. Tautomerization of the
thione functionality afforded 216, and this was followed by intramolecular Michael
addition to give the observed product 217.

B. [3,3]-SIGMATROPIC REARRANGEMENTS

Of the various heterocycle-forming cascade reactions involving [3,3]-rearrange-
ments, Overman’s use of the Aza-Cope rearrangement/Mannich cyclization
sequence certainly represents the best-known example of this methodology
(88JA4329, 92ACR352). Condensation of a secondary homoallylic amine contain-
ing an allylic alcohol or ether such as 218 with aldehydes produces the intermediate
iminium ion 219 (Scheme 39) (79JA1310). A Cope rearrangement then provides a
new iminium ion (220) that contains a transient enol, which attacks the cationic
center in a Mannich fashion to deliver pyrrolidines of type 221 (79CB1913).

This methodology has been the strategic core of several clever synthetic endeavors
carried out by the Overman group. For example, amine 222 was converted into the
pentacyclic core of the aspidosperma alkaloid family (Scheme 40) (91JA2598). Con-
densation of 222 with paraformaldehyde produced oxazoline 223. Heating 223 with
excess camphorsulfonic acid (CSA) effected the Aza-Cope/Mannich cyclization
cascade to furnish 224 in nearly quantitative yield.

An efficient synthesis of the strychnos alkaloid skeleton was also achieved using
this novel cascade process. The key transformation in this sequence occurs by heat-
ing bicyclic amine 225 with formaldehyde and CSA in CH3CN to give 226 as a single
diastereomer in 88% yield (Scheme 41) (91JAS5085). Hydrolysis of the amide and
subsequent condensation of the ketone with the aniline derivative provided
dehydrotubifoline (227).
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Overman also used his Aza-Cope/Mannich cascade for a total synthesis of
(+)-pancracine. In this particular synthesis, N,O-acetal 228 was allowed to react with
BF;¢OEt,  which resulted in the eventual formation of amine 229 in 97%
yield (91JOC5005). Hydrogenolysis removed the N-benzyl group, and the resulting
amine was then heated with formaline in the presence of catalytic amounts of CSA to
effect a Pictet-Spengler reaction, the product of which (230) contains the pancracine
skeleton.

More recently, Overman designed a variant of this process for the construction of
angularly substituted bicyclic amines. Heating ketal 231 with TFA and dimedone
(232) resulted in condensation with the pendant amine group to give iminium ion
233 (Scheme 42) (0501.913). The [3,3]-rearrangement resulted in the formation of a
second iminium ion 234 that was intercepted by enol 232 to give the Mannich adduct
235. Finally, elimination of the a-methylene 1,3-dione afforded amine 236. For case
of isolation, the crude reaction mixtures were subjected to the action of benzyl
chloroformate. Several examples demonstrated the versatility of this sequence
in that the original ring size could be varied (m = 1-3) as well as the annulated
ring size (n=1, 2) to produce predominantly cis-fused bicycles 237 in ca.
65-95% yields.

A novel [3,3]-sigmatropic process involving an additive-Pummerer reaction that
produces y-butyrolactones by the reaction of dichloroketene with vinyl sulfoxides
was developed by the Marino group (81JA7687). The oxygen atom of vinyl sulfoxide
238 first attacks dichloroketene to produce an internal salt 239 (Scheme 43). The
resulting enolate present in 239 then undergoes a [3,3]-sigmatropic rearrangement to
provide thionium ion intermediate 240. Finally, the resulting carboxylate adds to the
neighboring thionium ion to furnish butyrolactone 241 whose stereochemistry de-
pends on the geometry of the starting olefin. The use of chiral sulfoxides 238 led to
the enantiospecific formation of butyrolactones 241 (8751088, 85TL5381, 94TA641).
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This novel strategy was applied to a synthesis of (+)-aspidospermidine. In this
approach, enantiomerically pure sulfoxide 242 was treated with trichloroacetyl
chloride in the presence of zinc—copper couple (Zn—Cu) to give lactone 243 in 78%
yield (Scheme 44) (02JA13398). Removal of the chloro substituents followed by the
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deprotection of the ketal afforded 244 in 96% yield. Reaction of 244 with pyrrolidine
effected an O- to N-transacylation with a subsequent elimination of thiolate to
furnish the amido aldehyde 245 in 86% yield. Further exposure of 245 to pyrrolidine
in the presence of 33% aqueous AcOH and 2-propanol promoted an intramolecular
aldol reaction and simultaneously hydrolyzed the amide group to furnish an inter-
mediate carboxylic acid. Conversion of the carboxylic acid to a mixed anhydride
followed by the addition of 3-chloropropylamine gave 246 in 64% yield from 245.
Exposure of 246 to NaH initiated a tandem intramolecular conjugate addition/
alkylation to provide 247 in 86% yield. Subjection of the silyl enol ether of 247 to
modified Segusa oxidation conditions delivered 248 (85%), which was subsequently
carried onto (+)-aspidospermidine.

Kawasaki and Sakamoto developed a [3,3]-sigmatropic rearrangement cascade to
introduce angular substituents found in several indole alkaloids. In one of the cases
studied, the Claisen rearrangement was first preceded by a Horner—-Emmons olefi-
nation of indolinone 249 to give 250 (Scheme 45) (96TL7525). Isomerization of 250
provided indole 251 that then underwent a [3,3]-rearrangement to furnish 252 in
73% yield. Reduction of the nitrile by the action of Red-Al gave 253 in 89% yield.
Methylation of the imine nitrogen in the presence of NaHCO; then afforded
flustramine C (254) in 38% yield. A more complete study on the scope of this cascade
sequence has been reported (05JOC2957), and the application of domino Wittig-
pericyclic reactions to bioactive heterocycles has recently been reviewed
(02COC1181).

The stereoselective formation of imidazolidine thiones via the rearrangement of
chiral thiocyanates has recently been reported. Heating allylic thiocyanates such as
255 at 80 °C produced 1:1-mixtures of diastereomeric isothiocyanates 256a in 92%

o ¢ (Et0),P(O)CH,CN NC Y NC J
BuOK /
Br N N
\A . Br H Br H
249 250 251
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N
H Br

Iz

254 253 252

Scheme 45
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yield (Scheme 46) (97TL875, 02T1611). Prolonged heating, however, led to the iso-
lation of the cyclic thiourea 256b as a single stereoisomer in 89% yield. Several other
examples, differing in the nature of the alkyl substituent, were also reported.

C. OTHER REARRANGEMENTS

In the context of developing rapid access to thioaurone structures, De and
coworkers observed an interesting 6m-electrocyclization/isomerization cascade. The
reaction of sulfanyl amide 257 with an excess of LDA and cinnamaldehyde produced
thioaurone 258 in 83% yield (Scheme 47) (03SL1479). On heating at 210 °C, com-
pound 258 isomerized to give 259, which underwent a subsequent electrocyclization
reaction to produce 260. A formal [1,3]-hydride shift then furnished the observed
product 261.

A tandem Wolff rearrangement/cyclization process has been used to synthesize
benzopyran derivatives. In this sequence, a-diazo ketones 262a,b were heated to
effect a Wolff rearrangement, giving rise to ketenes 263 (Scheme 48) (98T6457). The
authors propose that a [1,5]-hydride shift then provided 264, and a subsequent
cyclization gave 265a,b in 88 and 75% yields, respectively. While thiophene deri-
vative 266 was also found to rearrange to 267 in 75% yield, the reaction of a related
furan derivative led to extensive decomposition.

A clever synthetic approach toward the synthesis of cephalotaxine relies on an
asymmetric Beckman rearrangement/allyl silane-terminated cation-cyclization cas-
cade. In these studies, Schinzer and coworkers found that the reaction of racemic 268
with DIBAL-H produced 269 in 36% yield (Scheme 49) (94S1.375). The racemic
oxime ether 270a was converted into 271 in 23% yield under similar conditions. By
changing the size of the silicon group (i.e. 270b), the yield was increased to 41%.
Non-racemic (S)-270b was synthesized using a chiral chromium-arene complex and
afforded (S, R)-271 in 55% yield and with 81% ee on exposure to excess DIBAL-H
(97SL632).

A tandem anionic cyclization/Dimroth rearrangement was employed for the
preparation of y-lactams containing alkylidene substituents (02EJOC221). In this
cascade sequence, the dianion of ethyl acetoacetate (272) reacted with 273 to provide
furan derivative 274 (Scheme 50) which underwent a subsequent rearrangement to
give 275 in 56% yield (04EJOC1897).

The rearrangement of bis-allenyl disulfides provides an interesting route to prepare
fused thieno[3,4-c]thiophenes. Thus, Braverman reported that 276 reacted with
lithium methoxide to give 280 in 70% yield (Scheme 51) (90T5759). Presumably,
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allene 276 first dimerized under the reaction conditions to generate disulfide 277.
Cyclization of 277 would then produce a diradical species 278 that fragments into
279a. A further cyclization of the E-isomer 279b nicely accounts for the formation of
280. The analogous diselenide underwent a related reaction to give the correspond-
ing selenophene derivative.
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IV. Cation-Promoted Cyclization Cascades

A. NITROGEN STABILIZED CARBOCATIONS

The Mannich reaction is a very common process that occurs in many tandem
reaction sequences. For example, the Overman Aza-Cope cascade sequence is ter-
minated by a Mannich reaction (¢f. Scheme 35). Several groups have used variants of
the Mannich reaction to initiate cascades that lead to the formation of heterocyclic
molecules. For example, the Lewis acid-catalyzed intermolecular vinylogous
Mannich reaction (01T3221) of silyloxy furan 281 with nitrone 282 produced a
diastereomeric mixture (49:3:42:6) of azabicycles 284a—d in 97% combined yield
(Scheme 52) (96TA1059). These products arose from an intramolecular Michael
addition of the initially formed oxonium ion 283.

A Mannich/Michael reaction sequence was used by Waldman for the formation of
several piperidone derivatives. The reaction of 285 with 286 in the presence of a
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variety of Lewis acids produced mixtures of 287a,b in 84% yield (Scheme 53)
(91TA1231, 97CEJ143).

Using diene 288 and imine 289, the tandem Mannich/Michael reaction sequence
afforded the vinylogous amide 290 in 66% yield (97TL2829). Imines derived from
other aldehydes were also studied, providing derivatives of 290 in moderate yields
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(ca. 40-65%). The palladium catalyzed cyclization of 290 furnished tricyclic
benzoquinolizine 291 in 76% yield.

In addition to their use in Mannich (and variant) reactions, iminium ions
are useful for other cationic type cyclizations. Corey employed a novel tandem
iminium ion cyclization as part of an elegant cascade used for the synthesis of
aspidophytine. The reaction of tryptamine 292 and dialdehyde 293 in CH;CN at
ambient temperature afforded the pentacyclic skeleton of the alkaloid (296; Scheme
54) (99JA6771). Condensation of the free amino functionality of 292 with the di-
aldehyde produced a dihydropyridinium intermediate 294 that then cyclized onto
the indole n-bond to give 295. The iminium ion so produced underwent a second
cyclization with the tethered allylsilane moiety to give 296. Protonation of the
enamine in 296 provided still another iminium ion (297) that was then reduced with
NaCNBHj; to furnish 298 in 66% yield. All of the above reactions could be made to
occur in a single pot.

B. PuMMERER CASCADE REACTIONS

The combination of a Pummerer-based reaction (04CR2401) followed by an
N-acyliminium ion cyclization in tandem to form pyrrolidine-containing ring
systems represents a unique method to synthesize heterocycles. In a typical
example from the Padwa laboratory, enamide 299 was treated with p-TsOH in
boiling benzene to produce thionium ion 300. A subsequent Nazarov-like ring clo-
sure of 300 furnished iminium ion 301. Finally, an intramolecular Pictet-Spengler
reaction with the pendant aromatic ring of 301 provided 302 as a single diastereomer
in 78% yield (Scheme 56) (98JOC6778, 02JOC5928). The stereochemistry of 302 was
established by X-ray crystallographic analysis and is compatible with a conrotatory
ring closure.

Other n-bonds were also found to efficiently participate in the Pummerer/Mannich
cascade. For example, allylsilane 303 gave bicycle 304 in 61% yield when heated with
p-TsOH (equation (7)). The terminal alkene present in 305 cyclized to give 306,



Sec. IV.B] THE SYNTHESIS OF HETEROCYCLES 39

OHC \ J\
o, .

D
S
N

\ + J— — \ /
MeO N > 04< MeO N /\\ .
OMe Me Me3S| OMe Me S|Me3
293

292 294

it

aspidophytine
19

Scheme 54

wherein the resultant secondary carbocation was captured by the sulfonate anion
in 80% yield (equation (8)). In each case, only one diastereomer was isolated, sug-
gesting that a concerted 4n-electrocyclization reaction occurs from the intermediate
thionium ion.
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This methodology was employed for the synthesis of the reported structure of the
alkaloid jamtine (020L715, 02JOC929). The key sulfoxide intermediate 307 was
heated with CSA to produce several tricyclic products (98% yield) as a mixture
(5:2:1:1) of diastereomers in which 308 predominated (Scheme 57). The stereochem-
istry of 308 was secured by X-ray crystallographic analysis and is consistent with
a Nazarov-type conrotatory 4m-electrocyclization followed by attack of the
nucleophilically disposed aromatic ring from the least hindered side of the interme-
diate iminium ion. Reaction of a-ethylthio amide 308 with NaH effected an intra-
molecular alkylation to provide tetracycle 309.

As part of their investigations dealing with N, S-fused polycyclic ring systems,
Daich and coworkers reported the use of a tandem Pummerer/N-acyliminium ion
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cyclization to construct interesting isoquinolinone structures. Thus, treatment of

sulfoxide 310 with TFAA in CH,CI, at rt for 8 h followed by the addition of TFA
produced 312 in 42% yield through the intermediacy of 311 (Scheme 58)
(00OL1201). By conducting the reaction under buffered conditions (TFAA and
pyridine), compound 311 could be isolated in 56% yield. An N-acyliminium ion
intermediate was then generated by treating 311 with neat TFA, and a subsequent
cyclization of the resulting cationic intermediate gave 312 in 58% yield. Other
arylthio groups were also studied, with compounds 313 and 314 being obtained from
the TFAA/TFA conditions in 62 and 41% yields, respectively.
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a-Thiophenylamides were also employed as precursors for the formation of
N-acyliminium ions, which were then used as intermediates for subsequent cyclization
chemistry. For example, treatment of amido sulfoxide 315 with silylketene acetal 316
in the presence of Znl, gave lactam 317 in excellent yield (>90%, Scheme 59)
(00T10159, 98TL8585). The action of BF3*2AcOH on 317 led to further ionization of
the phenylthio group and cyclization of the resultant iminium ion onto the aromatic
ring furnished 318 in 98% (n = 1) and 79% (n = 2) yield, respectively. The indole-
substituted amido sulfoxide 319 gave compound 321 via the intermediacy of 320 in
good overall yield when subjected to these reaction conditions.

The above tandem Pummerer/Mannich cyclization cascade was modified to allow
the use of dithioketals rather than sulfoxides as thionium ion precursors (00JOC235).
This change in thionium ion precursor allowed the Pummerer cyclization to produce
the requisite iminium ion in a single reaction vessel. An efficient synthesis of the
erythrina alkaloid core demonstrated the utility of this cascade. Keto acid 322 was
transformed into the thioketal 323 (Scheme 60). Coupling of 323 with 3,4-di-
methoxyphenethylamine using carbonyl diimidazole (CDI) gave 324. Treatment of
324 with dimethyl(methylthio)-sulfonium tetrafluoroborate (DMTSF) in CH,Cl, at
refluxing temperatures delivered the indoloisoquinoline 325 in 71% yield.

The Padwa group has also made extensive use of a Pummerer-based cyclization
cascade for the formation of amidofurans (95TL3495, 95J0C3938, 96JOC3706,
96JOC6166). For example, the lithium enolate of cyclic amides such as 326 added
cleanly to bis-(methylsulfanyl)acetaldehyde (327) to furnish aldol products of type 328
(Scheme 61) (00TL9387). Reaction of 328 with DMTSF triggered a Pummerer cascade
process by first inducing the loss of a methylthio group in 328 which provided a
reactive thionium ion intermediate. This cation reacts with the proximal carbonyl
group to give the dihydrofuran derivative 329. Elimination of acetic acid under the
reaction conditions furnished amidofurans 330 in 70-80% isolated yields.
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A variety of 2-methylthio-5-amidofuran systems containing a tethered n-bond on
the amido nitrogen were prepared and utilized for a subsequent intramolecular
Diels—Alder reaction (02JOC3412). Thus, exposure of imides 331 to DMTSF re-
sulted in the formation of furans 332 in 40-70% yields (Scheme 62). Thermolysis of
these furans in toluene at reflux initiated an intramolecular Diels—Alder reaction to
first produce an intermediate oxabicyclo adduct. A subsequent fragmentation of the
intermediate cycloadduct followed by a 1,2-thio shift provided the bicyclic amides
333 in good yields (ca. 70%). In an analogous manner, the cycloaddition chemistry
of amidofurans 334 provided the azatricyclic products 335. Apparently, the rate
of the 1,2-thio shift of the initially formed cycloadduct is much faster than the
deprotonation/dehydration pathway previously described in Scheme 21.
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An interesting example of a Wagner—Merwein-type rearrangement that triggers
a subsequent Pummerer cyclization has recently been reported (020L2565).
Phenylsulfanyl-cyclopropane 336 was heated with p-TsOH in dry benzene at reflux.
Ionization of the hydroxyl group occurred with concomitant ring expansion to give
the transient cyclobutyl thionium 337 ion that was subsequently captured by the
pendant aryl group to furnish 338 in 77% yield (Scheme 63). Other aryl groups, such
as those containing a p-Me or a p-Cl substituent, also participated in this reaction, as
did the unsubstituted analog (67-80% yield). Chromene 338 could be converted into
the core structure of the radulanins by treatment with m-CPBA, which gave sulf-
oxide 339 in 70% yield. Thermolysis of 339 in toluene resulted in the elimination of
PhSOH producing 340 in 83% yield. Further exposure of 340 to m-CPBA induced a
ring contraction reaction. This reaction presumably proceeds through the interme-
diacy of epoxide 341 and provides 342 whose carbon skeleton is found in the
radulanin family of natural products.

C. Prins-Pinacor CASCADES

The Overman group has made effective use of a pinacol-terminated Prins cycliza-
tion cascade for the synthesis of oxygen-containing heterocycles (92ACR352,
02JOC7143). His synthetic strategy for the synthesis of several Laurencia sesquiter-
penes, such as kumausyne and kumausallene, focused on the acid-mediated reaction
of 1-vinylcyclopentane-1,2-diol with 2-(benzyloxy)acetaldehyde. This reaction led
to tetrahydrofuran 343, which contains the requisite stereochemistry for these
natural products (Scheme 64) (91JAS5378, 93JOC2468). In this reaction, the
p-TsOH-mediated condensation first generated oxonium ion 344. A Prins cyclizat-
ion then afforded carbocation 345, which underwent a pinacol rearrangement to
furnish racemic 343 in 69% yield. Enantiomerically enriched starting (1S, 2R)-diol
(84% ee) gave (—)-343 in 57% yield under similar conditions.
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Application of the Prins-pinacol strategy also led to the synthesis of several

cembranoid diterpenes. In these syntheses, BF; ¢ OEt, promoted the condensation of

aldehyde 346 with diol 347 that generated oxonium ion 348 that underwent a sub-
sequent Prins cyclization to provide 349 (Scheme 65) (95JA10391, 01JA9033). The
Pinacol rearrangement of 349 then afforded tetrahydrofuran 350 in 79% yield. This
compound was employed for the construction of several natural products, including

sclerophytin A (010L135).
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D. OtHER CATIONIC CYCLIZATIONS

A tandem Wagner—Merwein rearrangement/carbocation cyclization was used to
synthesize several fenchone-derived systems (97TL2159). Heating a mixture of HCI
and amide 351 at reflux temperature in aqueous ethanol for 24 h produced the indole
derivative 352 in 60% yield (Scheme 66). Presumably, this reaction involves hydro-
lysis of amide 351 to initially produce compound 353. Solvolysis of 353 then provided
carbocation 354, which undergoes a rearrangement to give 355. Carbocation capture
by the adjacent nitrogen ultimately affords the ammonium salt of 352.

When stirred in 85% H3PO,, the triptophan derived a-amino nitrile 356 under-
went a stereospecific cyclization cascade to give 357 in nearly quantitative yield
(Scheme 67) (040L2641). The formation of tetracyclic 357 is interesting because this
compound incorporates both the tetrahydropyrrolo[2,3-blindole structure, which is
found in physostigmine and related alkaloids, and the tetrahydroimidazo[l,2-a]
indole skeleton, which is present in asperlicin and related natural products.

V. 1,4-Additions
A. MICHAEL ADDITION-INITIATED SEQUENCES

Dihydropyridine derivatives can be formed from a cascade sequence wherein con-
jugate addition of enaminoesters occur with o,f-unsaturated carbonyl compounds
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followed by a subsequent condensation reaction. For example, Caballero and
coworkers showed that enaminoester 358 underwent reaction with enone 359 to form
360 in 48% yield (Scheme 68) (98TL455). Ester 358 was shown to be in equilibrium
with 361, presumably through the intermediacy of enol 362. The conjugate addition
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of 362 with 359 led to compound 363, which then reacted with the pendant keto
group to produce 360.

Pyrrolidine derivatives can also be prepared from a 1,4-addition of mixed
organocopper/zinc reagents to appropriately substituted enones. Thus, Chemla and
coworkers showed that the addition of the organometallic reagent 364 to enone 365
in the presence of added ZnBr (3 equiv.) produced a 9:1-diastereomeric mixture of
366a,b in approximately 80% yield (Scheme 69) (02EJOC3536). The mixed copper/
zinc reagents 367a—c selectively produced substituted pyrrolidines 368a—c in 50-60%
yield under similar experimental conditions. Quenching the reaction with a reactive
electrophile resulted in the formation of a more complex pyrrolidine structure. For
example, addition of allyl bromide to the reaction mixture after the reaction of 365
with the copper/zinc reagent 367a was complete provided 369 as a single
diastereomer in 57% yield.

A tandem intramolecular Michael/Sy2 reaction was also used to produce pyrroli-
done derivatives. Heating a mixture of KF, dichloroacetamides 370a,b and aceto-
nitrile at reflux temperature produced bicyclic amides 372a,b in 85 and 30% yield,
respectively (Scheme 70) (94T9943). In this reaction, the choice of fluoride ion as a
base was critical. Also, the isolation of the conjugate acid of intermediate 371 pro-
vided confirmation that the reaction occurred by the tandem cyclization sequence,
rather than simple cyclization of a carbene intermediate.

B. CycLizatioN FOLLOWED BY A MICHAEL ADDITION REACTION

Bunce and coworkers explored the tandem Sy2/Michael addition cascade of
6- and 7-halo-2-alkenoate esters using both primary amines and thiourea to form
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5- and 6-membered ring heterocycles. Mixing enoate 373a,b, BnNH,, and Et;N in
ethanol produced pyrrolidine 374a as well as piperidine 374b in 59-63% yield
(Scheme 71) (92JOC1727). Variously substituted halo-enoates participated in this
substitution/cyclization cascade, giving rise to nitrogen heterocycles 375-378 in
60-70% yield, though enoate bromides reacted at a slower rate. While the reactions
were quite successful with several different primary amines, attempts to fashion
azepine derivatives via this cascade failed.

In similar experiments, heating thiourea with 373a,b in ethanol at reflux temper-
atures produced isothiouronium salts 379a,b. Exposure of these salts to an aqueous
KOH solution followed by an acid work-up afforded the 5- and 6-membered ring
thio-heterocycles 380a,b in 60 and 69% yield, respectively. Although both reactions
could be conducted in a single vessel, the intermediate isothiouronium salts could
be isolated and completely characterized if so desired. Using this method, sulfur-
containing heterocycles analogous to compounds 375-378 were produced in 60-70%
yield.
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More recently, Bunce and coworkers examined the stereoselectivity of the substi-
tution/Michael addition sequence for the formation of bicyclic systems. For example,
the cis-disubstituted cyclohexane derivative 381 underwent reaction with BnNH, and
Et;N when heated in EtOH to produce a mixture of 382 and 383 in 80 and 5%,
respectively (02JHC1049). The trans-derivative 384, when subjected to the same con-
ditions, was less selective and provided 385 and 386 in 70 and 12% yields, respectively.

One of the themes to emerge from Bunce’s research is the use of cascade reactions
to produce an internal nucleophile that is subsequently intercepted by an enone to
deliver heterocyclic architectures. Thus, nitro aromatics of type 387 undergo an iron-
mediated reduction to furnish benzo-fused heterocycles 388 in 88-98% yield
(Scheme 72) (00JOC2847). Exposure of unsaturated esters like 389 to NaOEt
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triggered a cyclization reaction to produce tetrahydrofuran derivatives 390-394 in
70-90% yields (93SC1009). A variant of the Krapcho decarbalkoxylation (73TL957)
linked to a Michael reaction of the intermediate enolate was reported to occur onto a
tethered enoate moiety (98JOC144). Thus, the reaction of 395 with LiCl in dimethyl-
2-imidazolidinone (DMEU) at 120 °C selectively excised the methyl ester and the
resulting enolate then underwent addition to the neighboring enone moiety to fur-
nish a 3:1-mixture of the substituted tetrahydrofurans 396 and 397 in 67% combined
yield. As with the other examples of cascade reactions terminated by a Michael
cyclization, substitution about the alkyl tether was found to afford a variety of
related derivatives in 60-90% yield.

Several other groups have explored reactions that work in tandem with Michael
additions to form molecules of much higher complexity. For example, Saito showed
that carbodiimide 398 underwent reaction with either alcohol or amine nucleophiles
to give addition/cyclization products (Scheme 73) (96TL209). Specifically, 398 was
found to react with methanol to give 399 in 62% yield. When 398 was treated with
n-BulNH,, it produced a mixture of regioisomers 400 and 401 in 54 and 32% yield,
respectively. Thiols also participated in this addition sequence as demonstrated by
the addition of p-thiocresol with 398 to give 402 in 70% yield.

A tellurium ion-triggered cascade was reported by Dittmer as a method to syn-
thesize isobenzofuran derivatives. Exposing epoxide 403 to Te > under phase transfer
conditions afforded dihydroisobenzofuran 404 in 90% yield (Scheme 74)
(00TL6001). The mechanism of this reaction presumably begins by Sy2

CO,Me
MeOH NP
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]/COQMe CO,Me CO,Me
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displacement of the tosylate group with Te > to give 405. Rearrangement of 405
furnished the epitelluride 406, whose alkoxide anion is properly positioned for
conjugate addition to the acrylate n-bond followed by loss of tellurium to provide
404. It is unclear if 405 is a discrete reactive intermediate or whether a double
displacement directly gives rise to compound 406.

A phosphine-catalyzed reaction involving electron deficient allenes and hydrogen-
donor nucleophiles has been reported by Lu. Cyclohexanedione underwent a double
addition to allene 407 when the reaction was carried out in the presence of catalytic
amounts of PPh; to give compound 408 in 68-84% yield (Scheme 75) (020L4677).
The mechanism proposed for this transformation begins with addition of phosphine
to the allene, and this step is followed by a proton transfer from the nucleophile to
produce the vinyl phosphonium ion 409. Addition of the conjugate base of
cyclohexanedione to 409 followed by elimination of phosphine gives compound 410.
1,4-Addition of the enolic hydroxyl group present in 410 then leads to the observed
product 408.

Alkynes can also undergo this double addition cascade as shown by the reaction of
411 with cyclohexanedione that also gave 408 in 71-92% yield. The reaction of
alkyne 411 with 412 provided 413 in 81-93% yield.

Tandem Michael reactions are also useful for the construction of heterocycles
containing per- and polyfluorinated alkyl substituents. For example, the fluorinated
alkynoic acid 414a reacted with ethylenediamine in aqueous EtOH at rt to produce
415 (as a 1:1 salt with ethylenediamine) in 97% yield (94BCSJ3021). On heating at
reflux, decarboxylation occurred producing 416 in 88% yield. Fluorinated deriva-
tives 414b,c reacted in a similar fashion to give analogous products. 2-Aminoethane
thiol underwent reaction with 414a at rt, although this reaction stopped after the first
Michael addition and gave compound 417 in 87% yield. On heating 417 in hot
aqueous EtOH, cyclization and decarboxylation then proceeded to provide 418 in
74% yield. The longer chain fluoroalkane derivative 414¢ did not provide double
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addition products, even at elevated temperatures; rather, a single-addition product
similar to 417 was isolated in 89% yield. The reaction of 414a with 2-aminoethanol
at ambient temperature provided 419 in 75% yield, whereas conducting the reaction
at reflux temperature afforded 420 in 74% yield (Scheme 76).

Michael acceptors such as nitroethylene have been found to be useful substrates
for tandem Michael reactions. In a typical example, exposure of 421 to the nitro-
ethylene precursor 422 at rt produced pyrrolidine 423 in good yield. Likewise, com-
pound 424 reacted with 422 to give piperidine derivative 425 (Scheme 77)
(90TL3039). This reaction presumably occurs by initial addition of the amine to
nitroethylene followed by a subsequent addition of the resulting anionic carbon to
the o,B-unsaturated carbonyl group. An extension of this methodology was applied
toward the synthesis of (—)-merquinene. The nitroalkene precursor 426 was stirred
with 427 to give a 4:1-diastereomeric mixture of 428 (94T2583). Both of the di-
astereomers formed were converted to (—)-merquinene 429.

o,B-Unsaturated amides have been used to initiate double Michael additions to
form piperidones. Thus, N-benzyl-trans-cinnamamide 430 undergoes reaction with
methyl acrylate in the presence of fert-butyldimethylsilyl trifluoromethanesulfonate
(TBSOTY) and Et;N to produce a 1:1-diastereomeric mixture of piperidinone 431 in
80% isolated yield (Scheme 78) (03TL7429). Compound 431a could easily be
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converted into diastercomer 431b by exposure to NaOMe. A variety of unsaturated
amides and unsaturated carbonyl compounds react under similar conditions to
provide variously substituted piperidones. To demonstrate the synthetic utility of the
Michael addition cascade process, racemic paroxetine (Paxil ) 434 was synthesized
by this method. Specifically, compound 432 was reacted with methyl acrylate and
this was followed by equilibration of the resulting mixture of diastercomers to give
433 in 58% isolated yield. Piperidone 433 was then converted to paroxetine 434 in
several additional steps.

Another double Michael addition sequence was reported by Carrefio, and in this
work catalytic amounts of TiCl,(Oi-Pr), were used as the Lewis acid. Thus, treat-
ment of p-quinamine 435 with cyclopentenone in the presence of TiCl,(Oi-Pr), gave
436 in 60% yield (equation (9)) (02AG2753). Cyclohexenone and ethyl vinyl ketone
also reacted with 435 under similar conditions to give compounds related to 436 in
60 and 51% yield, respectively. The stereoselectivity of the reaction is quite remark-
able and is thought to arise form a tightly coordinated titanium complex.

o)
2 TICI,(OiPY),
+
; ) CHACN
HoN "l -40 —»25°C ©)
S(0)Tol

VI. Carbanion and Carbanion-Like Processes

A carbolithiation cascade was used by Taylor for the synthesis of silacyclo-
pentanes. Addition of »n-BuLi to vinyl silane 437 afforded a 2:1-diastereomeric
mixture of 438 (70%), in which the trans-diastereomer predominated (equation (10))
(03TL7143). Interestingly, addition of n-BuLi to the alkynyl tethered vinyl silane 439
produced a 3:1-mixture containing predominantly the Z-isomer 440a in 67% yield.
Addition of z-BuLi to the same substrate provided a 10:1-mixture of 440b (62%) in
which the Z-isomer was also the dominant product formed (equation (11)).
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A tandem C-O alkylation process was used to generate vinylidene substituted
tetrahydrofurans. Thus, the base promoted reaction of 441 with dibromoalkyne 442
gave the bicyclic allene derivative 444 in 92% yield, presumably via the intermediacy
of 443 (Scheme 79) (97JOC3787). Acyclic ketone 445 also participated in this tandem
alkylation reaction to give the related compound 446 in 95% yield. The initially
formed dihydrofuran isomerized to vinylfuran 447 when subjected to silica
gel chromatography. Other substrates were shown to undergo a related tandem
alkylation/cyclization sequence in high yield.

Interesting benzimidazoles structures were obtained when o-nitroanilines were
sequentially treated with base and alkylating agent combinations. Thus, alkylation
of aniline 448 followed by the addition of a second base and another alkylating
reagent produced N-alkoxybenzimidazole 449 in approximately 90% overall yield
(equation (12)) (01TL5109).
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VII. Radical Cyclizations

A. SiMPLE HETEROCYCLES

Radical reactions represent a well-established method for the formation of cyclic
molecules. The sequencing of a radical addition followed by a radical cyclization
provides the opportunity of increasing molecular complexity in a single reaction.
In recent years, attention has focused on novel ways to initiate the radical chain
reaction for the synthesis of heterocyclic ring systems.

Heterocycles containing fluorinated substituents were readily available by radical
addition of fluorinated hydrocarbons to an alkene followed by cyclization of the
resulting radical onto a pendant alkenyl group. Sodium dithionite—sodium bicarbo-
nate was employed by Lu to initiate such a cascade wherein iodotrifluoromethane,
451a reacts with 450 to form lactam 452a in 72% yield (Scheme 80) (95T2639).
Similarly, compound 451b reacted with 450 to give 452b in 83% yield.

Naito described the use of indium metal to initiate a radical addition/cyclization
cascade in aqueous media. Stirring a mixture of isopropyl iodide, 453, and indium
powder in water at 20 °C for 2 h produced lactam 454 in 63% yield as a 3:1-mixture
of trans- and cis-isomers (020L3835). The reaction of sulfonamide 455 under similar
conditions led to the isolation of sultam 456 as a 1:1.5-mixture of isomers in 81%
yield.

Oximes and hydrazones also participate in these cyclization cascades. For exam-
ple, oxime 457 underwent reaction with isopropyl iodide in the presence of Et;B to
give lactam 458 in 67% yield as a 3:1-mixture of diastereomers (Scheme 81)
(03JOC5618). Interestingly, hydrazone 459 produced a 3.2:1-mixture of 460 and 461
in 76% combined yield without having to add a Lewis acid, while the addition of
Zn(OTf), produced only compound 460 in 50% yield. In contrast, sulfonamide 462
bearing a hydrazone group reacted with indium metal and isopropyl iodide in
aqueous methanol to provide 463 in 93% yield as a nearly equimolar mixture of
cis- and trans-diastereomers (020L3835). Lactones could also be formed under Et;B
radical-initiated conditions. Exposure of compound 464 to Et;B in hot toluene
produced 465 in 70% yield, along with minor amounts of three other diastereomers
(03JOC5618).

Sibi and coworkers examined some of the factors that control the radical
addition/cyclization reactions for the formation of cyclic ethers in terms of the
stereoselectivity of the reaction as well as the size of the cyclic ether that is formed.
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The Et;B-initiated radical reaction of 466 with alkyl halides in the presence of both
Lewis acids and a hydride donor provided cyclic ethers such as 467 via a 5-exo-trig
pathway (Scheme 82) (04JOC372). Without a Lewis acid, only 467a was obtained in
39% vyield, though the diastereoselectivity of the cyclization was >50:1. In the
presence of Yb(OTY);, however, the yield increased to 72%, while the diastereo-
selectivity still remained high. Other Lewis acids produced 467a in slightly higher
yields, but the diastereoselectivity fell dramatically. Secondary alkyl halides and acyl
halides also can be used for this cascade, producing compound 467b,c in 70 and 78%
yield, respectively. Ether 467b formed with excellent diastereoselectivity (> 50:1),
whereas ketone 467c¢ was obtained as a 6:1-mixture of diastereomers. The disub-
stituted olefin 468 reacted in a similar fashion and gave 469 in 70% yield, though the
diastereoselectivity (5:1) of the cyclization was significantly diminished.

Substrates for which the rate of the 5-exo-trig cyclization is greatly reduced, such
as 470, underwent a 6-endo-trig cyclization to give pyran 471 in 68% yield, although
with poor (2.5:1) diastereoselectivity. Other alkyl halides that were examined
produced related pyrans but in better yield (70-85%) and with similar (1.2-6:1)
diastereoselectivities. Using similar substituent placement to control relative rates,
7- and 8-membered rings were also constructed in 50-86% yields.
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In all of these cases (Schemes 80-82), the cascade begins with radical addition of a
group onto the n-bond so as to position the system for a subsequent cyclization. A
complimentary route to substituted heterocycles that has also been used involves an
Srnl reaction. For example, indole and benzofuran derivatives have been prepared
using a sequential radical ring closure/Sgrn1 strategy. With this approach, the order
of the reaction steps has been reversed. Irradiation of 472 in the presence of tri-
methylstannyl anion produced dihydrobenzofuran 473 in 87% yield (Scheme 83)
(02JOC8500). The reaction course involves cyclization of the initially formed radical
474 to give 475. Combination of the available nucleophile with radical 475 provides
radical anion 476. Dihydroindoles such as 477a,b (97% yield) and dihydronaptho-
furans 478 (84% yield) were constructed in this manner. Other nucleophiles such as
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the anions derived from diphenylphosphine and nitromethane have also been used in
these reactions and produce products such as 479 in 60-97% yields.

B. PorycycLic CASCADES

Polyethers are readily accessible by tandem radical cyclizations. For example, bis-
allylether 480a,b reacts with a trimethyl tin radical and then undergoes a sequential
radical cyclization to provide 481a,b in 86 and 85% yield, respectively (equation
(13)) (92JA3115). A ceric ammonium nitrate oxidation of 481 was carried out in
methanol and converted the stannyl moiety into the corresponding dimethylacetal.

Me3SnCI
\L — f NaBH,CN
¥
n

AIBN

Me3Sn

5 (13)
tBuOH H n H
480a n=1 481a n=1
480b n=2 481b n=2

Several groups have reported the use of a radical cyclization cascade to form
nitrogenous polycyclic structures. In one example, Parsons treated enamide 482 with
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Ph3;SnH in the presence of AIBN to produce 484 in 40% yield (Scheme 84)
(98TL7197, 99JJCS(P1)427). In this case, cyclization of the intermediate a-amino
ester radical proceeded through a 6-endo-trig pathway rather than the typically more
rapid 5-exo-trig closure. The isolation of the 6-endo-trig product most likely reflects
the reversibility of the ring closure step, thereby allowing thermodynamic product
stability to dictate the course of the reaction. When subjected to the same conditions,
485a produced 486a as a single diastereomer. Unfortunately, the incorporation of a
menthol chiral auxiliary onto the ester group (i.e. 485b) led to 486b as mixture of six
diastereomers in 38% yield, suggesting that this is not a suitable way to control
stereoselectivity in these cyclization reactions.

The pyrrolizidinone ring can also be generated using this methodology if the
intermediate o-amino ester radical undergoes cyclization onto an appropriately
tethered electron-poor double bond. For example, enamide 487 reacted with Ph;SnH
in the presence of AIBN to produce 488 in 52% yield as a 1.6:1-mixture of
diastereomers, where the cis-isomer predominates (99JJCS(P1)427). By incorpora-
ting a radical stabilizing group onto the m-bond, the reversibility of the 5-exo ring
closure was reduced, thereby allowing isolation of the kinetically controlled product.

Ynamides also participate in radical cascade reactions. The BusSnH-mediated
cyclization of 489 afforded tricylic amide 491 in 70% yield via the intermediacy of
radical 490 (Scheme 85) (030L5095). Similarly, subjection of ynamide 492, in which
the carbonyl group is no longer part of the radical acceptor, to the same
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experimental conditions gave 493 in 90% yield. Ynamide 494, which contains a
benzoyl radical acceptor, produced compound 495 in 67% yield, whereas 496 gave
only pyrrolidinone 497 in 57% yield under identical conditions. Photolysis of
(BusSn),, however, promoted the conversion of 496 into 498 in 46% yield.

The Curran group has examined the use of thiocarbonyl derivatives for the radical
cyclization cascade and employed this as a method to form quinoline derivatives.
Thus, thiocarbamate 499 was allowed to react with tris-trimethylsilyl silane (TTMSH)
under irradiation (UV) conditions, and this resulted in the formation of 500 in 67%
yield (Scheme 86) (030L1765). Tin reagents failed to mediate this reaction. Variously
substituted analogs of 499 also participated in this cyclization cascade, affording
quinoline derivatives (i.e. 500) in 44-88% yield. The mechanism of the cyclization is
believed to involve addition of the radical derived from TTMSH onto the sulfur atom
to generate an o-thioamino radical 501 which undergoes a subsequent cyclization
onto the pendant alkyne to give vinyl radical 502. A second cyclization onto the aryl
ring then provides 500 (Scheme 86). Substrates possessing substituents in the meta-
position of the aryl ring afforded 1:1-mixtures of regioisomeric products.

Thioamides and thioureas also undergo the silyl-mediated cascade reaction. For
example, compound 503 gave 504 in 67% yield, while structural variants generally
afforded related cyclized products in 50-87% yield. Thiourea 505 provided 506 in
64% yield, although a related substrate whose alkyne tether was conformationally
more flexible failed to produce any cyclized product.
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A novel application of the radical cascade for construction of the indolizidinone
skeleton focused on the initial formation of O-stannyl ketyls. The tributyl tin radical
was found to react with the carbonyl group of 507 to give ketyl 508 (Scheme 87)
(04T8181). Consecutive 6-endo- and 5-exo-trig cyclizations then furnished stannyl
enol ether 510. Eventual hydrolysis of the enol ether provided indolizidinone 511 in
36% yield as a 1:1-mixture of diastereomers. Again, the predominant isolation of the
thermodynamic favored products derived from a 6-endo-trig cyclization can be
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attributed to the stability of 508b, suggesting that the cyclization to 509 is a reversible
process. Without the stabilizing phenyl group, the conditions required to effect the
first cyclization were much harsher, and a 5-exo-trig product was isolated.
Nitrogen centered radicals have received considerable attention in recent years. In
particular, amidyl radicals have been shown to enter into cascade reactions to form
pyrrolizidinone and indolizidinone derivatives. Thus, heating the O-benzoyl hydro-
xamic acid derivative 512 with Bu;SnH in the presence of AIBN produced 513 as a
3:2-mixture of diastereomers (Scheme 88) (99SL441). Separation of compound 513
from the tin residues was difficult, and the isolated yield (17%) was consequently
low. When 514 was subjected to identical conditions, a 2:1-mixture of indolizidine
515 and pyrrolizidine 516 was isolated in 42% yield, along with the monocyclic
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product 517 in 5% yield. Attempts to induce addition of a radical intermediate onto
an aromatic ring and thereby form molecules like 519 failed. However, by adding
Cu "% salts to the reaction mixture, this permitted the tandem radical cyclization to
occur. It was suggested that the intermediate carbon centered radical was first
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oxidized to a carbocation and this was followed by a Friedel-Craft type reaction.
Thus, under high dilution conditions in CH;CN, compound 518 was converted into
519 in 53% yield. Some reduced starting material (i.e. 520) was also produced in
40% yield.

The Bowman group investigated different ways to use aminyl radicals for cycliza-
tion so as to produce azacycles. Aminyl radicals generally do not react well with
alkenes. Bowman found, however, that these radicals will cyclize onto alkenes that
are “‘activated.” For example, sulfenamide 521 when reacted with Bu;SnH and
AIBN in THF at reflux temperatures delivered pyrrolizidine 523 as a mixture of
three diastereomers in 49% yield, as well as indolizidine 524 in 14% yield (Scheme
89) (92TL4993). Although the 5-exo-trig cyclization pathway is kinetically favored,
the 6-endo-trig pathway does lead to the thermodynamically more stable radical.
The formation of 524 suggests that cyclization of the intermediate radical 522 onto
the tethered m-bond is a reversible process.

The difficulty associated with cyclization of the aminyl radical onto a m-bond
is probably related to a competition between the rate of cyclization versus hydrogen
abstraction from the tin hydride. Since the 5-exo-trig cyclization of the endo-
2-(bicyclo[2.2.1]hept-2-en-5-yl)ethyl system is one of the fastest radical reactions
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known, sulfenamides 525a,b were constructed and then subjected to the cyclization
conditions. The course of the reaction was found to depend on the choice of the
substituent group on nitrogen. When 525a was treated with BusSnH and AIBN, the
N-allyl group acted as an internal radical trap and gave rise to 528 in 90% yield.
Without the presence of the m-bond, products such as 529 were isolated in approx-
imately 6% yield along with the cyclization product 530 (29% yield). The results
were interpreted in terms of a fast but reversible cyclization of 526 to give 527. In the
absence of the internal allyl group, hydrogen abstraction by radical 526 becomes
competitive with hydrogen abstraction by radical 527.

Having established that aminyl radicals can undergo cyclization, several different
modes of reaction were explored. Allyl sulfenamide 531 was found to participate in
a tandem radical cyclization reaction to produce a 2:2:1-mixture of hexahydro-
indolines 532 in 30% vyield (Scheme 90) (94T1295). The cyclization failed when a
related substrate lacking the allyl group was subjected to the same reaction
conditions. Sulfenamide 533 underwent a tandem 5-exo/6-endo-trig cyclization to
give indolizidine 534 in 64% yield. Substrates that would require a 6-endo/5-exo
cascade to form the indolizidine skeleton (i.e. 535) failed to cyclize under the radical
conditions.

Spirocyclic amines can also be formed by using cyclization cascades that involve
aminyl radicals. The AIBN promoted reaction of ketimines 536a,b with Bu;SnH in
toluene provided 537a,b in 34 and 30% yields, respectively (95TL5623). Ketimines
536¢,d failed to produce spirocycles under these conditions. However, in the presence
of MgBr,*Et,O, compounds 536¢,d underwent the tandem cyclization reaction to
give 537c,d in 24 and 33% yield, respectively. Aldimines 538a—d reacted similarly to
afford bicyclic amines 539a—d in 40, 58, 27, and 33% yield. Again, substrates con-
taining an aromatic group, which provide stabilization for the intermediate radical
produced from the cyclization, gave higher yields of bicyclic products. Adding
MgBr, ¢ Et,O to the reaction mixture increased the yield of 539¢ to 35% yield.

Crich and coworkers developed a novel radical—cation cascade for the construc-
tion of azapolycycles. Thermolysis of compound 540 with Bus;SnH and AIBN in
benzene produced pyrrolizidine 541 as a mixture of diasterecomers in 85% overall
yield (Scheme 91) (03JA7942). The reaction was thought to proceed via the forma-
tion of radical cation 542, which was generated by homolytic cleavage of the nitro
group and ionization of the phosphate ester moiety. Intramolecular addition of the
nitrogen onto the cationic center would then provide radical 543 that could cyclize to
give the final product. Depending on the substitution pattern of the starting nitro
compound, a variety of fused and bridged bicyclic amines are possible. For example,
allylamine 544 produced 545 as a 1:1-mixture of diastereomers in 78% yield, whereas
546 afforded 547 as a 2:1-mixture of diastereomers in 78% yield.

VIII. Aza-Wittig Cyclizations

Iminophosporanes (phosphazenes) are easily formed by a Staudinger reaction of
azides with triphenylphosphine or a Kirsanov reaction, which is a process that takes
place between an amine and dichlorotriphenylphosphorane. The ready availability of
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these reagents has made the Aza-Wittig a key reaction for the synthesis of a variety
of natural products (04SL1, 0SARK98). Molina and coworkers have developed
a tandem Aza-Wittig/heterocumulene-mediated annulation reaction as a unique
method for the synthesis of fused heterocycles. For example, iminophosporane 548
reacted with phenyl isocyanate, carbon dioxide, and carbon disulfide to give
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quinazoline derivatives 549 (96% yield), 550 (96% yield), and 551 (93% yield) as
shown in Scheme 92 (88TL3849).

An interesting extension of this methodology involves the sequential use of two
phosphazene cascades. Heterocumulene 553 is derived from the reaction of 552 with
phenyl isocyanate and gave 554 when treated with hydrazine (04EJOC3872). An
intramolecular O- to N-acyl transfer then produced compound 555 in 81% yield.
Exposing 555 to Ph;P and hexachloroethane in the presence of Et;N produced
iminophosphorane 556 in 85% yield. The reaction of 556 with phenyl isocyanate
eventually gave 557 in 92% yield.

A similar cascade was employed for the formation of nitrogen and sulfur con-
taining polycyclic systems. Thus, imino-phosphoranes of the general structure 557
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reacted sequentially with various isocyanates and amines to give compounds 558 in

25-89% yield (equation (14)) (04T275).
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X=C;N
R = CgHg; 4-MeOCgH,; 4-CI-CgH,

R2 = —ngCS ,sSHJ\ \‘é’\‘(\ —%—NQ

Another example of a tandem Aza-Wittig/heterocumulene-mediated annulation
cascade makes use of a subsequent electrocyclization to form a fused heterocycle.
Thus, imine 559 reacted with ethyl isocyanate to give the intermediate
heterocumulene 560 that underwent a subsequent 6m-electrocyclic ring closure to
afford pyrazolopyrimidine 561 in 63% yield (Scheme 93) (88JOC4654). Other iso-
cyanates also entered into this cascade producing pyrimidine derivatives with yields
generally higher than 60%. Derivatives of 559 containing thiazole and triazole
scaffolds react with isocyanates in an analogous way. Treatment of 559 with carbon
dioxide provided 562 in 50% yield, and reaction with CS, produced 563 in 97% yield.
A similar strategy led to the construction of both pyridine and pyridone derivatives
(89CB307).

Vinyl phosphazenes have been found to undergo tandem Aza-Witting/1,6-clect-
rocyclization as illustrated by the reaction of 564 with tricarbonyl compound 565 to
give 566 (Scheme 94) (95T3683). The reaction of 564 with aliphatic, heteroaryl, or
aryl aldehydes first produced an intermediate imine 567 that ultimately cyclized to
produce imidazol[1,5-a]pyridines 568 in good (65-82%) yields.

The recognition that a tandem Staudinger/Aza-Wittig reaction would provide the
critical imine component necessary for an Ugi reaction prompted another series of
investigations. Thus, the Me;P promoted reaction of azide 569 with the pendant
aldehyde group produced imine 570 (Scheme 95) (05TA177). Further exposure of
570 to benzoic acid and cyclohexyl isocyanide gave 571 in 36% yield. Other carbo-
xylic acids and isocyanide combinations produced several derivatives of 571 in
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36-61% yields. Likewise, treatment of azide 572 with Me;P followed by reaction
with Boc-protected alanine and cyclohexyl isocyanide gave 573 in 34% yield.

Derivatives of 573 could also be formed by judicious choice of carboxylic acid and
isocyanide in 25-75% yield.
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IX. Oxidation Reactions

Oxidation reactions often produce reactive functional groups that can engage in
further reactions with various nucleophiles. For example, the allylic epoxidation of
574 using VO(acac),/t-BuOOH in toluene provided a mixture of 575 and 576 in 40
and 44% yields, respectively (Scheme 96) (04TL6349). Formation of 576 occurred by
the spontaneous cyclization of the initially formed epoxide 577. Cyclization of 575
was initiated by the action of TFA to give 578 in 82% yield. The epimeric allylic
alcohol 579 reacted in a similar fashion.

The Taylor group has been interested in tandem oxidation processes, and they
examined the MnO, promoted oxidation of alcohols followed by a subsequent con-
densation of the resulting carbonyl group with amines for the construction of
nitrogen-containing heterocycles. Thus, heating a mixture of 580 and 581 in CH,Cl,
with MnO, and molecular sieves produced quinoxaline 582 in 79% yield (Scheme 97)
(03CC2286, 040BC788). The reaction of diamine 583 with 580 gave 584 in 64% yield
under the same experimental conditions. A variety of a-hydroxy ketones and 1,2-
diamines participated in this sequence, giving quinoxaline and dihydropyrazine
products in 50-80% yield.

By adding NaBH, to the reaction mixture of 580 and 583, piperazine 585 was
produced in 75% yield. Dilution of the mixture with methanolic KOH, after the
consumption of starting materials, facilitated an oxidative aromatization to even-
tually give 586 in 66% yield. Again, a variety of a-hydroxy ketones and 1,2-diamines
participated in these tandem processes.

As an extension of this methodology, a series of benzamidazoles and related
heterocycles were prepared starting from simple alcohols. For example, benzyl
alcohol was oxidized with MnO, in order to generate benzaldehyde in situ. In the
presence of diamine 581, HCI, and molecular sieves, compound 587 was formed
and was then further oxidized under the reaction conditions to give 588a in 90%
yield (Scheme 98) (04SL1628). Monosubstituted 1,2-phenylenediamines such as 589
could also be used, giving rise to N-substituted benzimidazole 588b in good yield. By
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replacing the 1,2-phenylene diamine with either 2-aminophenol or 2-aminothiophe-
nol, benzoxazole 590 and benzothiazole 591 were formed in 73 and 66% yield,
respectively. Other alcohols also participated in this cascade sequence, although
yields were much lower (30%) for non-benzylic alcohols.

Shibata developed an interesting one-pot cascade sequence for the formation of tri-
fluoromethyl-substituted pyrimidines. The combination of amidine 592 with enone 593
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provided intermediate 594 (Scheme 99) (99SL756). Dehydration with POCI; followed
by MnO, oxidation gave pyrimidine 595 in 86% yield. A variety of aryl-substituted
amidines and enones were used to provide pyrimidine derivatives in good yield.

More recently, Bagley and coworkers demonstrated that the oxidation of prop-
argylic alcohols in the presence of amidines gave pyrimidines in good yield using
microwave irradiation conditions. For example, the microwave irradiation of a
mixture containing propargyl alcohol 596, amidine 592, and MnO, provided pyrimi-
dine 597 in 84% yield (03SL1443). o-lodoxybenzoic acid (IBX) also mediated the
same transformation in 80% yield. An extension of this methodology enabled the
synthesis of highly substituted pyridine derivatives from ketones, ammonium
acetate, and propargylic alcohols in the presence of MnQO,. In this sequence, an acid
catalyzed condensation of ammonia and B-ketoesters 598 produced enamine 600,
while alcohols of type 599 were oxidized to the corresponding ketones. Michael
addition of the enamine onto the ynone produced dienone 602 as an intermediate
that cyclized to give pyridines 603 in good to excellent yields (60-96%).

X. Transition Metal-Mediated Processes

A. PALLADIUM

Palladium-mediated cyclizations have lately become a central theme for the syn-
thesis of many different types of heterocycles. It is not surprising, therefore, that
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palladium catalyzed reactions have appeared in numerous cascade reactions (95SL.1,
99JOMC42, 02H(56)613, 02H(58)667). Given the diversity of cyclization modes
(fused, bridged, or spiro), catalyst ligands, and reacting functionality (alkynes and
alkenes, aryl and vinyl halides), a large number of cascade processes can be ima-
gined. The following are just a representative example of the various possibilities.

As mentioned previously, Brandi and coworkers have thoroughly examined the
thermal rearrangement of 5-spirocyclopropane isoxazolidines (¢f. Schemes 13 and
14). As an extension of the earlier thermal work, this group also studied the
palladium-mediated rearrangement of the amino alcohols derived from the hydro-
genolysis of the isoxazolidine ring. Exposure of isoxazolidine 604 to hydrogen gas in
the presence of Pearlman’s catalyst gave amino alcohol 605 in 70% yield (Scheme
100) (03SL2305). Interestingly, the reaction of 605 with Pd(dba), effected ring
opening of the cyclopropyl alcohol to furnish enone 606, and this step was followed
by an intramolecular Michael addition to give 607 in 30% yield. On the other hand,
exposure of 605 to PdCl, and pyridine with an air atmosphere provided 608 in 59%
yield. Although the mechanism of this oxidative cyclization process is not well un-
derstood, a comparison to the Wacker oxidation was proposed. Accordingly, when
605 was subjected to Wacker-like conditions (Pd(OAc),, LiOAc, and Cu(OAc), as a
stoichiometric oxidant), compound 608 was formed in 70% yield. Alternatively,
the reaction of 609 with Pd(dba), afforded a 5:1-mixture of 610 and 611 in 90%
combined yield. Whereas the exposure of 609 to PdCl,, pyridine, and atmospheric
oxygen provided 611 in 50% yield, the Wacker-like conditions gave a 5:1-mixture of
610 and 611 in 75% yield.
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A linked Pd(0) deprotection—Pd(II) cyclization cascade was used for the synthesis
of benzofuran derivatives. Heating a mixture of 612, Pd(PPh;),, Pdl,, and MeOH
under a CO atmosphere provided benzofuran 613 in 91% yield (Scheme 101)
(05CC271). This cascade presumably involves a Pd(0)-mediated deprotection of the
phenol to give phenolate anion 614, the substrate needed for the second reaction in
the cascade process. Nucleophilic addition of the oxygen anion onto the pendant
Pd(II)-activated alkyne followed by a methoxy carbonylation reaction affords 615
and H-Pd-I. Elimination of H>O from 615 by reaction with H-Pd-I then produces a
n-allyl palladium species 616 that is regioselectively protonated to ultimately give 613.

Arylidene butyrolactones were also accessible by addition of nucleophiles onto a
Pd(II)-activated alkyne. Thus, the oxidative addition of Pd(0) to 617 in the presence
of a base gave 618 in 70% yield (Scheme 102) (96T11463). The proposed mechanism
of this reaction was suggested to involve an oxidative insertion of Pd(0) into the Ar—I
bond to give the organopalladium species 619. A subsequent addition of the pendant
carboxylate to the activated alkyne provides metallocycle 620 that undergoes reduc-
tive elimination to furnish 618. Similarly, subjecting 621 to the same reaction
conditions produced 622 in 77% yield.

The Trost group coupled the palladium-mediated alkyne heterocyclization with a
subsequent palladium-catalyzed addition to a terminal alkyne to produce ynoates.
Thus, the reaction of homopropargylic alcohol 623 with alkyne 624 in the presence
of Pd(OAc), (10mol.%) and tris-(2,6-dimethoxyphenyl)phosphine (TDMPP,
4mol.%) at rt in benzene afforded compound 626 in 61% yield (Scheme 103)
(00JA11727). In this case, formation of the intermediate enyne 625 was fast com-
pared to the heterocyclization process. When attempts were made to reduce the
reaction time by heating the mixture, the formation of lactone 627 became com-
petitive, and the yields of 626 were significantly diminished. Addition of
Pd(O,CCF3), to the mixture after the alkyne addition was complete, increased the
cyclization rate. In some cases, particularly those involving terminal alkynes whose
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substituents disfavored the buildup of positive charge at the proximal alkyne carbon,
products arising from a 5-exo-dig cyclization (i.e. 628) were obtained. The stereo-
chemical control of the exocyclic double bond with these cases is most unusual since
stereochemistry is often difficult to control using other methods.
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Pd(I1)-mediated cascade cyclizations have also been employed for the construction
of other types of heterocyclic systems. For example, Bickvall reported that the
oxidative cyclization of dienyl amides occurred to give pyrrolizidines and indolizi-
dines. Thus, treatment of 629a,b with Pd(OAc), and CuCl,/O, provided 630a,b in 90
and 85% yield, respectively (Scheme 104) (92JA8696).

More recently, a tandem Heck/allylic substitution cascade was used as a route
toward various lactams. The reaction of 631a,b with 2-isopropenyl bromide in the
presence of Pd(OAc), and (o-tolyl);P gave the Heck adduct 632 that reacted further
with H-Pd-Br to give the r-allylpalladium complex 633. Intramolecular attack of the
amide anion on the m-allyl complex followed by reductive elimination of Pd(0)
afforded 634a,b in 77 and 75% yield, respectively (030L259). Other vinyl bromides
were also examined and found to give substituted pyrrolidinones and piperidones in
moderate to good yields (50-82%).

A tandem Buchwald—Hartwig cross-coupling/Heck cyclization cascade was used to
synthesize indole derivatives. In this cascade, 1,2-dibromobenzene reacted with the
vinylogous amide 635 in the presence of Pd,(dba);, ligand 636 and Cs,CO5 to form
the intermediate N-aryl vinylogous amide 637 (Scheme 105) (000L1109). By adding a
second portion of palladium and the ligand, indole 638 was produced in 61% yield.
Interestingly, when o-bromobenzaldehyde 639 was allowed to react with 635 under
similar conditions, quinoline 640 was isolated in virtually quantitative yield.

Enolates are useful cross-coupling partners and have been used to construct
isochromene derivatives. The tandem arylation/cyclization cascade is demonstrated
by the reaction of 641 with pinacolone 642 to give 644 in 71% yield (Scheme 106)
(01JOC3284). This reaction was optimized for solvent and palladium ligand by using
combinational protocols and a variety of ketones were screened. Simple alkyl
ketones participated efficiently in this tandem sequence, though several aryl ketones
also afforded isochromene products. The most effective ligands for palladium
seemed to be DPPF and o-biaryl-tert-butylphosphine. Other ligands tended to
catalyze the arylation reaction (i.e. formation of 643) but produced less of the cyclic
products. The mechanism of the reaction seemingly involves arylation of the enolate
derived from 642 to produce intermediate 643 followed by nucleophilic attack on the
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n-allyl palladium complex by the oxygen atom of the enolate anion derived from
643. It is interesting to note that the requisite m-allyl palladium complex could be
generated from an allylic silyl ether.

Grigg’s group has studied palladium-mediated cascade reactions for quite some
time (98PAC1047, 99JOMC65). In some of the early work, a tandem alkyne-arene
vinylation/alkylation sequence that was terminated by a formal Friedel-Crafts
alkylation was used to form polyfused heterocycles. Thus, the reaction of 645 with
Pd(0) produced compound 648 in good yield (Scheme 107) (96TL3399). In this
sequence, Pd(0) underwent an oxidative insertion into the Ar-I bond and this was
followed by carbopalladation of the proximal alkyne to give the vinyl palladium
species 646. A second cyclization generated intermediate 647. A formal Friedel
Crafts alkylation of 647 with the neighboring aromatic ring gave 648.

Another of Grigg’s approaches to heterocyclic synthesis involves the ‘‘anion-
capture” termination of the palladium cascade (91TL2545). In a typical example, a
1:1-mixture of benzyl halide 649 was reacted with sodium tetraphenylborate in the
presence of Pd(0) to give compound 650 in 69% yield. Likewise, allyl acetate 651
reacted under similar conditions to afford 652 in 80% yield.

This methodology was used to construct several indole and benzofuran derivatives
(00T7541). Oxidative insertion of Pd(0) into the aryl-I bond of 653a,b followed by
carbopalladation onto the pendant olefin afforded an intermediate organopalladium
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species 654 (Scheme 108) (00T7525). This organometallic species then reacted with
an appropriate stannane (R = alkynyl, vinyl, allyl, heteroaryl) to give 655 or 656 in
good yield. By incorporating a second carbopalladation site on the starting aryl
halide, heterocycles of much greater complexity were obtained. For example, aryl
iodide 657 cyclized to give intermediate 658 when exposed to Pd(0). A second
cyclization then produced the organopalladium species 659 that was captured by
tributyl-(2-furyl)stannane to give a 5:1-diastereomeric mixture of 660 in 74% yield.
Aryliodide 661 underwent a related cyclization to produce spirocyclic 662 as a single
diastereomer in 48% yield.

Manipulation of the temperature of the reaction mixture was also exploited to
incorporate a hydrostannylation reaction that ultimately produced an internal
stannane terminating group. When held between 0 °C and rt, a toluene solution of
compound 663, HSnBujs, and a palladium (0) catalyst only gave vinyl stannane 664
(Scheme 109) (00T7541). However, on heating the solution containing 664 to 100°C,
compound 665 was produced in 56% yield. Macrocycles could also be prepared using
this thermally switched cascade reaction. Thus, low-temperature hydrostannylation of
666 followed by heating the intermediate vinyl stannane 667 to 110 °C furnished 668
(n = 2-8) in 38-53% isolated yield.
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The Buchwald group reported an interesting copper-catalyzed lactam N-arylation/
ring-expansion cascade wherein compound 669 reacted with 2-azetidinone 670 in the
presence of Cul and K,CO; to give 671 in 96% yield (Scheme 110) (04JA3529).
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Several substituted p-lactams and benzyl amine derivatives participated in this coup-
ling reaction, though the ring expansion was slower when N-substituted benzyl
amines were used. Exposure of the intermediate N-aryl lactam to AcOH in THF,
however, overcame the sluggish transamidation. In some examples, the addition of
N,N'-dimethylethylene-diamine facilitated the reaction, though it was not required in
all cases. Phenethyl amine 672 reacted with azetidinone 670 to give 673 in 78% yield.
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Bromo-substituted anilines underwent the copper-catalyzed coupling reaction, but
required a second transamidation step with Ti(OiPr)4, to produce benzazapinones
such as 674 and 675.

Indoles were also formed by addition of nitrogen nucleophiles to copper-activated
alkynes. For example, trifluoroacetanilide 676 underwent reaction with a variety of
aryl and heteroaryl alkynes in the presence of a copper catalyst to give 2-substituted
indoles 678 in 60-96% yields (Scheme 111) (030L3843). Use of Cul with (+)-1,
2-trans-cyclohexanediamine or PPhs ligands effectively facilitated the cyclization of
the intermediate Sonogashira product 677. With indole 678, however, use of
15mol.% Cul was required to induce a high yield reaction. The process proceeded
more efficiently when 10 mol.% [Cu(phen)(PPh3),]NO; was used as the catalyst.

Similarly, the aniline-derived imine 679 bearing an appropriately placed alkyne,
underwent the CuCl-mediated cyclization with capture of methanol to give indoles
680 in moderate (53%) to good (74%) yields (04TL35). Several alcohols also
participated in the reaction, including phenol, as did aryl alkynes.

C. CoBALT

The Pauson—Khand [2+ 2+ 1]-cycloaddition, is undoubtedly the most common
reaction mediated by cobalt and has been incorporated into several cascade
sequences. For example, diynes 681a,b undergo the Pauson—Khand cyclization in the
presence of Co,(CO)g to first give a cyclopentadienone that then participates in a
subsequent [2 + 2+ 2]-cycloaddition reaction to furnish 682a,b in 35 and 89% yield,
respectively (equation (15)) (99CC2099). In the case of diyne 681c, a 4.2:1-mixture of
regioisomers 682c¢ and 683 were isolated in 80% combined yield.

C0x(CO)g Q Q  Ph

/S — R CO (20 atm) R Ph

X X 0

N 100 °C

x” R 0

681a R=H, X =0 682a R=H,X=0 | 683 _
681b R=H, X = NTs 682b R =H, X = NTs
681c R=Ph. X=0 682c R=Ph X = O

(15)

A less common cobalt-mediated cascade, which involves a radical cyclization and
subsequent cross coupling, was employed to form tetrahydrofuran and pyrrolidine
derivatives. For example, catalytic Co,Cly(dppe) and an excess of PhMgBr reacted
with 684 to give tetrahydrofuran 685 in 80% yield (Scheme 112) (01JA5374). Like-
wise, toluidine 686 produced pyrrolidine 687 in 81% yield. Both the stereochemical
outcome and the required stoichiometry of the Grignard reagent suggest a radical
mechanism. It was proposed that excess Grignard reagent converted the cobalt cata-
lyst to the 17-electron-ate complex [Co(0)Ph,(dppe)]l(MgBr), along with biphenyl,
and that this electron-rich zero-valent-ate species acted as an electron transfer re-
agent. The reaction of alkyl halide 686 with this Co(0) species gave rise to a new
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Co(I) species and radical 688. Cyclization of 688 would lead to the formation of
radical 689 that then combines with the Co(I) species to afford the organometallic
species 690. Reductive elimination produced 687 and regenerated the Co(0) species.
Whereas a variety of aryl and heteroaryl Grignard reagents readily participated in
this cascade, o-substituted aryl Grignards appeared to be too sterically encumbered
to efficiently react.

D. TitaNiuM AND RHODIUM

The Kelly group showed that TiCly could be used to remove a triphenylmethyl
(trityl, Tr) protecting group from cysteine residues and effect a subsequent
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cyclodehydration to give thiazolines. For example, exposure of 691 to 3 equiv. of
TiCly at 0 °C for 4 h produced thiazoline 692 in 96% yield and with 99% ee (equation
(16)) (000L3289). Other examples of this tandem deprotection/cyclodehydration
cascade demonstrated that this process is a general reaction of trityl-protected
cysteine N-amide derivatives. A variety of thiazolines were formed in moderate to
high yields, but some racemization can occur during the cyclodehydration step.

Me, Me O

0
icl Me  Me
TS OMe TiCl OMe
S

0°C
Ph Ph

691 692

Hydroformylation reactions that are mediated by rhodium catalysts can also be
incorporated into cascade sequences. The zwitterionic rhodium complex 694 pro-
motes a tandem cyclohydrocarbonylation/CO insertion reaction producing pyrroli-
none derivatives that contain an aldehyde functional group in good yields
(01JA10214). In one example, exposure of a-imino alkyne 693 to catalytic quan-
tities of 694 and (PhO);P under an atmosphere of CO and H, at 100 °C produced
pyrrolinone 695 in 82% yield (Scheme 113). A variety of alkyl substitutents can be
tolerated in this reaction.

Tandem hydroformylation/acetylization reactions have also been examined. Thus,
heating a mixture of 696a,b with [Rh(cod)Cl],, PhsP, and CH,Cl, under a CO/H,
atmosphere afforded 697a,b in 72 and 55% yield, respectively (020L289). Six-
membered rings were also accessible as shown by the conversion of 698 into 699
under similar conditions.

E. MixED METAL SYSTEMS

In work that compliments the palladium-mediated alkyne heterocyclization cas-
cade (c¢f. Scheme 103), the Trost group sequenced a ruthenium-catalyzed ene—yne
coupling with a palladium catalyzed allylic substitution reaction for the formation of
five- and six-membered aza or oxa-heterocycles. For example, alkyne 700a, which
contains a p-nitrobenzenesulfonamide group, reacted with nitrophenyl ether 701 in
the presence of a ruthenium catalyst to give the intermediate ene—yne 702 (Scheme
114) (02AG4693). Addition of a chiral palladium catalyst to the mixture effected a
subsequent cyclization to give pyrrolidine 703a in 90% yield and with 91% ee. Under
these same conditions, compound 700b reacted with 701 to provide piperidine 703b
in 83% yield with 88% ee. Solvent choice was important: the ene—yne coupling was
more efficient in acetone, whereas the allylic alkylation reaction was more effective in
CH,Cl,. Also, the nitrophenyl ether was selected as the allylic leaving group since it
was not strong enough a nucleofuge to undergo ionization under the ruthenium
catalyzed conditions, yet ionized readily with palladium. Tetrahydrofurans and
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pyrans were similarly constructed. Thus, the reaction of alkynyl alcohols 700¢ or

700d with 701 gave 703c in 84% yield (76% ee) and 703d in 80% yield (94% ee).
The use of two different metal catalysts for tandem reactions is often accomplished

by the sequential addition of the appropriate catalyst at an intermediate stage of the
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reaction (c¢f- Scheme 114). This is particularly necessary if the catalysts react inde-
pendently with the starting substrates at competitive rates. Heterobimetallic catalyst
systems are less common. The sulfur bridged ruthenium catalyst 704 works in con-
cert with PtCl, to produce furans from proparylic alcohols and ketones. Specifically,
heating the aryl-substituted propargylic alcohol 596 and cyclohexanone with catalyst
704 provided furan 705 in 75% yield (Scheme 115) (03AG2681). Acetone, methyl
ethyl ketone, and diethyl ketone all underwent this transformation in good yields
(72-85% yield) as did cycloheptanone. The mechanism proposed involved an initial
ruthenium catalyzed propargylic substitution reaction with the ketone to produce
the intermediate keto-alkyne 706. A subsequent platinum catalyzed hydration of the
alkyne gave dione 707 and this was followed by an intramolecular condensation to
provide furan 705. The addition of aniline to the reaction mixture afforded pyrroles
708 and 709 in 50 and 56% yield, respectively.

XI. Metathesis

In recent years, the ring-closing olefin metathesis (RCM) reaction has become one
of the more powerful tools for the synthesis of heterocycles (95SACR446, 04CR2199),
particularly medium-sized rings that are hard to form by other methods. Of
the cascade reactions involving RCM, many are multiple sequential ring-closures
or involve a tandem ring-opening/ring-closing reaction. Appropriately arrayed
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polyenes easily undergo multiple ring-closing metathesis reactions. For example,
Harrity and coworkers demonstrated that the Grubb’s first-generation catalyst 711
catalyzed the conversion of tetraene 710 into the spirocyclic 712 in 90% yield
(Scheme 116) (99TL3247). None of the corresponding seven-membered ring product
was isolated under these conditions. RCM reactions are known to be sensitive to
conformational preferences within a molecule as well as substitution on the parti-
cipating alkene. For example, diester 713 afforded 714 in 50% yield and macrocycle
715 in 19% yield, along with other dimeric material, when exposed to catalytic
quantities of 711 at rt in CH,Cl, (02TL7851). Use of the second-generation Grubb’s
catalyst 717 increased the yield of 715 (up to 45% yield), but no detectable amount
of 716 was observed. Diether 718a underwent reaction with 711 to give mixtures that
contained spirocycle 719, but only in 21% yield. Formation of five-membered rings
continue to be the dominant pathway. To retard the formation of the five-membered
ring products, dicther 718b was synthesized and underwent reaction with 711 to
produce spirocyclic 719 in 46% yield.

The Grubb’s group has made extensive use of the tandem RCM cascade with
tethered alkynes to produce heterocyclic compounds. For example, acyclic ester 720
reacted in the presence of Smol.% of catalyst 717 in CH,Cl, at 40 °C to furnish
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Scheme 116
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bicyclic lactone 721 in 95% yield (Scheme 117) (01CC2648). The cyclic alkyne 722
reacted under the same conditions to give 723 in 74% yield.

Strained cycloalkenes that contain appropriately tethered olefins can also undergo
the tandem ring-opening metathesis/RCM cascade. Using the first-generation cata-
lyst 711, Grubbs transformed a series of diallyloxy-cycloalkenes 724 into bis-furan
derivatives 725 in moderate to good yields (57-90%) (96JA6634). Likewise,
cyclopentenes 726a,b reacted in the presence of catalyst 717 to afford 727a,b in
81 and 89% yield, respectively (01CC2648). Bicycloalkene 728 was converted into
tricyclic 729 in 47% yield.

The Blechert group exploited the ring-opening/ring-closing cascade for the
synthesis of several natural products. In a synthesis of (—)swainsonine (735b),
sulfonamide 730 was heated at 40 °C with S5mol.% Grubbs catalyst 711 under an
atmosphere of ethene to provide pyrroline derivative 731 in 98% yield (02JOC4325).

0O Me
721

CH,Cl,
720 40 °C
o /7
/\n/ 1, _ 717 0 0
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Hydroboration of the terminal alkene in 731 with 9-BBN followed by an oxidative
workup under alkaline conditions gave alcohol 732 in 83% yield. The sulfonamide
was cleaved by the action of Na/Hg. Acylation of the resulting free amino nitrogen
with allyl chloroformate followed by mesylation afforded 733 in 87% yield from 732.
Palladium-mediated removal of the allyl carbamate group liberated a basic nitrogen
that subsequently displaced the mesylate group to produce 734 in 95% yield. An
asymmetric dihydroxylation of 734 produced an inseparable 20:1-mixture of di-
astereomeric diols. Separation of these diastercomers required removal of the silyl
ether and conversion of the resulting triol into the triacetate occurred in 68% yield
and with isomer 735a predominating. A base promoted hydrolysis then yielded the
desired target 735b in 96% yield (Scheme 118).

Extending this approach, Blechert’s group reported a particularly efficient
synthesis of indolizidine 167B (740) (Scheme 119). The cycloheptene derivative 736
was initially converted into silacycle 737 by the action of catalyst 711 (02TL6739). A
subsequent addition of TBAF to the reaction mixture promoted cleavage of the
silicon group to give 738 in 92% yield from 736. Oxidation of the alcohol using the
Dess—Martin periodane reagent afforded ketone 739 in 73% yield. A palladium-
mediated hydrogenolysis of the benzyl carbamate was accompanied by intramole-
cular reductive amination of the ketone and this was followed by reduction of the
alkene to provide 740 in 79% yield.

Synthesis of the alkaloid cuscohygrine (744) also came about from this method-
ology (Scheme 120). Exposing bis-carbamate 741 to catalyst 711 in hot CH,Cl,
produced a bis-pyrroline derivative whose double bonds proved to be unstable
(02JOC6456). Accordingly, the crude metathesis reaction mixture was treated with
palladium in the presence of a hydrogen atmosphere to give 742a in 72% yield from
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741. Reduction of the carbamate-protecting group by the action of LiAlH, afforded
742b in 92% yield. An acid-mediated hydrolysis of the silyl ether provided (+)
-dehydrocuscohygrine (743) in 89% yield. Further oxidation of the alcohol under
Jones conditions produced the desired target 744 in 73% yield.

Recently, Hoveyda and Schrock have developed molybdenum-based catalysts (i.e.
744a,b) for an asymmetric ring-opening metathesis (AROM) reaction (Scheme 121)
(98JA4041, 98JA9720, 99JA11603). Using a tandem AROM/RCM sequence, they
examined the asymmetric synthesis of several heterocyclic compounds. For example,



94 S.K. BUR AND A. PADWA [Sec. XI

744a R =i-Pr
744b R = Me
Me Me Me Me Me
A~ e | A o~ -
O, O O, O O, O
! et J )~
LnMo Me
745 746 747

Me
748
Me
O 744a
ﬁ\b
750 751

Scheme 121

meso bis-ether 745 delivered 747 in 69% yield and with a 92% ee on exposure to
5mol.% of 744a (00JA1828). In this case, ring opening by the catalyst was faster
than the metathesis reaction with one of the pendant alkenes, and alkylidene carbene
746 was enantiospecifically produced as an intermediate. The less sterically hindered
catalyst 744b mediated the transformation of 748 into 749 in 84% yield and with
greater than 98% ee. Interestingly, 750 could be converted into 751 by the action of
catalyst 744b in 60% yield and with 72% ee, whereas catalyst 744a did not promote
the reaction. By adding diallyl ether to the reaction mixture, 744a did catalyze the
reaction and provided 751 in 54% yield but with 92% ee.

Building on their earlier tandem ring-opening/cross-metathesis studies (03EJOC611),
Arjona and Plumet have applied the ring-opening/ring-closing/cross-metathesis cascade
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(98SL169) to the synthesis of various nitrogenous heterocycles. For example, bicyclic
amides 752a,b reacted with ethene in the presence of Grubbs catalyst 711 to give 753a,b
in 65 and 60% yields, respectively (Scheme 122) (02JOC1380). Bicyclic lactams 753
were the expected products of a ring-opening/ring-closing metathesis cascade without
the initial cross-metathesis with ethylene. To demonstrate the actual cross-metathesis
reaction, allyl acetate was used as the partner. In this case, compound 752a reacted with
catalyst 711 and allyl acetate and gave 754 in 40% isolated yield along with 753a in
30% yield. By changing to catalyst 717, the yield of 754 was increased to 65% yield,
though 753a was again produced in 30% yield.
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A one-pot sequential RCM/Pauson—Khand reaction sequence has been used
to synthesize nitrogen- and oxygen-containing polycycles. The cobalt-alkyne com-
plexes 755a,b reacted in the presence of Grubbs catalyst 711 to give 756 (Scheme 123)
(030BC1450). The addition of NMO to the crude reaction mixture promoted the
Pauson—Khand reaction and provided 757a,b in 81 and 70% yield as mixtures of
diastereomers. Similarly, 758 underwent the tandem RCM/Pauson—Khand to
produce 759 in 67% yield.

XII. Concluding Remarks

From the selective sampling of cascade reactions for the synthesis of heterocyclic
molecules that has been outlined in this chapter, it is clear that virtually any reaction
can be incorporated into a tandem sequence. Some cascade sequences increase
molecular complexity more than others, but each seems to provide complex hetero-
cyclic structures in a more efficient manner than the corresponding chemistry
wherein each intermediate is isolated. Indeed, many of these cascades rapidly
construct hetero-polycyclic systems that are difficult to produce in other ways.

Several cascade sequences for heterocyclic synthesis have been well explored;
Padwa’s rhodium carbene-initiated dipolar cycloadditions, Denmark’s nitroalkene
[4+2]/[3 + 2]-cycloadditions, Overman’s Aza-Cope/Mannich cascade, Bunce’s
conjugate addition strategy, Molina’s Aza-Wittig/heterocumulene cyclization reac-
tions, and Grigg’s use of relays and switches in palladium-mediated cascades have
matured into significant synthetic tools. Familiar multi-component reactions, such as
the Ugi reaction, are being used in interesting ways. Others sequences show
tremendous promise; Fu’s asymmetric Kinugasa reaction, indium-initiated radical
cascades, Buchwald’s copper catalyzed N-arylation reactions, Trost’s alkyne
heterocyclization, and the Hoveyda and Schrock tandem AROM/RCM reactions
all provide improvements in stereoselectivity and involve the use of environmentally
benign reagents. Continued development of these cascade reactions will have a
significant impact on the processes used to make heterocyclic compounds on an
industrial scale.
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Abbreviations

Ac acetyl

Alk alkyl

AN acetonitrile

bpy 2,2'-bipyridine

Bu butyl

Cp cyclopentadienyl

Cp’ pentamethylcyclopentadienyl

DMF dimethylformamide

DMSO dimethylsulfoxide
dpene 1,2-bis(diphenylphosphino)ethylene

dppb 1,4-bis(diphenylphosphino)benzene
dppe diphenylphosphinoethane
dppm diphenylphosphinomethane
Et ethyl
Im imidazolyl
Me methyl
MLCT metal-to-ligand charge transfer
naph 1,8-naphthyridine
OTf triflate
Ph phenyl
phen 1,10-phenanthroline
Pr propyl
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PTZ phenothiazine

py pyridine

pz pyrazolyl

THF tetrahydrofuran

Tol tolyl

trpy 2,2":6',2"-terpyridine

I. Introduction

This chapter constitutes part 12 in a series covering the organometallic chemistry
of heterocyclic ligands of which the previous parts have all been published in differ-
ent volumes of Advances in Heterocyclic Chemistry.

In the previous chapter (07AHC(93)185), complexes of polypyridine ligands with
non-transition and early transition metals were considered. Most publications, how-
ever, are dedicated to the rhenium(I) and ruthenium(II) complexes, and the number
of sources is so high that they deserve separate chapters. Moreover, studies of such
complexes become more and more popular due to their unique photochemical and
electrochemical properties and ability to form molecular assemblies and nanocrys-
tallites. Herein we consider organomanganese and organorhenium complexes of
polypyridine ligands. As always in this series of chapters, emphasis will be on the
synthetic and coordination aspects, as well as reactivity. We have attempted to
document all the publications on applied aspects, but without analyzing them since
this could be the subject of a separate chapter.

II. Organomanganese and Organorhenium Complexes

A. [M(CO)3(LL)X] Tyre COMPLEXES

Re(I)—polypyridyl complexes are among most popular. Their studies have a cer-
tain history (80AJC2369, 82MI1, 871C1449) and their first synthesis refers to the
1950s and 1960s (58JCS3149, 59JCS1501, 63CB3035, 671CA(1)172). [Mn(CO);(b-
py)Cl)] was prepared from [Mn(CO)sCl] and 2,2'-bipyridine (87AX(C)792,
951C1588, 95RCPB565). The radical complex [Mn(CO)s(bpy)]” has a weakly dis-
torted square pyramidal geometry (981C6244). 2,2'-Bipyridine or 1,10-phenanthro-
line (LL) with [Mn(CO)sBr] give [Mn(CO)3(LL)Br] (LL = bpy, phen) (88TMC126).
2,2'-Bipyridine with [Re(CO)sCl] yields [Re(CO);(bpy)Cl] (82AJC2445, 82JA7658,
830M 552, 84JCS(CC)403). 2,2’ -Bipyridine, 4,4’-dimethyl-2,2’-bipyridine, or 4,7-di-
phenyl-1,10-phenanthroline with [Re(CO)sX] (X = Cl, Br, I) afford the ligand sub-
stitution products [(LL)Re(COzX] (LL = bpy, 4,4-Me,-bpy, 4,7-Ph,phen; X = Cl,
Br, I) (59JCS1501, 67ICA(1)172, 72GCI587, 75JA2073, 83JA1067, 991C4181,
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00JCS(CC)201, 00JCS(CO)1687, 01JCS(CC)103). There are two ways of transfor-
mation of this complex to [Re(CO);(bpy)(OTf)] — by reacting with triflic acid in
methylene chloride at room temperature or by heating with silver triflate. Interaction
of [Re(CO)sCl] with silver triflate in methylene chloride and, further, with 2,2’-
bipyridine, 1,10-phenthroline, or 4,4'-dimethyl-2,2"-bipyridine (LL) gives the tetra-
carbonyl complexes [Re(CO)4(LL)[(OTE) (921C4101). [Re(CO)4(LL)(bpy))(OTH)
(LL = 4,4'-(MeOOC),bpy, 4,4'-(MeO),bpy) can be prepared in a similar fashion
(98JCS(D)2893). For the 1,10-phenanthroline derivative, the photochemical
substitution with the triflate anion leading to [Re(CO);(phen)(OTf)] occurs.
[Re(CO);(LL)CI] (LL = bpy, 4,4-Me,bpy, phen, 2,9-Me,phen) (94CPL426);
(LL = phen, 4,7-Ph,phen) (78JA5790, 84PNA1961, 85JAS5518, 97JCS(CC)2375),
[Re(CO)5(3,3-(OH),bpy)Cl1] (03ICA(343)357) follow from the similar synthetic
route.

Electrochemical properties of [Re(CO);(bpy)Cl] (92JCS(D)1455) and properties of
its radical anion (77JOM(125)71, 94JCS(D)2977) were studied. Photochemical prop-
erties (82CCR(46)159, 831C2444, 831C3825, 83JCES834, 83JCER77, 83MI2,
84CPL332, 85CCR(64)41, 85CCR(65)65, 86IC256, 861C3212, 86JCS(F2)2401,
86JPC5010, 87CPL365, 870M553, 88CCR(84)85, 88JA6243, 89ACRI163,
89JPC3885, 901C2285, 90IC2792, 901C4169, 90ICA(167)149, 90TCC75, 91JA1991,
91JCS(D)849, 91MI1, 91MI2, 91MI3, 92CIC359, 921C1072, 92JPC257, 92MII,
94JCS(D)2977, 95HCAG619, 95JA7119, 95JCS(CCO)1191, 950M4034, 98CC-
R(171)221, 98CCR(177)127, 98JCS(D)185, 00IC1817, 01CCR(211)163, 01MI1) are
characterized by luminescence ascribed to MLCT predominantly having a triplet
character (74JA988, 78JA2257, 87CRV711, 89JPC24, 93JA8230). Behavior of cis-
[Re(CO)4(phen)] ™ (731C1067) and photooxidative features of [Re(CO)4(LL)]"
(LL = phen, bpy, 4,4'-dimethyl-2,2’-bipyridine, 2,9-diphenyl-1,10-phenanthroline,
2,5,9-triphenyl-1,10-phenanthroline, 2,4,7,9-tetraphenyl-1,10-phenanthroline, 2,9-
dimethyl-4,7-diphenyl-1,10-phenantroline)  (82JCP3337, 86JAS5344, 891C1022,
90IC4335, 911C3722, 931C5629) are of interest. Uniqueness of the photochemical
properties allowed application of these complexes in chemiluminescence
(74CRV4801, 80IC860, 81AGE469, 81ICA(53)L35, 81JCS(D)1124, 84I1C1440,
86ICA(115)193, 90IC1574, 901C2327, 90JA9490, 951C2033), electroluminescence
(83JA7241, 87ACS155), exciplex emission (80ICA(45)L265), emission-based micro-
environmental studies (85JPC1095, 89JPC2129, 92CPL299), light harvesting
(0ICCR(219)545), intermolecular electron and energy transfer, especially in the case
of covalently linked donor—acceptor pairs (98MI1, 01CRV2655, 02CSR168), non-
linear optics (99AGE366, 99CEJ2464), photovoltatics (91N737, 95CRV49),
luminescent probes in curing epoxy resins and acrylate-based polymers (91C-
M25, 911C4871, 91PP124, 92CM675) self-assembly (macrocyclic polyme-
tallic assemblies or molecular sequences containing the rhenium complexes as
corners) (971C5422, 99CRV2777, 00JCS(CC)1211, 02EJI357), amide-type
anion binding (031C3445), as DNA intercalators (94CSR327, 94MI1), photo-
catalysis (88JCS(CC)16, 91AGES844), conversion and storage of solar energy
(79M11, 80JA1383, 83MII1, 84IC2098, 85IC2755, 86PAC1193, 88CCR(84)47,
95JPP(A)61, 96MI1), building blocks of molecular dyads (00I1C3590, 00JCS(D)2599),
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supramolecules (89JA7791, 98CCR(178)1299, 98CEJ406), molecular wires and
switches (99AGE2722), catenanes and rotaxanes, light-harvesting molecular mate-
rials  (991C4382), thermal, photochemical, and electrochemical catalysts
(88CCR(84)5, 96I1C2242, 961C6194), agents for biological labeling (951C1629,
95ICA(240)169), sensor development (951C6235, 97JCE685). [Re(CO)3(bpy)Cl] is
an active homogeneous catalyst of electro- and photoreduction of carbon dioxide
(83JCS(CC)536, 84JCS(CC)328,  85I1C3640, 85JCS(CC)1414, 850M2161,
86ICA(114)L43, 86JEAC(207)315, 86JEAC(209)101, 860M 1100, 87NATO(C)113,
88ACS52, 881C4326, 89CCR(93)245, 89CL765, 89JEAC(259)217, 89IMII,
91JCS(CC)787,  93JCS(CC)631,  950M1115,  96CRV2063, 96JPP(A)171,
970M4675). There is a discussion in the literature on the nature of the catalytic
cycle of the carbon dioxide reduction. Thus, the hypothesis that one of the stages is
the loss of the axial carbon monoxide ligand in [Re(CO);(bpy)CI] (86HCA1990) did
not find confirmation by the ESR studies of [Re(CO);3(bpy)X] ™, and the data are
interpreted as the preferential loss of the axial halide ligand (90IC2909, 90NJCS831,
93MI1, 960M236). The presence of [Re(CO);(4,4-R,bpy)(AN)] ™ in the process has
been proven electrochemically (86JEAC(201)347). Besides, [Re'(CO)5(bpy)Cl] under
the electrochemical conditions forms a dimer [Re’(CO);(bpy)], with features indi-
cating the presence of the rhenium-rhenium bonds. Active species of the electrolytic
reduction of carbon dioxide can also be [Re'(CO),(bpy)CI] ™.

2,2'-Bipyridine with [Re(CO)sX] (X = Cl, Br, I) gives [Re(CO);(bpy)X] (X =
Cl, Br, I) (961C2902). Various 4,4'-disubstituted 2,2’-bipyridines react with
[Re(CO)sCl] to yield complexes 1 (R=H, Me, Br, Ph, PhC¢H,C=C,
H,oNC¢H,C=C, and O,NC¢H,C=C) (02IC2909); (R = NMe,, NO,, COOH,
COOPr-i, CH = CHC4H4NEt,-p, CH,CH,C¢Hy4NEt,-p, and others) (881C4007).
1,2-Bis(4’-methyl-2,2’-bipyrid-4-yl)ethane with [Re(CO);sCl] forms the mononuclear
complex 2 (90IC1761). Various 2,2'-bipyridine ligands react with [Re(CO)sCI] in
toluene/methylene chloride to produce complexes of the type 3 and 4 (021C1662).
Interaction of 2 and 3 with, first, silver triflate in methylene chloride/THF and
second, with pyridine in ethanol gives cationic complexes with the same set of pol-
ypyridine ligands LL having the general formula [Re(CO);(LL)(py)](OTf). These
were tested as sensors for glucose. The range of 2,2'-bipyridine ligands containing
aryl- and ethynyl-substituents in positions 4 and 4’ may be continued, 5-8
(04IC5961). Complexes with fullerene-substituted 2,2'-bipyridine ligands should be
mentioned as well (02CEJ2314). Complexes [Re(CO);(LL)CI] contain LL = 5,5'-
dibromo-2,2-bipyridine, 5,5'-bis(trimethylsilylethynyl)-2,2’-bipyridine, and 3,8-dib-
romo-1,10-phenanthroline (00JOM(598)55).

R R Me CHoCHz Me
7 N\ N\ 7 N/ \ 7 N\__/ N\
—N N= —N N= =N N =

\/
Re(CO)sCl Re(CO)sCl

1 2
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[Mn(CO)sBr] with 1,10-phenanthroline gives [Mn(CO);(phen)Br], which with sil-
ver triflate transforms into [Mn(CO);(phen)(OTY)]. [Mn(CO);(bpy)X] (X = CI, Br)
can be prepared similarly (94JOM(482)15, 940M2641, 97JPP(A)231, 98JA10871).
The product with imidazole gives the cationic complex [Mn(CO);(phen)(Im)](OTY)
(00ICA(299)231). A rhenium analogue can be prepared in a similar fashion
(99ICA(288)150). Reaction of [Re(CO)sCl] with excess 4,7-diphenyl-1,10-
phenanthroline (LL) gives [Re(CO)3(LL)] (931C2570). The 2,5-dimethylthienyl de-
rivative of 1,10-phenanthroline reacts with [Re(CO)sCl] in benzene under reflux to
yield 9 (04JA12734). N-Nitropyrido[3,2-a:2’,3’-c]Jphenazine, 11,12-dinitrodipy-
rido[3,2-a:2',3'-c]phenazine, 11,12-dinitrodipyrido[3,2-a:2",3'-c]phenazine, 11,12-
diaminodipyrido[3,2-a:2,3’-c]phenazine, and 11,12-bis(bromomethyl)dipyrido[3,
2-a:2',3'-clphenazine react with [Re(CO)sCl] in toluene under reflux to yield 10
(R'=H, R’=NO,; R'=R’=NO0,, NH,, CH,Br; R!'=H, R?>=NH,)
(06JOM 1834). Complexes with R' = H, R>=NO,, and R' = R?>=NO, were
described earlier (98JCS(D)609, 01JCC323). Compounds [Re(CO)3(LL)X] (LL =
6-(pyrzol-1-yl)-2,2'-bipyridine, 6-(3,5-dimethylpyrazol-1-yl)-2,2’-bipyridine, and 6-
(4-methylpyrazol-1-yl)-2,2’-bipyridine; X = Cl, Br, I) are coordinated in a normal
chelating fashion (96JCS(D)203).

\H CO)Cl
- e(CO)4f

Re(CO)Cl
9 10

3-Ethynyl-1,10-phenanthroline or 3,8-bis(ethynyl)-1,10-phenanthroline react
with [Re(CO);sCl] in benzene to yield complexes 11 and 12 (04JOM2905). The prod-
ucts enter the reaction with [Au(PPh;)CI] in THF in the presence of amine as a
base to yield heteronuclear species 13 and 14. Among the other products prepared by
a traditional route, the following should be noted: [Re(CO);3(1,6-bis(4-(2,
2'-bipyridyl)pyrene)Cl] (021C359), compound 15 containing a fluorene-based bipyri-
dine ligand (010M557), polymers based on [Re(CO)s;(phen)] (01CEJ4358). 4,
4’-Distyryl-2,2’-bipyridine with [Re(CO)sCl] in dichloromethane forms 16 (871C882).
Complex 17 can be prepared similarly (90JA1333). Such species on electroreduction
undergo polymerization (81JAS56, 821C2153, 831C2151, 85JCS(CC)1416, 871C2145,
88CCR(86)135, 891C3923). Thus, on electroreduction in acetonitrile, complex 17
forms the stable and electrochemically active polymeric film (LL)(OC);Re-
Re(CO);(LLH-LLH)(OC);Re(CO)s(LL)] (LL = 4-methyl-4'-vinyl-2,2’-bipyridine),
capable of electro- and photoelectrocatalytic reduction of CO, to CO on metallic
and semiconducting electrodes (90JA1333). [Re(CO);(bpy)(OTH)] is reduced by so-
dium amalgam in THF to [Re(CO)3(bpy)], (04IC7636). A similar process for
[Re(CO);(4,4'-Me,bpy)(OTY)] is known (89JA5699, 91ACR325, 03JA11976).
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2,2’-Biquinoline, 3,3'-dimethylene-2,2’-biquinoline, 3,3’-dimethyl-2,2’-biquinoline,
and 3,3'-trimethylene-2,2’-biquinoline (LL) with [Re(CO)sBr] in toluene give
[Re(CO);(LL)Br] (92BSCQ43, 92BSCQ311, 941C2341, 96BSCQ251). In the com-
plexes [Re(CO);(3,3'-R,R’-2,2’-biquinoline)Br] (R = R’ = H, Me, R-R’ = dimethyl-
ene and trimethylene), the extent of conjugation over the 2,2’-biquinoline ligand is
more extensive than that over the analogously substituted 2,2'-bipyridine ligand
(92POL1665, 95JPC4929). Substitution of the bromide ligand with the p-substituted
pyridine ligands in the presence of silver triflate leads, in particular, to [Re(CO)3(3,3'-
triemethylene-2,2'-biquinoline) L]J(OTf) (L =py, p-R-py, R =O0OH, Ph, NOC)
(98P0OL2289). Manganese analogues 18 (R = H, Me) and 19 (n = 2, 3) were pre-
pared from [Mn(CO)sBr] at a later stage (02POL439).
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2,2":6',2"-Terpyridine (97CCR(160)1) reacts with [Re(CO)sX] (X = Cl, Br, 1) to
yield complexes 20 (X = Cl, Br, I) characterized by the bidentate coordination mode
embracing only two N-heteroatoms out of three (92JCS(CC)303, 931C237,
93JCS(D)597, 94JCS(D)3441, 960M5442). However, in solutions, the products pos-
sess fluxional behavior with the re-switching of the pairs of pyridine heteroatoms
participating in coordination. This reaction proceeds through the stage of the ter-
coordinated complex. 4'-Phenyl-2,2":6/,2"-terpyridine (LL) with [M(CO)sBr] gives
[M(CO)3(LL)Br] (M = Mn, Re) (95JBCS29, 99BSCQ423, 01ICA(312)7). The pol-
ypyridine ligand is coordinated bidentately and reveals coordination dynamics in
solution. Complexes [Re(CO)3(LL)Br] (LL = 4-methyl-4'-(4-chlorophenyl)-2,2":6,2"-
terpyridine, 4-methyl-4'-(4-chlorophenyl)-4”-methyl-2,2":6",2”-terpyridine, 4-methyl-
4'methylthio-2,2":6/,2"-terpyridine, and 4-tert-butyl-4’-methylthio-2,2":6",2"-terpyri-
dine) prepared in a similar fashion also contain polydentate polypyridine ligands
and possess fluxional behavior described by an associative mechanism
(96JCS(CC)2329, 98JCS(D)937). Generally, the terpyridine complexes of rhenium
are attractive in terms of the selectivity of the carbon dioxide catalytic reduction
(91CCR(111)193,  91JPC7641).  2,2":6',2":6",2”-quaterpyridine  reacts  with
[Re(CO)sBr in benzene to yield the bidentately coordinated complex 21, where met-
allotropy is absent for steric reasons, and solution flexibility is related to the ori-
entation of the uncomplexed part of the molecule (99POL1285). Under the altered
ratio of the reagents, dinuclear complex formation is possible as in complexes 22
(R =H, 4---BuCcHy). 2,2":6',27:6",2":6",2""-Quinquepyridine with [Re(CO)sCl] in
methanol gives complex 23 (96JCS(D)1411). The product reacts with silver perch-
lorate in pyridine to yield the dicationic compound 24. Both complexes are photo-
luminescent. In both cases, the coordination mode is of the 2,2'-bipyridine type when
one of the pyridine rings does not participate in coordination. 4’-Phenyl-2,2":6',2"-
terpyridine and 2,2":4,4":6,2"-quaterpyridine (LL) with [Re(CO)sCl] on refluxing in
toluene and further on refluxing with silver triflate in acetonitrile form the n*(N)-
coordinated complexes 25 and 26 (02JCS(D)4732).
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3,3’-Trimethylene-2,2'-bi-1,8-naphthyridine with [Re(CO)sBr] in heptane gives
the bidentately coordinated complex 27 (960M3463). Compounds of the same
composition, [Re(CO)3;(LL)CI] (LL = 3,3'-dimethylene-2,2’-biquinoline) can be
prepared similarly (941C2341). p-(2,6-di-2-pyridyl-4-pyridyl)phenol reacts with
[Re(CO)sCl] and forms complex 28 with bidentate coordination of the ligand
(92JPP(A)259). The product is active in the electro- and photochemical reduction of
carbon dioxide. Species [Re(CO);(2,7-bis(2'-pyridyl)-1,8-naphthyridine) Br] is known
(83ICA(76)L29).

OH
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An alternative synthetic approach to the synthesis of the polypyridine complexes
involves the interaction of bis(7’-azaindolyl)benzene ligands with [Rey(CO);o] in
diglyme under reflux leading to complexes 29 (R = H, F, Cl, Br, CF3;, MeO, N-

azaindolyl) (04JOM1665).
g /Q\ AN

N—Re—N
(CO

Azine-containing ligands may give rise to dinuclear complexes. Thus, 4',7-
phenanthrolino-5,6":5,6-pyrazine (LL) reacts with [Re(CO)sCl] in methanol to yield
complex 30 (92ICS5). The latter reacts with silver triflate in acetonitrile to give
[Re(CO)3(LL)(AN)]»(OTH),. 2,3-Bis(2-pyridyl)pyrazine (LL) forms the mononuclear
complex [Re(CO);(LL)CI] (95JCS(D)3677). 2,3-Bis(2-pyridyl)pyrazine and 2,3-bis(2'-
pyridyl)quinoxalines (LL) react with [Re(CO)sCI] in toluene under reflux to give
[Re(CO);(LL)CI] (90JCS(D)1657). Subsequent reaction of the products with
[Re(CO)sCl] leads to the dinuclear complexes 31 (ML, = Re(CO);Cl, n = 0) and 32
(ML,, = Re(CO);CI; n = 0). Heteronuclear complexes 31 (ML,, = Ru(bpy),, Os(bpy),;
n = 2) and 32 (M = Ru(bpy),, Os(bpy),; n = 2) follow from [M(bpy).(LL)](PF¢), and
excess [Re(CO)sCl].

™ [ cioc)Re— 7 n+

/

[Re(CO)sCl] when reacted first with silver triflate and then 2,2’-bipyridine, 4,4'-
dimethyl-2,2-bipyridine, or 1,10-phenanthroline (LL) gives [Re(CO)4(LL)J(OTY)
(90JCS(CC)179, 951C5578, 9SICA(240)453, 97JPC(A)9531, 00IC3107). This is the
way of synthesis of [M(bpy)(CO)4(OTf) (M = Mn, Re) (78JOM(159)201). Com-
pound [Mn(CO)4(bpy)](OTY) follows from [Mn(CO)sCl], silver triflate, and 2,2'-
bipyridine in dichloromethane (98JOM(598)136). Complex [Re(CO);(phen)
(H,O)](OTY) - H,O was structurally characterized (99AX(C)913).

B. ReacTivity oF [M(CO)3(LL)X] COMPLEXES

Photochemical irradiation of the solution of [Re(CO);(bpy)Br] with triethylamine
in DMF gives complex 33 (87JCS(CC)1153) containing the 5-ethyl-2,2'-bipyridine
ligand.
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Although the ligand-substitution reactions in [Re(CO);(phen)X] (X = Cl, Br, 1)
occur at the X ligand (79JA7415, 81JA5238, 83JPC952, 84JCS(CC)1244, 89JA5185),
the loss of CO predominates under mass-spectral conditions (§83AC1954, 851C397).
The X-substituted species include [Re(CO);(LL)Y]" (LL = bpy, phen; Y = MeCN,
PhCN, pyridine, piperidine) and [Re(CO);(LL)Y] (LL = bpy, phen; Y = SnPh,
GePh;) (79JA7415, 80JA7892). Photochemical properties of the com-
plexes [Re(L)(CO)s(LL)] and [Re(L)(CO)s(LL)]" (L=Cl, I, N-, or P-donor)
(90JPC2229, 93CCR(125)101, 96JCS(CC)1587, 97CCR(165)239), [Re(CO)3(4,4-
Me,bpy)Br]™  (961CA(247)247), [Re(L)(CO);(LL)] (L = Mn(CO)s, Re(CO)s,
Co(CO)4, (M>-Cp)Fe(CO),, SnPh;) (76JA3931, 79JA1597, 851C2934, 89IC318,
90CCR(104)39, 90ICA(178)185, 911C599, 91ICA(187)133, 94I1C2865, 951C5183,
961CA(250)5), [Re(L)(CO)3(LL)] (L = Alk, CH,Ph) (95JA11582, 95JOM(493)153,
96JPC18607) have been studied. [Re(CO)3;(LL)(EPh3)] (E = Ge, Sn; LL = bpy,
phen) are prepared by the reaction of [Re(CO);(LL)X] with Ph3;GeBr or Ph3SnCl in
THF (79JA1597). Substitution of the Br-ligand in [Re(CO);(LL)Br] (LL = bpy,
phen) by the other functions allows creation of new materials with interesting
photochemical properties, among them [Re(CO);(LL)(4-nitrobenzoate)] (98IC-
28006).

[Re(CO);(4-styryl-4’-methyl-2,2’-bipyridine)Cl] gives rise to [Re(CO);(4-styryl-
4'-methyl-2,2'-bipyridine)(AN)](PFs) in the presence of AgBF, and then
NH4PFs (91JA389). 1.4-Bis{2’-(4-methyl-2,2’-bipyrid-4-yl)ethenyl}benzene (LL)
and [Re(CO)sCl in the molar ratio 1:2 give [(OC);CIRe(n-LL)Re(CO);Cl]. With
silver tetrafluoroborate, dehalogenation takes place. Metathesis of the product with
ammonium hexafluorophosphate yields [(OC)3(AN)Re(u-LL)Re(CO);(AN)](PFy)s.
These complexes are illustrated as 34 and 35. From [Re(CO);(H,0)] ", the following
species were prepared: [Re(CO);(bpy)(H,0)](OTf) and [Re(CO)s(phen)(H,0)]
(NO3)o.5(OTf)o 5 (031C3516).

(AN)(OC)sRe (PFg)

34
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(AN)(OC)3Re Re(CO)3(AN) |(PFeg)2

[Re(CO)3(bpy)(PPh3)]I on irradiation in the presence of triethanolamine and car-
bon dioxide gives the formate complex [Re(CO);(bpy){OC(O)H}], which represents
the photochemical fixation of carbon dioxide (97JCS(D)1019). Photocatalytic reduc-
tion of carbon dioxide by [Re(CO);(LL)CI] complexes was postulated to proceed
through the stage of metallocarboxylic acids (M-COOH) (97CIC67). [Re(4,4'-
Me,bpy)(CO)4(OTf)] with aqueous potassium hydroxide yields [Re(4,4'-Me,bpy)
(CO);(COOH)] (970M4421, 98JA11200). The product after standing as the acetone
solution undergoes photochemical transformation to the dinuclear complex 36 con-
taining the p,-n*-CO, bridge. The intermediate step of transformation to 36 involves
partial decarboxylation of [Re(4,4'-Me,bpy)(CO);(COOH)] to [Re(CO);(4,4'-Me,b-
py)(CO);H] and further reaction of these mononuclear complexes gives 36 and mo-
lecular hydrogen is evolved. [Re(CO);(4,4'-Me,bpy)(OTf)] reacts with potassium
hydroxide in acetone to yield the hydroxo-complex [Re(CO)3(4,4'-Me,bpy)(OH)],
which eventually also leads to 36. Complex [Re(CO);3(4,4’-Me,bpy)(OH)] in methanol
affords the ester [Re(CO);(4,4’-Me,bpy)(COOMe)]. On photolysis of [Re(CO);(4,4'-
Me,bpy)(COOH)] in deuterochloroform, the product is [Re(CO);(4,4’-Me,bpy)CI].
The same compound is formed from [Re(CO);(4,4-Me,bpy)H] and [Re(CO);(4,4'-
Me,bpy)(COOMe)] under identical conditions. [Re(CO);(4,4’-Me,bpy)H] with excess
CO; forms the formate complex (88JA7098, 98JA11200), probably as a result of the
insertion of carbon dioxide into the Re—H bond. [Re(bpy)(CO);(COMe)] was also
discovered (97JCS(P2)2569). Dissolution of this compound in acetone and prolonged
photochemical treatment gives the bridged complex [(LL)(OC);Re(u,-n*-CO,)Re
(CO);(LL)] through the stage of [Re(LL)(CO);H].

Me Me

N (0]
Ncos || €0/ \—
Re—C——0—— Re

36

Reaction of [Re(LL)(CO)4(OTf)] (LL = 4,4-Me,bpy) with aqueous potassium
hydroxide yields complex 37 (99JCS(CC)1411, 01JCS(CC)2082). This species when
allowed to stand after subsequent removal of the solvent (DMF, DMSO) forms the
dinuclear species 38 along with the bicarbonato complex 39 (030M337). In DMSO,
the by-product is 40 containing the carbonato-bridge. Complex 37 reacts with CO, in
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DMSO to yield the bicarbonato species 39. The same product is formed on reaction
of the dinuclear CO,-bridged complex 38 with carbon dioxide. Complexes 37 and 39
react in DMSO to yield 40. The latter reacts with [Re(CO)3(4,4'-Me,bpy)(OTY)] to
yield 41. [Re(CO);(bpy)(OTY)] interacts with aqueous potassium hydroxide to give
[Re(CO);(bpy)(OH)]. Complex [Re(CO)3(4,4'-Me,bpy)(CO),4](OTS) reacts with the
latter hydroxo-complex to yield [(4,4'-Me,bpy)(OC);Re(u-CO,)Re(CO);(bpy)].

Me Me Me
o o
N/ \ 74 \N\ \c/ /N/ \
(OC)sRe\ — — /Re/ Srel T
co co
HOO‘C N2\ 72N (CO)3 ( )AN/ A\
37 Me Me 38 Me
Me
NN
(©ORs
7
Hooco N )
Me
39

Complexes [Re(CO);(LL)(CH,R)] experience rhenium—carbon bond cleavage
under photochemical conditions (93ICA(208)103, 95JOM(492)165, 96CEJ228,
96CEJ1556, 961CA(247)215, 980M2689). Thus, [Re(CO);(bpy)(CH,OH)] with meth-
anol gives [Re(CO)3(bpy)(OMe)] (980OM2689). Attempts to protonate the methoxy
group using HBF, ¢ Et,0O gives [Re(bpy)(CO);(OEt,)](BF,) and using triflic acid gives
[Re(CO)3(bpy)(OTH)] (021C4673). [Re(CO)3(4,4'-Me,bpy)Br] (79JOM(170)235) with
the relevant Grignard reagent in THF yields [Re(CO);(4,4'-Me,>bpy)R] (R = Me, Et,
i-Pr, PhCH,) (99ICA(284)61).
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[Re(CO)3(bpy)Cl] with silver hexafluoroantimonate refluxed in acetonitrile affords
[Re(CO)3(bpy)(AN)](SbFe) (97JOM(530)169). The product was reacted with a va-
riety of phosphines or phosphites in THF to yield a series of substitution products
[RC(CO):;(bpy)(L)](SbF(,) (L = PBu-n3, PEt3, Pphg,, P(OMC)th, POPr—i3, P(OEt)3,
P(OMe);, P(OPh)3). [Re(CO);(bpy)Cljreacts with P(OEt); in the presence of silver
triflate in THF and then ammonium hexafluorophosphate in methanol to afford
[Re(CO)3(bpy){P(OEt);}[(PFs) (00IC2777, 02JA11448). In a similar fashion,
[Re(CO)3(bpy)(PPhs](PF), [Re(CO)5(4.4-Mexbpy){P(OE)3}](PFs), and [Re(CO);
{4,4'(CF;),bpy){P(OEt);}(PFs) were prepared. They can be illustrated as 42 (R' = H,
Me, CF3; R = OEt; R! = H, R = Ph). [Re(CO)5(bpy){P(OEt);}](PFs) under photol-
ysis in acetonitrile gives the CO-substitution product 43 (R'=H, R = OEt,
L = AN). The same procedure carried out in THF in the presence of pyridine leads
to 43 (R' = H, R = OEt, L = py) and in acetonitrile in the presence of triethylphos-
phite to 43 (R! = H, R = OEt, L = P(OEt);). Complex 42 (R = Ph, R' = H) under
photolysis in acetonitrile gives 43 (R = Ph, R' = H, L = AN), while the same pro-
cedure but in the presence of triphenylphosphine gives 43 (R =Ph, R'=H,
L = PPhs). Complexes 42 (R = OEt, R' = Me, CF5) as their triflate salts react with
triethylphosphite in acetonitrile and further with ammonium hexafluorophosphate in
methanol to give complexes 43 (R = OEt, R' = Me, CF;, L = P(OEt);). Starting
from 43 (R = OEt, R! = H, L = AN) and triphenylphosphine in acetone, species 43
(R = OEt, R!' = H, L = PPh;) resulted. Complex 43 (R = OEt, R' = H, L = AN)
and triphenylphosphine in acetone form 43 (R = Ph, R' = H, L = PPh;). Complexes
[Re(CO);5(LL)X] (X = CI, CN; LL = bpy, phen) and [Re(CO);(phen)(AN)] " as well
as [Re(CO);3(4,4'-(CF3),bpy)(AN)](OTY) are known (98JPC(B)4759). [Re(CO)s(phe-
n)(AN)]" efficiently catalyzes the electron transfer processes (87ACR214).
[Re(CO)s(phen)(AN)]™ with triphenylphosphine under photochemical conditions
gives [Re(CO);(phen)(PPhs)] " (S88CRV1189).

R! R R R
7 N/ \ 7 N/ \
=N N= =N N=
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(CO)3 (CO)2
42 43

Complexes [Re(CO);(LL)CI] (LL = 4,4'dimethyl-2,2'-bipyridine, 4.,4’-di-trifluoro-
methyl-2,2'-bipyridine) on reaction with silver triflate and triethylphosphite in THF,
and further with ammonium hexafluorophosphate in methanol give [Re(CO);(LL)
{P(OEt)3}(PF¢) (970M5724). They photocatalyze the reduction of carbon dioxide
as well as [Re(CO);(bpy){P(OEt);}](PFs) (95SECMO621). [Re(CO);(bpy)Cl] on
photochemical reaction with triphenylphosphine yields [Re(CO),(bpy)(PPhs),]Cl
(841C2104, 981C2618). [Re(CO);(bpy)Br], triethylamine, and triethylphosphite in
THF under photolysis give rise to [Re(CO),(bpy){P(OEt);},]Br (87JCS(CC)1153,
941C4712). From [Re(CO)3(bpy)Cl], [Re(CO),(bpy)[P(OEt);},]Cl resulted. [Re(CO),
(bpy){P(OEt)3},]Cl, [Re(CO),(bpy){P(OEt)s},]Br, and sodium tetraphenylborate in
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methanol yield [Re(CO)y(bpy){P(OEt);},](BPhy). These complexes are -efficient
photochemical reductants of carbon dioxide. 2,2’-Bipyridine reacts with [Re(CO);
(dppm)Cl] and thallium hexafluorophosphate in o-dichlorobenzene to yield complex
44 (X = PFg) (981C2618). The same product follows from [Re(CO);(bpy)Cl], dip-
henylphosphinomethane, and thallium hexafluorophosphate in o-dichlorobenzene.
Reaction of [Re(CO);(bpy)(OTf)] with diphenylphosphinomethane in o-dichloro-
benzene affords complex 44 (X = OTY). Reaction of [Re(CO);(bpy)(OTf)] with PPh;
or Ph,PCH = CHPPh, gives 45 and 46, respectively.

[ Phyp
Z Ph = |
' |P2 ' prhe 7 PPh
SN N co 2
~ N
/Re PPh, | X /Re< (OTf) X \R‘|e /CO o
(0% 2~ | Sco <
| | PPhy Z N co
N N || PhoP
N
I
L PPh, |
44 45 46

The reaction between [Mn(CO);(LL)(ClO4)] and phosphite ligands, P(OR); and
P(OR),Ph (R =Me, Et) (L) in boiling ethanol gives [Mn(CO),(LL)L,](ClO4)
(LL = bpy, phen) (81JOM(219)61. In the presence of excess phosphite in acetone
under UV irradiation, the cationic products vyield [Mn(CO)(LL)L5](ClOy)
(81JOM(219)61, 87JOM(326)C71, 90JOM(394)275, 90JOM(397)309, 94JCS(D)3745,
00JPP(A)67). Species [Mn(CN)(CO);(LL)] (LL = bpy, 4.4-Me,bpy, phen)
(86ICA(121)191) enter photochemical substitution with P(OR); (R = Me, Et, Ph)
(L) to afford [Mn(CO)CN)(LL)L,] (93JOM(452)91). Complexes [Mn(CO);
(LL)(CNR)](CIO4) (LL = bpy, phen; R = ¢-Bu, Ph) are known (87JOM(326)C71).
Dinuclear complexes [(phen)(OC);Mn(u-CN)Mn(CO);(phen)](PF¢) were isolated as
well (86ICA(121)191).

[Re(CO);(bpy)Br] with silver triflate in methylene chloride gives [Re(CO);
(bpy)(OTf)] (021C4673). Further addition of NaB(3,5-(CF5),C¢H3)4 in combination
with a ligand yields the series [Re(CO);(bpy)L](B(3,5-(CF3),CsH3)4 (L = PPh;, AN,
PhCN, MeCOMe, PhCOMe, N(H)CPh,, N(Me)CHPh, MeOH, Et,O, THF, Mel)
(02IC4673, 020M1966). [Re(CO);(bpy)(THF)](B(3,5-(CF3),CsH3)4 reacts with lith-
ium acetylides to generate the alkynyls [Re(CO);(bpy)(C=CR)] (R = Ph, SiMe3)
(021C4673), although some difficulties of synthesis of similar alkynyls were noted
(950M2749, 960M 1740, 01JCS(CC)789). Related complexes are [Re(CO);(bpy)(n'-
O = C(Me)R)I(B(3,5-(CF3),CsH3)s (01JCS(CC)2682). Complexes [Re(CO)3(4,4'-
R,bpy)(C=C-C=CH)] (R =Me, -Bu) are among the substitution products
(98JCS(CC)2121). [Re(CO)3(4,4'-t-Bu,bpy)(C=CC=CH)] (99JCS(CC)1013) reacts
with BrC=CPh, piperidine, and copper(I) iodide in THF to yield [Re(CO);(4,4'-1-
Bu,bpy)(C=CC=CC=CPh)] (000M5092). If IC=CSiMe; is used in this type
of reaction, the product is [Re(CO)3(4,4'--Bu,bpy)(C=CC=CC=CSiMe3)]. The
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4,4'-dimethyl-2,2’-bipyridine analogues can be prepared similarly. [Re(CO);(4,4'-¢-
Bu,bpy)(C=CH)] can be converted to the dinuclear complex [(z-Bu,bpy)(O-
C)3Re(C=CC=C)Re(CO);5(2-Busrbpy)] (960M 1740).

Complexes [Re(CO);(LL)CI] (L = bpy, 4,4-Me,bpy, 4,4'-t-Bu,bpy, phen) trans-
form to the ethynyl derivatives using two routes (04JOM1393). The first route is the
interaction of rhenium(I) complexes listed above with terminal acetylenes HC=CR'
and n-butyl lithium in ether. The products are 47 (R = H, Me, #-Bu; LL may be
phen; n =1, R' = t-Bu, SiMes, Ph, C¢H,OMe-4, C¢H,Ety, C¢H4Ph-4, CsH N-4,
C¢H4-C=CH-4, n-C¢H5, n-CgHy4, n-CioH»;, H, Ph). In the second approach, the
same starting complexes react with H(C=C),R' (n = 1, 2) in the presence of silver
triflate and triethylamine in THF. The products are not only those listed above but
also 47 (n = 2, R' = Ph, H, SiMe;). Complexes 47 (R = H, Me, #-Bu; LL may be
phen; n = 2, R' = H) react with IC=CSiMe; or BrC=CPh in the presence of cop-
per(I) iodide and piperidine in THF to yield 48 (R = H, Me, #-Bu; LL may be phen;
n =3, R! = SiMes, Ph). Species 47 (R = H, Me, #-Bu; LL may be phen; n =1, 2,
R' = H) in the presence of copper(Il) acetate in pyridine form the dinuclear products
48 (R = H, Me, t-Bu; LL may be phen; n =1, 2).
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[Re(CO)4(4,4'-1-Bu,bpy)Cl] reacts with R'C=CLi (R' = C¢H,OMe-4, C¢H,Ph-4,
CgH,7, C4H;3S, C4H,S-C4H5S, CsHyN) in diethyl ether to yield the series of com-
plexes 49 (R = -Bu, R! = C¢H,OMe-4, C¢H4Ph-4, CsH,7, C4H1S, C,H,S-C4H;S,
CsH4N) (99JCS(CC)1013, 03JOM(670)205). Refluxing [Re(CO)3(bpy)Cl], silver
triflate, HC=CR' (R' = Ph, C4H4Cl-4, C¢H4CsH -4, C4H;S, C4H,S-C4H;S), and
triethylamine in THF affords 49 (R = H; R! = Ph, C¢H,Cl-4, C¢H4CgH -4, C4H;S,
C4H,S-C4H5S). Complex 49 (R = #-Bu, R'= CsH4N) further reacts with
[Re(CO);(4,4'-(CF3),bpy)(AN)](C1O4) or [Re(CO)3(5-NO,phen)](ClO,4) in THF un-
der reflux to yield the dinuclear species 50 (R = t-Bu; ML, = [Re(CO);(4,
4'-(CF3),bpy)(CO);](Cl04), [Re(CO);(5-NO,phen)](ClO4). Reaction of [Re(CO)s
(4,4-R,bpy)Cl] (R = H, #-Bu) with [W(CO);5(CsH4N-C=CH))] gives the heterodinu-
clear complex 50 (R = H, #-Bu; ML, = M(CO)s).
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[Mn(CO)3(LL)Br] (LL = bpy, phen) with silver perchlorate give the Br-substitu-
tion products [Mn(CO)3(LL)(ClOy4)] (LL = bpy, phen) (881C4385). On further in-
teraction with 1,8-naphthyridine complexes 51 result where the 1,8-naphthyridine
ligand is n'-coordinated (86JOM(304)207, 881C4385). Complexes are fluxional, and
the manganese atom shuffles between the two nitrogen heteroatoms of the ligand
(881C4385). Complex [Mn(CO)5(n*-naph)Br] (75JINC1375) reacts with silver perch-
lorate to give [Mn(CO);(n*naph)(OCIlO5)], which in excess 1,8-naphthyridine gives
[Mn(CO);(n'-naph)(n*naph)](ClO4) (93JOM(463)143). [Mn(CO)sBr] reacts with
silver perchlorate and then 1,8-anphthyridine to afford [Mn(CO)4(n*naph)](ClO4)
(77TMC123). At low temperatures, [Mn(CO)s(n'-naph)](ClO,) results.
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Complex [Re(CO);(bpy)Cl] with sodium tetrahydroborate gives the dinuclear
species 52 (860M1500), with carbon dioxide and triethanolamine under photo-
chemical conditions 53, and with sodium trihydroborate cyanide 54 (89JCS(D)1449).
[Re(CO);(bpy)X] (X =Cl, Br) reacts with silver carboxylates (naphthalene-2-
carboxylate, anthracene-9-carboxylate, pyrene-1-carboxylate) in methylene chloride
to yield [Re(CO)3;(bpy)(OOCR)] (02JCS(D)2194). Thermal substitution of the
triflate anion in [Re(CO)3(bpy)(OTf)] gives [Re(CO);(bpy)(OOCH)] (921C5243).
[Re(CO);(bpy)Cl] reacts with silver triflate in acetone to produce [Re(CO);
(bpy)(OTf)] and then with CO, in THF, [Re(CO);(bpy)(OOCH)] results
(960M3374). This product is a catalyst for carbon dioxide electroreduction giving
CO, CO3~, and COOH™ among the products.
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Complexes [M(CO);3(bpy)(OTf)] (M = Mn, Re) react with sodium methoxide to
yield [M(CO);3(bpy)(OMe)] (M = Mn, Re) (020M1750). The products with dime-
thylacetylene dicarboxylate give the new products of insertion of the incoming acet-
ylene to the M-OMe bond, 55 (M = Mn, Re). [Re(CO);(4,4'-Me,bpy)(OEt)] also
inserts dimethylacetylene dicarboxylate.
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COOMe

[M(CO);3(bpy)Br] (M = Mn, Re) can be chemically reduced to Na[M(CO)s(bpy)]
by using sodium amalgam (920M2826, 950M1115). These complex anions gener-
ated in situ on reaction with chloromethyl sulfides CICH,SR (R = Me, Ph) produce
neutral complexes 56 (M = Mn, Re; R = Me, Ph) (020M5312). With triflic acid, the
products give [M(CO);(bpy)(OTf)]. Cationic complex 57 was prepared from
[Re(CO);(bpy)(Me)], thioanisole, and further with (Ph;C)(PF¢). Another route to
the cationic complex lies through methyl triflate, which also results in methylation at
the sulfur atom, S8 (M = Mn, Re; R = Me, Ph). The products (R = Ph) react with
anionic nucleophiles such as potassium diphenylphosphide, potassium ethanethio-
late, or tetraecthylammonium iodide to restore complexes 56 (M = Mn, Re; R = Ph).
Complexes 58 (R =Ph; M = Mn, Re) react with styrene in toluene to yield
[M(CO)3(bpy)(OTf)] (M = Mn, Re), MeSPh, and phenylcyclopropane. Complex
[Re(CO);(bpy)(OH) on reaction with CS, gives [Re(CO)s;(bpy)(SH)]
(03JCS(CC)328).
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Cationic complexes [Mn(CO);(LL)(Me,CO)](ClO,4) (LL = bpy, phen) readily react
with isocyanide ligands to substitute the coordinated acetone ligand and yield
[Mn(CO);(CNR)(LL)](ClO4) (R = Ph, #-Bu; LL = bpy, phen) (84JOM(276)39). If the
same reaction is run with boiling in the presence of the decarbonylating reagent
MesNO, successive CO/CNR substitution occurs, and the following products are
formed: [Mn(CO),(LL)(CNR),](CIO4) (R = #-Bu, Ph; LL = bpy, phen), [Mn(CO)
(--BuNC);(LL)]J(ClOy4) (L = bpy, phen), and [Mn(CNPh)4(LL)](ClO4) (LL = bpy,
phen). Similar products are [Mn(CO),(phen)(CNBu’)(CNPh)](ClO,4) and [Mn(CO);
(phen)(CNBu)|(ClO4) (85AX(C)1312, 86AX(C)417). Complex [Re(CO)s(bpy)(NH
(p-Tol))] reacts with isocyanates (02JCS(CC)1814), and [Re(OMe)(CO);(bpy)] also
reacts with isocyanates and to a lesser extent with isothiocyanates (02CEJ4510). Thus,
with ethylisothiocyanate, two products, [Re(CO);(bpy){SC(= NEt)(OMe)}] and
[Re(CO);3(bpy){SC( = S)(OMe)] were isolated. Complex 59 when reacted with p-to-
lylisothiocyanate in THF gives the insertion product 60 (030M257). With
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diphenylketene in THF, complex 59 gives rise to 61, the product of insertion of the
ketene C=C bond into the amido N-H bond of species 59. Complex 62
(02AGE3858) obtained from [Re(CO);(bpy)(OTf)] and KN=CPh, reacts with dip-
henylketene to afford 63 (R = R' = Ph) containing a lactam rings useful in the syn-
thesis of B-lactams (03JA3706). On reaction of 62 with ethylphenylketene and
cycloheptylketene, the products are 63 (R = Ph, R' = Et; R = R' = (CH,),). With
alkynes, RC=CR' (R = R! = COOMe, COOEt; R = COOMe, R' = H), metallacy-
cles 64 result (030M257). Treatment of 64 (R=R'=COOMe) first with
KN(SiMes), and then with methyl triflate gives 65. The alkylidene amido complex
62 with dimethylacetylene dicarboxylate produces the metallacyclic species 66, where
one of the carbonyl ligands is activated (05S0M1772).
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Similar synthetic procedures are involved in the preparation of [Re(CO);
(bpy)(NC(CH»),Me)]*  (n=0-17) (86JA5344, 88JA5051). [Re(CO);(LL)(OTY)
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with isonitriles give [Re(CO);(LL)NCR)]J(OTY) (LL = 3,4,7,8-Megphen, R = #-Bu,
n-Bu, n-octyl, n-C,H,s; 4,7-Me,phen, R = t-Bu, n-Bu, n-Ci,H,s; R = 4-Mephen,
R = #-Bu; 5-Mephen, R = #-Bu; phen, R = #-Bu; 5-Clphen, R = #-Bu; 4,7-Ph,phen,
R = #-Bu; bpy, R = #-Bu) (93JA8230). The complexes are long-lived and highly
luminescent and are attractive as molecular probes.

Complex 67 reacts with dimethylacetylene dicarboxylate to give 68 (R = COOMe)
where the 1,10-phenanthroline ligand has undergone activation (050M1772). Sim-
ilar reaction of 67 with MeOOC-C=CH also yields the 1,10-phenanthroline acti-
vated product 68 (R = H) (05JCS(CC)116). Complex 68 (R = COOMe) differs from
68 (R = H) by its instability and tendency to transform to 69 by 1,3-migration of the
hydrogen atom attached to the dearomatized pyridine ring (050M1772).

PPh,

68 69

Reaction of [Re(CO)3;(LL)(OTY)] (LL = bpy, 4,4-Me,bpy) with potassium hy-
droxide in water/methylene chloride gives the hydroxo-complexes [Re(CO)s(LL)
(OH)] (04CEJ1765). The same reaction for the 2,2'-bipyridine complex but run in
anhydrous methylene chloride leads to the formation of the dicationic dinuclear
complex [(bpy)(OC);Re(u-OH)Re(CO);(bpy)[(OTE). Complex [Re(CO);(4,4-Me,
bpy)(OH)] reacts with phenyl acetate or vinyl acetate to afford the acetato-complex
[Re(CO);3(4,4'-Me,bpy)(OAc)]. [Re(CO)s;(bpy)(OH) with phenyl isocyanate gives
[Re(CO);3(bpy)(OC(O)NHPh)], the product of insertion of PhNCO into the O-H
bond. [Re(CO);(4,4-Me,bpy)(OH)] inserts ethyl- or p-tolylisothiocyanate into the
Re-O bond to yield [Re(CO)3(4,4-Me,bpy){SC(O)NHELt] or [Re(CO);(4,4'-Me,
bpy){SC(O)NH(p-Tol)}], respectively. The starting hydroxo-complexes react with
dimethylacetylene dicarboxylate, which is accompanied by the activation of the CO
and OH ligands and formation of the metallacycle 70 (R = H, Me).
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C. ComPLEXES WITH CHROMOPHORE LIGANDS

Complexes of the type [Re(CO);(bpy)(L)]X (L is a chromophore ligand) partic-
ipate in photoinduced intramolecular energy transfer and electron transfer reactions
(68JA3722, 83IC1617, 84JA2613, 840M 1242, 851C2596, 85JCS(CC)796, 86JAT567,
89JA8305, 90ACS101, 90JAS5378, 90JPC2740, 90JPC8745, 91CCR(111)221,
91JPC5850, 92JA1897, 93CCR(122)63, 931C4994, 93JA5675).

Complex 71 (R' = R? = H; X = PFy) follows from [Re(CO);(bpy)(OTf)], pyridine,
and ammonium hexafluorophosphate (941CA(225)41, 95JPC1961, 96JPC5408). Com-
pounds 71 (R' = H, R? = COOMe, X = PF; R' = R? = Me, X = PFy) are prepared
from the corresponding species, [Re(CO);(LL)CI], pyridine, and silver hexafluoro-
phosphate (91JA7470). These products were converted to the chloride by metathesis
using an anion-exchange resin. Further metathesis of the chloride complexes with
Na[Co(CO),] gives series 71 (R' = R*> = H; R! = H, R? = COOMe; R' = R? = Me;
X = Co(CO),4) (971C6224). 1,10-Phenanthroline, 4,7-dimethyl-, 2,9-dimethyl-, 2,9-
dimethyl-4,7-diphenyl-1,10-phenenthroline, 3.4,7 8-tetramethyl-, 5,6-dimethyl-,
4,7-diphenyl-, and 5-phenyl-1,10-phenanthroline (LL) react with [Re(CO)s(OTf)] in
methanol and further with pyridine to yield [Re(CO)3(LL)(py)|(OTf) (931C3836).
Complex [Re(CO)5(4,7-Me,phen)(py)]" is known (951C2875). Another synthetic
approach involves the reaction of [Re(CO)s(OTf)] with LL (phen, 4,7-Me,phen,
2,9-Me,phen2,9-Me,-4,7-Phyphen, 3,4,7,8-Phgphen, 5,6-Mesphen, 4,7-Ph,phen, 5-
Phphen) and then pyridine, and the products are [Re(LL)(CO);(py)l(OTf)
(951C5210, 98JPC(A)45); LL = bpy (661C2119, 77JOM(131)73).
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[Re(CO);(4,4'-R,bpy)(OTY)] (R = H, Me, Ph, Et,N, McO, CIl, NO,) as well as the
analogue with 4,4',5,5-tetramethyl-2,2'-bipyridine react with 4-ethylpyridine in
ethanol at elevated temperatures to give series 72 (R = H, R! = H, Me, Ph, Et,N,
MeO, Cl, NO,; R = R! = Me) (82JCS(CC)915, 86JP5344). Such complexes are of use
in solar energy storage schemes. Systems [Re(CO);(phen)(4-Mepy)] " and [Re(CO),
(bpy)(4-Etpy)] * are also of photochemical interest (931C2618, 961C273, 98CIC165).
Other known compounds are 73 (951C6421), which are based on the [Re(CO);(LL)CI]
precursor and series [Re(CO)y(LL)(4-Etpy)]" (LL = phen, bpy, 4,4-Me,bpy,
4,4 -(MeO),bpy, 4,4-(COOEt),bpy) (02IC6071). [Re(CO);(LL)(4-Etpy)](PFs) (LL =
phen, 5-NO,phen) were prepared from the corresponding triflate complex and
ammonium hexafluorophosphate in methanol. [Re(CO)3(5-NO,phen)(ImH)]»(SO4)
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results from [Re(CO);3(5-NO,phen)(L)] (L = Cl, OTf) and imidazole and further with
aqueous ammonium sulfate (041C4994). A series [Re(CO)s(4,4-R,bpy)(4-Etpy)] "
(R = H, Me, COOEt) was prepared as well (02JPC(A)4519, 04JPC(A)2363).

-+

[Re(LL)(CO)3(AN)](OTf) (LL = bpy, 4,4-Me,bpy, 4,4-t-Bu,bpy, phen, 2,9-
Me,phen, 4,7-Me,phen, 3.,4,7,8-Meyphen, 5-Phphen, 5-Clphen, 4,7-Ph,phen, 2,9-
Me,-4,7-Phyphen, 2,2’-biquinoline) with 3-aminopyridine (L) yield [Re(CO);(LL)
(D)])(OTS) (01JCS(D)2634). The products reacted with thiophosgene and calcium
carbonate in acetone to generate [Re(CO)3;(LL)(L)](OTY) (L = 3-isothiocyanopyri-
dine). Photochemical properties of [Re(L)(CO);(LL)] and [Re(L)(CO)5(LL)]"
(L=Cl, I, N- or P-donor) were studied (951C1282, 950M3303, 96CIC165,
98CCR(177)201, 00JPC(A)4291, 01CCR(216)127, 02JCS(CC)950).

[Mn(CO)sBr] reacts with 1,10-phenanthroline in CH,Cl, to yield [Mn(CO);
(phen)Br] (05SICA3735). The product with silver triflate gives [Mn(CO);(phen)(OTf)].
The latter on interaction with imidazole or isonicotinamide (L) in methylene chloride
affords [Mn(CO);(phen)L](OTY), which is illustrated as 74 for L = isonicotinamide.
Similar products are [Mn(CO);(phen)(Im-R)J(OTf) (R = H, Me, Ph, 2-Me-5-NO»)
(04PP203). Complex [Re(CO);(phen)(Im)]™ is known (95ICA(240)169). 1,10-
Phenanthroline reacts with [Mn(CO);Br] in methylene chloride to yield [Mn(CO);
(phen)Br] (00ICA(299)231). Further reaction with silver triflate gives [Mn(CO);
(phen)(OTf)]. The product reacts with various imidazole ligands to produce com-
plexes 75 (R = H, Me, Ph, R' = H; R = Me, R' = NO,; instead of NH, CH,OH).
Neutral complexes [Re(CO)3;(LL)(3,5-(CF3),pz)] (LL = bpy, phen) contain a
pyrazolyl moiety (031C1248). Complex 76 (041C4523) can also be mentioned in
this group.
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Diimine ligands, 2,2’-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 4,4',5,5-tetrame-
thyl-2,2'-bipyridine, 4,4’-bis(diethylaminocarboxy)-2,2'-bipyridine, and 4,4-bis
(ethoxycarbonyl)-2,2'-bipyridine (LL) in toluene form [Re(CO)s(LL)CI] (91JA7470).
They react with silver hexafluorophosphate and an appropriate pyridine ligand to
yield the cationic complexes illustrated as 77 and 78 for the parent 2,2'-bipyridine
ligand. Similar procedures lead to monomers 79 (R = R' = H; R = Me, R' = H;
R=R'=Me; R=H, R'=EtN) (%4IC1354). They react with [(n’>-
Cp)Ru(AN);](PF¢) in 1,2-dichloroethane; [(n°>-Cp)Fe(n®-4-benzylpyridine)] reacts
with [Re(CO);(bpy)Cl] and silver hexafluorophosphate in DMF. The products are 80
(M=Ru, R=R'=H, R=Me, R'"=H, R=R'=Me, R=H, R'=EtN;
M = Fe, R = R' = H), the dinuclear species. A similar product is 81 (02IC132).
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[Re(CO);(LL)(N-methyl-4,4'-bipyridinium)](PFg), (LL = bpy, 4,4'-Me,bpy, 4,4'-
(COOEt),bpy) are known (78CPL389, 82JOM(240)413, 83JA61, 83JA5952,
86JOM(300)139, 87IC1116, 87JA2519, 88JPC3708, 89ACRI163, 891C2271,
941C793, 95JCS(CC)259, 96JPC15145, 98JPC(A)3042, 991C2924, 00IC485,
02JCS(D)701, 02JPC(A)7795, 031C7995, 04JPC(A)556). [Re(CO);(bpy)(N-methyl-
4,4'-bipyridinium)](PF¢), (891C1596) was thoroughly studied using spectroelectro-
chemical methods (98IC5664). On reduction, electron transfer from the 2,
2'-bipyridine to the 4,4’-bipyridinium ligand occurs. Refluxing [Re(CO)3;(LL)(OTf)]
(LL = bpy, 4.4-Me,bpy) with N-methyl-4,4’-bipyridinium hexafluorophosphate
or N-phenyl-4,4’-bipyridinium hexafluorophosphate (RL) leads to [Re(RL)(CO);
(LD)](PFg), (R=Me, Ph; LL =bpy, 4,4-Me,bpy) (96JA9782, 04ICA167).
[Re(CO);(bpy)(OTf)] and 10-(4-picolyl)phenothiazine (L) in ethanol and then am-
monium hexafluorophosphate gives 82 (87IC1116, 94JPC8959) prepared from
[Re(CO);(bpy-PTZ)CI] (93JPC13126). The 3,3'-trimethylene-2,2'-biquinoline com-
plex 83 reacts with silver triflate in methylene chloride and subsequently with
pyridines and forms a series of cationic complexes 83 (R =H, CN, CH,Ph,
OH) (98POL2289). The following chromophore-quencher complexes should
be mentioned: [Re(CO);(4,4-Robpy)(L)]"" (R=Me, Bu; L = benz[g]
isoquinoline-5,10-dione, 2-oxy-1,4-naphthoquinone, 2,6-dihydroxyantraq-
uinone dianion, 1-methyl-6-oxyquinoline) (02JPC(A)7795). Interaction of [Re(CO);
(bpy)(COMe)] with various m-acceptor ligands has been studied (00JOM
(598)136).
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1,10-Phenanthroline with [Re(CO)sCl] gives [Re(CO);(phen)Cl] (01ICA(313)149).
The product reacts with methyl triflate to yield [Re(CO);(OTf)(phen)], which on
interaction with trans-1,2-bis(4-pyridyl)ethylene (L) and ammonium hexafluoro-
phosphate generates [Re(CO);(phen)L](PFg). Two complexes, [Re(CO);(phen)(OTH)]
and [Re(CO)z(phen)L](PFy) afford in the presence of extra ammonium hexafluoro-
phosphate in DMF the dinuclear species 84. [Re(CO);(bpy)Br] reacts with pyrazine-
2-carboxylate (L) and silver triflate in acetonitrile to yield [Re(CO);(LL)(L)J(OTY)
(010M2842). [Re(CO);3(2,2'-biquinoline)Br] when treated with silver triflate in meth-
ylene chloride gives [Re(CO)3(2,2'-biquinoline)(OTf)]. Further reaction with
pyrazine gives [Re(CO);(2,2'-biquinoline)(pyrazine)](OTf) and with 4,4'-bipyridine
[Re(CO);(2,2'-biquinoline)(4,4’-bipyridine)|(OTf). [Re(CO);(LL)CI] (LL = bpy, 4,4'-
Me,bpy, phen, 3,4,7,8-Megphen) were first converted to [Re(CO)3;(LL)(OTf)] and
then reacted with 1,2-bis(4-pyridyl)ethylene or 1,2-bis(4-pyridyl)ethane (L) in meth-
anol to give [Re(LL)(CO);L](PFy) (03JPC(A)4092, 03JPP(A)27, 041C2043). Other
related monomeric complexes were prepared from [Re(CO);(bpy)(OTf)] and an ap-
propriate ligand in the presence of ammonium hexafluorophosphate in THF
(00JCS(CC)1865, 02JPC(A)12202, 03JCS(CC)2858, 04JCS(D)1376). They are pre-
sented as 85-88. Complexes with the following substituents on the pyridine ring of
the entering ligand CH,CH4,NHCH(Ph)CH(Ph)(CsH;,N), CH,C¢H4sNMe,, and
CH,Ph were prepared from [Re(CO);(bpy)(OTY)] (95JPC11801).
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[Re(CO);(4,4'-Me,bpy)(OTH)] with 4,4'-bipyridine in THF and further with ammo-
nium hexafluorophosphate gives [Re(CO);(4,4'-Me,bpy)(4,4'-bipyridine)](PFy)
(89JPC3885, 90IC2285, 91JPC1105). [Re(CO)3(bpy)(OTf)] in a similar procedure
gives [Re(CO);(bpy)(4,4'-bipyridine)](PF¢). Another representative in this series
is [Re(CO);(4,4-(COOEt),bpy)(4,4'-bipyridine)](PFs). A number of dinuclear
rhenium(I)-rhenium(I) complexes containing 4,4'-bipyridine as bridging ligands
were prepared. [(4,4-R,bpy)(OC);Re(p-4,4'-bipyridine)Re(CO)3)4,4'-R,bpy)](PF¢)»
(R = H, Me, NH,, COOEY) follow from 4,4’-bipyridine, [Re(CO);(4,4'-R,bpy)(OTf)],
and ammonium hexafluorophosphate. The list of representatives containing different
2,2'-bipyridine ligands on both sides includes [(4,4'-R,bpy)(OC);Re(p-4,4'-bipyri-
dine)Re(CO);(4,4'-R,bpy)](PF¢), (R = NH,, Me; R’ = H; R = NH,, H, R" = COO-
Et). The reactions leading to these complexes are conducted between [Re(CO)s3(4,
4'-R,bpy)(OTY()], [Re(CO);(4,4'-bpy)Re(4,4 -bipyridine)](PFs) and ammonium hexa-
fluorophosphate in THEF. The reaction between [Re(CO);(bpy)(3,3'-Me,-4,4'-bipyri-
dine)](PFs) and [Re(CO)3(4,4-(COOEt),bpy)(OTf)] in THF in the presence
of ammonium hexafluorophosphate gives [(bpy)(OC);Re(3,3'-Me,-4,4 -bipyri-
dine)Re(CO);(4,4'-(COOEL),bpy)](PFg),.

A vinylpyridine-based pendant chromophore [Re(CO)s(phen)]” occurs in the
polymers 89 and 90 (04IC1551). These and other rhenium polypyridine-based pol-
ymers have found application in supramolecular chemistry (87MI1, 91MI2, 99MI1,
99MI12, 00JPC(A)9281, 03SMC143).
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The photochemical properties of [Re(CO);(LL)(L)] and [Re(CO)5(LL)L)] " (L = Cl,
I, N- or P-donor) were thoroughly studied (911C4754, 95CIC319, 97JCS(CC)1593,
98CCR(169)201, 98IMCR9, 98JPC(A)5577, 980M2440, 990MS5252, 000M1820,
020M39). [Re(LL)(CO);(AN)|(OTf) (LL = phen, 2,9-Me,phen, 3,4,7,8-Meyphen,
4,7-Ph,phen, 2,9-Me»-4,7-Ph,phen, 1,1’-biisoquinoline) react with N-(3-pyridyl)malei-
mide (L) to yield [Re(LL)(CO);(L)](OTY), for example 91 (021C40). Such and similar
rhenium(I) polypyridine complexes are used as nucleic acid or uracyl-dimer photo-
cleavage agents (97JCS(D)2067, 00JCS(CC)188), as DNA intercalators (96NJC791), to
study the electron tunneling in metalloproteins (99PAC1753, 01JA3181, 01JA11623,
03JA14220), as anisotropy probes for protein hydrodynamics (97AB179, 98AC632,
00BC533), for recognition of anionic species (98JCS(CC)825, 99JCS(CC)1755,
00CCR(205)311, 01JCS(D)2188), as Re(II)/Re(I) redox couples (02HCA1261). The
photochemical properties of [Re(CO);(phen)Cl] in the presence of 1,3-dimethyluracil
cyclobutane dimer were studied (00ICCI188). In a search for labeling reagents for
biomolecules, the reaction of [Re(CO)3;(LL)(AN)](OTY) with N-{(4-pyridyl)methyl}bio-
tinamide and potassium hexafluorophosphate in THF gives products 92
(R'=R*’=R*=H; R'=H, R’=R*=Me; R'=Me, R’=H, R*=Ph)
(02JA9344, 03JCS(CC)2704). The [Re(CO);(bpy)] moiety was linked by a styryl pyri-
dine to an amine or an aza crown ether (00JCS(CC)1865). The crown-ether-linked
assemblies 93 combine the [Re(CO);(bpy)] donor and nitrobenzene-containing acceptor
counterparts (from dicesium S-nitroisophthalate) (921C3192, 93JA2048). If pyridine
replaces nitrobenzene, the assembly is presented as 94 (961C2032) and manifests pho-
toinduced electron transfer reactivity (from dicesium 3,5-pyridine dicarboxylate). 1,10-
Phenanthroline serves as a building block for macrocyclic ligands, thus the Re(CO);Cl
complexes can be prepared (971C5329, 98IC1121, 98JA5480). An acyclic ligand con-
taining a 2,9-bis(p-phenyl)-1,10-phenanthroline unit with [Re(CO)sCl] forms 95
(971C5329). A macrocycle carrying two (CH,)sMe substituents in the 4, 7 positions
of the phenanthroline framework with [Re(CO)sCI] gives 96.

Re(CO) OTf
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Reaction of [Re(CO);(3,4,7,8-Me phen)(AN)]|(OTf) with N-(1-antraquinolyl)-N'-(4-
pyridinylmethyl)thiourea and N-(1-phenyl)-N'-(4-pyridinylmethyl)thiourea in refluxing
THF gives 97 and 98 (040M1098). [Re(CO)sCl] with 9-(4-octadecyloxy-4'-benzen-
amino)-4,5-diazafluorene, 9-(4-octadecyloxy-4’-stilbenamino)-4,5-diazafluorene, and
trans-4-methyl-4'-(2-(4-octadecyloxyphenyl)vinyl-2,2 -bipyridine (LL) give [Re(CO);
(LL)CI] depicted as 99 (X =N, CH) and 100 (010M4911). The reaction of
[Re(CO);(bpy)(AN)(OTY) with trans-4-(4'-octadecyloxyphenylazo)pyridine, trans-(4-
(4 -octadecyloxystyryl)pyridine, 4-(4'-(N-octadecylamide)styryl)pyridine (L) leads to
the formation of [Re(CO);(bpy)L]PF¢ shown as 101 (X = N, CH) and 102. Stilbene-
containing ligands coordinated to the rhenium(I) center were widely studied
(90JA1117, 98JCS(D)1461). Complexes [Re(CO);(bpy)L](PFs) (L = trans-4-do-
decyloxy-4'stilbazole, trans-4-octadecyloxy-4'-stilbazole, 4-(4'-dodecyloxyphenylethy-
nyl)pyridine should be mentioned (03EJI14035).

(OTf) (OT)

98
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Dehalogenation of [Re(CO);(LL)CI] (LL = bpy, 4,4'-bis{p-(diethylamino)-a-sty-
ryl}-2,2'-bpy) in the presence of silver triflate in acetone leads to [Re(LL)(CO);](OTY)
(98ACR26, 981C5061). The products with 1,10-bis(4-pyridyl)-3,8-dimethyl-1,3,5,7,9-
decaheptaene (L) in ethanol give [Re(CO)3;(LL)L](OTf). [Re(CO);(4,4"-bis{p-(di-
ethylamino)-a-styryl}-2,2'-bipyridine)Cl] reacts with silver triflate in ethanol and
then in dichloromethane with [Re(CO)3;(LL)L(CO);](OTf) described above to yield
the dinuclear species [(LL)(OC);Re(n-L)Re(CO);(LL)[(OTf),, e.g. 103.
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[Re(CO);(bpy)(OTH)] reacts with ligand 104 in ethanol to afford the mononuclear
complex 105 (97JPC(B)3174). The product reacts further with [Re(CO)3(bpy)(OTf)]
to yield the dinuclear complex 106. When anchored on the surface of silver or gold,
106 is rearranged to the surface mononuclear complex 107. Another surface complex
on silica formed from the rhenium(I) species with similar ligands may be formulated

—{Si](CH»)4(Mebpy),Re(CO);CI (92JCS(CC)1615).
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D. PoryNUCLEAR COMPLEXES

[Re(CO)(LL)Br] (LL = bpy, 4,4-Me,bpy, phen) and [Re(CO)s]” form [(OC)sRe-
Re(CO);5(LL)] (85CRV187, 90A0OC523, 911C42). [Re(L)(CO)(LL)] (L = Mn(CO)s,
Re(CO)s, Co(CO)4, (n>-Cp)Fe(CO),, SnPhs) (851C4411, 88ICA(149)77, 88OM1100,
891C75), [L,M'M(CO)5(LL)] (L,M’ = (OC)sMn, (OC)sRe, (OC)4Co, (n°>-Cp)(OC)-Fe,
PhsSn; M =Mn, Re) (910M3668), L,M' = (0OC)sMn, LL =44-Me,bpy
(79J0M(175)73), L,M’ = (OC)sMn, (OC)sRe (94JCS(CC)63), (OC)sMnMn(CO);(LL)
(85JMSI11, 85JOM(290)63, 85JOM(294)59) are illustrative examples of homo- and
heterodinuclear complexes. In the binuclear rhenium(I) complexes, electronic coupling
between the rhenium(I) sites is significantly less when the bridging ligands is 3,3'-
dimethyl-4,4’-bipyridine compared with the unsubstituted 4,4'-bipyridine (811C2348).

[Re(CO)3(4,4'-Me,bpy)Cl] with silver triflate and K;[Fe(CN)g] affords K,[(4,4'-
Me,bpy)(OC);Re(u-NC)Fe(CN)s] (991C606). The molar ratio of the reagents in this
reaction is 1:1:1. When it is 2:2:1, the product is K[(4,4'-Me,bpy)(OC);Re(u-
NO)L[Fe(CN)4]. When the ratio is 4:4:1, 108, the neutral heteronuclear complex is the
product. In [(OC)3;(NC)Re{Ru"(bpy),CN},Ru'(bpy),(CN)""*D* (n = 0-3) every
Ru'! is bonded to one C and N atom of the bridging cyano ligand (94IC1652). In
these complexes, there is a long-range energy transfer up the terminal ruthenium
center (96CIC77, 98CRV1335). [(phen)Re'(u-CN)Ru'!(bpy)-(CN)](PFs) follows from
sodium azide in methanol, [Ru(bpy),(NO(CN)](PF¢),, and [Re(CO);(phen)(CN)]
(911C1330), while [(phen)Re'(u-NC)Ru" (bpy),(CN)(PFy) is the result of the inter-
action of [Re(CO)3(phen)Cl] with [Ru(bpy)>(CN),] in methanol and then ammonium
hexafluorophosphate (99JCS(D)3729). For the multinuclear species, [Re(CO)s(-
phen)(CN){Ru(bpy)>(CN)*nRu(bpy),(CN)}] (n = 0-2), its mass-spectral pattern and
photochemical properties were studied in detail (91CCR(111)297, 93I1C1222).
[(phen)(CO);Re(NC)Ru(bpy),(CN)]* was isolated (881C651, 92JA8727, 93CP585,
93JA10996). 2,2:3/.27,6",2"-Quaterpyridine also forms dinuclear rhenium(I)-ruthe-
nium(Il) complexes 109 and 110 (93JCS(D)1321, 94JCS(D)3095, 981C2598). Com-
plex 111 was synthesized using the same preparative ideas (951C2438).
[Ru(LL)»(bpy)](PFs)> (LL = 2,2":3,2":6”,2"”"-quaterpyridine) and [Re(CO)sCl] in
DMF yield 112 (971C2601). [Ru(LL)3](PFg), (LL = 2,2":3/,2":6”,2”-quaterpyridine)
and excess [Re(CO);sCl] in DMF give 113. Another combination in the tetranuclear
complexes is 114 (01JCS(CC)2540).
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Reviews of Re(I)-Ru(Il) and Re(I)-Os(II) systems exist (94CRV993, 96CR
V759). The following di- and trinuclear chemistry should be mentioned:
[Re(CO);(4,4'--Bu,bpy)Ru(dppe),(C=Cpy-4)H](OTf) (04NJC43), [Rhy(N,N -di-p-to-
lylformamidinate),(C=Cpy-4){Re(CO)3(bpy)} (OTf), [Rhy(N,N'-di-p-tolylformami-
dinate),(C=Cpy-4){Re(CO);(4,4'--Bu,bpy) }J(OTS) (03EJI449). [Re(CO);(bpy)(4.4'-
bipyridine)](OTf) with M,(OOCR)4 (M = Mo, R = CF5; M = Rh, R = Me) yields
the tetranuclear species with general formula [{Re(CO);(bpy)(4,4-bipyridine)},
(LM>(OOCR),4)(OTf) (0IPOL791). Reaction of [Re(CO);(4,4'-bipyridine),Br] and
M,(OOCR), gives oligomers having stoichiometry M,(OOCR);—Re(CO);(4,4 -bipyri-
dine),Br and zigzag chain structure. Complexes where [Re(CO);(bpy)Cl] and
[Ru(bpy)]** moieties are linked by a bis(bipyridyl ethynyl)benzene bridge in the
dinuclear complex are of interest (01JCS(CC)277). Among the other products it is
necessary to mention [(phen)Re(CO);(pn-L)Os(trpy)(bpy)]>" (L = 4.4'-bpy, trans-1,
2-bis(4-pyridyl)ethylene, 1,2-bis(4-pyridyl)ethane (011C6885), [Re(CO)s(bpy)(C=C-
CgH4-C=C)Fe(n’-Cp’)(dppe)], its oxidized species [Re(CO)s(bpy)(C = -CeHy-
C = )Fe(m>-Cp)(dppe)](PFs), and a related vinylidene complex [Re(CO),
(bpy)(C=C-C¢H4(H)C = C)Fe(n>-Cp )(dppe)](PFs) (03I1C7086). Species 115 is
adsorbed on the surface of titania, which brings about new photochemical proper-
ties of the resultant solid material (971C2). Similar structures based on coordination
compounds of 3,5-bis(pyridine-2-yl)-1,2,4-triazole were studied (011C5343).

+
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HOOC = | N/
N
(OC)3Re/CNRu(bpy)2
115

Among the dinuclear complexes, one is based on [Re(CO);(bpy)(AN)]" containing
the N=C-CH = C(Me)NH bridge (98JCS(CC)135). [Re(CO)s(phen)(AN)]J(OT)
with Et;NHSCcHsMe-p gives [(phen)(OC);Re(u-SCsHsMe-p)Re(CO)z(phen)](OTH)
(970M1729). In a similar manner, [(phen)(OC);Re(u-SCsH4OMe-p)Re(CO);(phe-
n)|(OTf), [(phen)(OC)sRe(u-SCeH4Bu-1-p)Re(CO)3(phen)(OTH),  [(phen)(OC)sRe(p-
SCsH4Cl-p)Re(CO)5(phen)(OTH), [(bpy)(OC);Re(n-SCsHaMe-p)Re(CO)s(bpy)|(OTH),
[(4,4'-Me,bpy)(OC)s;Re(u-SCsH Me-p)Re(CO);(4,4'-Me,bpy)|(OTE) were prepared.
The structure of the representative complex is illustrated as 116. Complexes possess
long-lived luminescence with a *MLCT state.
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Photolysis of 117 (L = CO) in acetonitrile gives 117 (L = AN) (011C5056). Pho-
tolysis of 117 (L = CO) in the presence of excess tetra-n-butylammonium chloride
gives 118 (L=Cl, X =Cl) and in excess tetra-z-butylammonium triflate 118
(L = OTf, X = OTY). Reaction of 117 (L = AN) with triphenylphosphine gives 117
(L =PPh;), and reactions of the same starting materials with 1,2-bis
(diphenylphosphino)ethylene or 1,4-bis(diphenylphosphino)benzene gives 117
(L = n'-dpene, n'-dppb) with monodentate coordination of the diphosphine lig-
and. Complex 119 should also be mentioned (01JCS(CC)1514).
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[Re(CO)s(bpy)(OTH)] with (PPhy)[Au(C=Cpy),] in the molar ratio 2:1 in THF gives
the transmetallation product 120 (040M5096). In a similar way, [Re(CO);(bpy)(OTf)]
with (PPhy)[Au(C=C-C4H4-C=Cpy),] gives the dinuclear species [(OC);(bpy)Re(p-
C=CD-C¢H4-C=Cpy)Re(CO);(bpy)|(OTf);  [Re(CO)5(4,4'--Bu,bpy)(OTf)]  with
(PPhy)[Au(C=Cpy),] gives [(4,4'-t-Bu,bpy)(OC);Re(u-C=Cpy)Re(CO);(4,4'-1-Bu,b-
py)|(OTT). When [Re(CO)3(bpy)(OTf)] and (PPhy)[Au(C=Cpy),] are taken in a 1:1 mo-
lar ratio, the product is [Re(CO);(bpy)(C=|Cpy)], a mononuclear species.

O—Q \

(00)3 — (CO)3

5-Bis{2-(3,5-dimethyl-1-pyrazolyl)ethyl}amino-1,10-phenanthroline and 5-dime-
thylamino-1,10-phenanthroline (LL) with [Re(CO)sBr] in methylene chloride give
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[Re(CO);Br(LL)] (01JCS(D)1813). The first of these two complexes when
reacted with [Cu(AN)4(PFs) forms [Re(CO);Br(LL-Cu")](PFs), 121. [Cus
(u-PP){p3-n-C=CC¢H,R,-2,5-C=C-p-Re(CO3)(LL)},] " can be also mentioned in
this regard (PP = dppm, n-PrPNPPr-n; LL = bpy, 4,4--Bu,bpy; R = H, Me)

(98JCS(CC)777).
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E. MOLECULAR ASSEMBLIES

Some ethynyl derivatives of the polypyridine complexes lead to the formation of
supramolecules (03CCR(245)39, 03JCS(CC)2446, 04JOM1393). Thus complexes
[Re(CO);(4,4'-R,bpy)(C=C(CeHy),,C=CH (R = H, Me, t-Bu; n =0, 1) react with
[(AN)M(p-PP),M(AN)]*" (M = Cu, Ag; PP = PhPCH,PPh,, Ph,PN(n-Pr)PPh,) to
yield the trinuclear 122 (R = H, Me, #-Bu; n = 0, 1; PP = Ph,PCH,PPh,, Ph,PN(n-
Pr)PPh,). When n = 0, another product, a polynuclear complex 123, is formed.
A mixed-metal dinuclear rhenium(I)-iron(I) complex [Re(CO);(bpy)
(C=CC¢H,C=C)Fe(n>-Cp")(dppe)] is the product of the reaction of [Re(CO),
(bpy)(C=CC¢H,C=C-H)] and [(n°-Cp )Fe(dppe)Cl] in the presence of potassium
hexafluorophosphate and potassium z-butylate in methanol. Oxidation of the prod-
uct using [(n°-Cp)Fe](PFe) gives 124.
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1,2-Bis(2-pyridyl)ethylene reacts with [Re;(CO)g(AN),] in THF or dichlorometh-
ane to yield 125 and 126 (04JOM2486). Under refluxing conditions in THF, other
products are formed, 127-129.

=
| 7\
N N=
(OC);RéE—————Re(CO),

128 129

Supramolecular systems have acquired popularity in the organorhenium(I) chem-
istry of polypyridines (02CCR(230)170). Self-assembly of [Re(CO)sBr] with [M
(4-CsHyNtrpy)»](PF¢)» (M = Fe, Ru, Os) gives heteropolynuclear complexes 130
(M = Fe, Ru, Os) (00IC1344). Molecular squares based on Re(CO);Cl metallocor-
ners and bipyridine bridging ligands are of interest (02JA4554). Fluorene- and car-
bazole-bridged bipyridine ligands are used for the construction of supramolecules
based on [Re(CO)sX] (X = Cl, Br) (010M2262). The pyridine-containing phenyl-
acetylenic hexagonal macrocycles (L) were used to prepare [(4,4-t-Bu,bpy)Re
(CO)3b(u-L)(PFg), (010M2353). On refluxing with [(z-Bu,bpy)Re(CO)3(AN)](PFy)
in THF, dinuclear complexes 131 and 132 are formed. These complexes in turn offer
the opportunity of ready substitution of the chloride ligands and modification of the
polypyridine ligand (881C3652, 891C1228, 89JOC1731).

Br(CO)sRe Re(CO)3Br]

130
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132

Species [Re(CO);(bpy)(OTf)] enters the substitution reactions with diphosphines
(PP) to yield [Re(bpy)(CO);(PP)[(OTf) but in excess diphosphine [Re(bpy)
(CO)»(PP),] are formed (84JCS(CC)1244) with further oligomerization to various
structures,  e.g.  [(OC)s(bpy)Re(1>-PP)Re(bpy)(CO)>(1o-PP)Re(bpy)(CO)s](OTH);
(991C4378) or [Re(bpy)(PP)(CO),]4(OTf), (991C4380). Thus, [Re(CO);(LL)(OTH)]
(LL = bpy, phen) react with diphosphine ligands (1,2-bis(diphenylphosphino)ethyl-
ene, 1,2-bis(diphenylphosphino)acetylene, and 1,2-bis(diphenylphosphino)benzene
(PP)) in ethanol on reflux to yield [(LL)(OC);Re(u-PP)Re(CO)3(LL)])(OTS),. In ex-
cess diphosphine in chlorobenzene on reflux [(LL)(OC);Re(u-PP)Re(CO);(LL)(n'-
PP)](OTf), result. When the initial reaction is conducted in dichlorobenzene under
reflux and an excess of a diphosphine, the product is [Re(CO);(LL)(n'-PP),](OTf). It
reacts with [Re(CO);(LL)(OTf)] to give the trinuclear complex [(LL)(OC);Re(u-
PP)Re(CO);(LL)(1-PP)Re(CO)3(LL)J(OTf);. This complex and [(LL)(OC);Re
(L-PP)Re(CO);3(LL)](OTS), give the tetranuclear 133.
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F. CompPLEXES WITH RHENIUM IN ITS HIGHER OXIDATION STATES

The reaction of cis-[Re( = O)Me,(PMe;)Cl] with 2,2’-bipyridine in the presence of
pyridine-N-oxide in benzene gives the cis-rhenium(V) complex 134 (99JCS(D)4487).
Trans-complex 135 follows from [ReOCI;(bpy)] and AlMes in dichloromethane.
Isomerization of cis-134 into trans-135 occurs on heating 134 in benzene, the process
being reversible. Complex 134 reacts with silver salts AgX (X = PF4, BF,, BPhy)
in acetonitrile to afford the cationic complexes 136 (X = PF¢, BF4, BPhy). Trans-135
does not enter into this reaction. Products 136 (X =PFs) react with
various phosphines and phosphites to yield complexes 137 (R; = Mes, (OMe)s, (n-
Bu);, Me,Ph, MePh,). Complex 134 prepared in situ reacts with silver hexafluoro-
phosphate and then with an excess of MeOOCC=CCOOMe to give 138 containing a
metallacycle that is the product of insertion of the alkyne moiety into the
rhenium-methyl bond (99JOM(599)112). With alkynes RC=CR' (R =R' =H,
Me, Et, Ph; R = H, R' = Me, Ph) in AN in the presence of silver hexafluorophos-
phate it yields different products, 139 (R = R! = H, Me, Et, Ph; R = H, R! = Me,
Ph). Some of the alkyne complexes react with phosphines PR3 (R* = Me, Ph) to
generate the ylide complexes 140 (R =R’ = H, R” = Me, Ph; R =H, R’ = Ph;
R” = Me).

0 Me
CI—FlJe/—N\_ /
M¢e \

P
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Methyltrioxorhenium(VII) forms distorted octahedral adducts with 4,4’-dimethyl-
2,2-bipyridine and 1,10-phenanthroline, which serve as epoxidation catalysts
(01IC5834). Mesoporous silica, pristine, was first covalently grafted to (3-chloro-
phenyl)trimethoxysilane, and then the pendant chloro groups were partially substi-
tuted by the anion 4-CH,-4'-Me-2,2’-bipyridine (02EJ11100). Further reaction of the
heterogenized ligand with the methoxyrhenium(VII) gives 141. Reaction of 4,4'-
dimethyl-2,2’-bipyridine or 4-methyl-4’-n-butyl-2,2’-bipyridine with MeReO;3 in
THF gives 142 (R = Me, n-Bu).

The diolate complexes of rhenium(VI), [Re(bpy)( = O)(OCH(R"CH(R?*O)]*
when treated with DCI produce carbene complexes 143 and 144 (R' = R? = COO-
Me; R! = COOEt, R? = Ph; R! = Me, R? = H) (040M3437).
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G. CoMPLEXES OF 4,4'-BIPYRIDINE AND ANALOGUES

4.4'-Bipyridine with [Re(CO)sX] (X = Cl, Br, I) on heating in iso-octane gives
[Re(CO)3(4,4 -pipyridine)X] (X = Cl, Br, I) (79JA2888, 881C3325, 89I1C85, 891C2154,
89JA6602, 90IC3866). The luminescence of these complexes can be ascribed to MLCT
or ligand-centered transfer as a function of X. The X-ray structure determination of
the chloro-derivative, [Re(CO);Cl(4,4'-bipyridine)] exists (98AX(C)1596) as well as
spectroelectrochemical (941C3246) and photochemical (961C1421) studies. The lumi-
nescent properties of [Re(CO);(LL)X] (LL = 4,4'-bipyridine; X = Cl, Br, I) are differ-
ent (87JCS(CC)1752, 88JA3892). The photochemical properties of [Re(CO);(LL)CI]
(LL = 4,4'-bipyridine) prepared from 4,4’-bipyridine and [Re(CO)sCl] are also of in-
terest (89JCS(CC)1655). 4,4-Bipyridine (LL) with [Re(CO)s(OTf)] in polar media
gives dinuclear complexes with luminescent properties, [(RO)(OC);Re(u-LL)Re
(CO);(OR)] (R = H, Me, Et, OCH,CH,OH) (981C5406). Excess 4,4 -bipyridine with
[Re(CO);5Cl] in iso-octane gives [Re(CO)3(4,4'-bipyridine),Cl] (941C3246), which is a
good precursor for such complexes (95JA11813, 961C4096) characterized by their
long-lived MLCT excited state (89JCS(CC)1655).

[Re(CO)sCl] with 4.4-dipyridylbutadiyne (LL) in methylene chloride gives
[Re(CO);(n'-LL),CI] (96JOM(517)217). 1,4-Bis(4 -pyridylethynyl)benzene (LL) reacts
with  [Re(CO)4(PPh3)CI] in benzene to yield [Cl(Ph;P)(OC);Re(u-LL)Re
(CO)3(PPh3)CI]. In a similar fashion, two more dinuclear complexes with L = PPh;
and P(OMe); and LL = 4,4'-dipyridylbutadiyne were prepared. Another two dinu-
clear complexes follow from 4,4’-dipyridylbutadiyne or 1,4-bis(4’-pyridylethynyl)ben-
zene (LL) and [Re(CO)3(bpy)(AN)](PFe): [(bpy)(OC)sRe(p-LL)Re(CO)s(bpy)l(PF),.
The products are of interest as materials for non-linear optics.

4,4 -Bipyridine with [Re,(CO);o] in the presence of 1-butanol, 1-octanol, and
1-dodecanol forms the alkoxy-bridged molecular rectangles 145 (R = —(CH,);Me,
—(CH;,);Me, —(CH,);1Me) (02IC5323). A supramolecular compound based on the
4,4'-bipyridine complex of rhenium, 146, is known (98JA12982, 001C4977). Another
illustration is complex 147 (00AX(C)963). Molecular assembly 148 was prepared as
nanocrystalline thin films consisting of molecular squares (99JA557, 04IC132,
04IC2013). Molecular rectangles is the subject of a publication (00AGE2891).
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4,4 -Dipyridylbutadiyne or 4,4'-azopyridine react with [Re(CO)sCl in toluene/
THF to give square complexes 149 and 150 (991C4181, 00JA8956). 2,5-Bis
(4-pyridylethynylthiophene) reacts with [Re(CO)sCl] in toluene/THF under pro-
longed reflux to give the dimer complex 151. Triangular complexes 152 (R = n-
C¢H 3, n-C1,H»s) follow from 1,4-bis(4’-pyridylethynyl)-2,5-di-n-hexyloxybenzene or
1,4-bis(4’-pyridylethynyl)-2,5-di-n-dodecyloxybenzene) in benzene. [Re(CO)sBr] and
4,4'-bis(pyridyl)butadiyne or 4,4'-azobipyridine (LL) in iso-octane under reflux give
corner complexes [Re(CO);(LL),Br].
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(CO)4Br

III. Conclusion

Manganese(I) and rhenium(I) predominantly form polypyridine complexes of
composition [M(CO)5(LL)X] with a typical chelating n>-mode of coordination hav-
ing attractive photo- and electrochemical properties and explaining their wide va-
riety and applicability. The predominant reactivity path of these complexes is related
to the substitution reactions of the X functionality (mainly Cl, Br, I, OTf) leading to
neutral and ionic substitution products, among them those containing chromophoric
ligands with added photochemical applications. Other possible reactions are related
to the modification of the polypyridine ligands, insertion reactions, and molecular
assembly processes leading to polynuclear complexes, molecular corners, triangles,
squares, and rectangles. The latter aspect makes organorhenium complexes of pol-
ypyridines especially attractive in materials chemistry.
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1. Introduction

The chemistry of aminoisoxazoles (Al) is a subsection of isoxazole chemistry;
nevertheless, they have special properties in many respects. The available amino
group changes distinctly the properties and reactivity of the isoxazole ring, and some
reactions and rearrangements that are unusual in isoxazole chemistry become
typical. An amino group is convenient in combinatorial chemistry and facilitates
the use of these compounds in modern drug discovery. The studies on Al have
been mainly concerned with biological activities and the preparation of fused
heterocyclic systems, such as isoxazolopyridines, isoxazolopyrimidines, and
isoxazolodiazepines. Often, Al-based condensed heterocyclic systems are more
biologically promising than Al themselves. Indeed, Al derivatives possess cytostatic
(03PCTO013517, 03MI2, 03PJC1001, 03BMCL1487, 03JMC1706), antibacterial
(01MI2, 04PCT048385, 04GEP10256186), fungicidal (88FA753, 99FA90, 01MI1,
02MI1), herbicidal (91H1153, 02JAP(K)363171), immunological (03MI1),
hypocholesterolemic (96JMC4382), and anticonvulsant activities (02MI2) among
other activities (82JMC12, 87JHC1291, 94JMC2721, 95JMC1344, 00JMC3111).
Thus the general reactivity and differences in the reactivity of Al isomers are of
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practical interest. There exist three isomers of Al, namely, 3-amino-, 4-amino-, and
5-aminoisoxazoles.

NHa NH,
;/ \ !
N\ \ N\ \ N//W\
o 0 o~ ~NH;,
3-Al 4-Al 5-Al

Syntheses and some reactions of Al were briefly discussed in a few reviews on the
general chemistry of isoxazoles (62HC1, 63AHC365, 79AHCI147, 84CHCI1, 91HCI)
and on the ring openings of isoxazoles (75520, 81KGS1155), but the subject has
not been specifically covered in the literature. The last comprehensive review on
isoxazole chemistry (62HCI1, 91HCI1) lacks a chapter regarding the methods for Al
preparation or their reactions. The preparation of condensed systems was discussed
in reviews on the chemistry of several related heterocyclic systems. For example, the
synthesis of isoxazolopyrimidines was considered in the review dealing with the
chemistry of condensed pyrimidines (82AHC1). Hence, a new review is needed. This
survey includes references to publications up to the beginning of 2005.

II. Structure

Physical properties of simple AI have been surveyed (62HCI1, 79AHCI147,
91HC1). All Al are potentially tautomeric, and Beilstein categorizes 5-Al as the
imino derivatives of the corresponding isoxazolones. Tautomerization was examined
by all spectral methods to reach the conclusion that all Al exist solely as an amino
form (61T51, 84CHCI1). X-ray diffraction studies of 3-amino- (85CJC3012,
88JHC607, 02MI2, 05JAS5512), 4-amino- (88BCJ2881), and 5-aminoisoxazoles
(82AX(B)1845, 91HI1913, 98JCX373) and AI complexes with metals (01JCX369,
04AX(E)330) were carried out. Molecular dimensions of Al and isoxazoles without
amino groups (79AHC147, 84CHCI1) are closely related. During some reactions, Al
may rearrange (Section III.D). Specifically, in the case of trisubstituted isoxazoles,
the identification of product structures by 'H-NMR spectroscopy may be misleading
(91H1765, 98FAS513). X-ray determinations are necessary in such cases, but it is
often difficult to grow the monocrystal. Hence, '?*C-NMR spectroscopy seems to be an
indispensable tool (76JHC825, 800MR235, 83JOC575, 84J0C3423, 85JCS(P1)1871,
85JHC1663, 87H2419, 87BCJ4480, 89JHC1335, 90GA725, 90JHC1481, 90JHC1617,
91H1765, 90H1823, 95JCS(P1)1153, 96TL3339, 02MC99, 02JOC8558, 051ZV461).

The differences in the chemical behavior of Al isomers are closely related to some
physicochemical parameters, such as basicity and protonation site. Basicity of 4-Al
is higher than that of 3-Al or 5-Al (Table 1), and there is a significant difference
in the site of protonation. In 75% H,SOy,, 4-amino-3,5-dimethylisoxazole is ca.
50% diprotonated. The diprotonation of 3-amino-5-methyl isoxazole starts in
75% H,SOy4, while the diprotonation of 5-amino-3-methylisoxazole does not begin
(89JCS(P2)1941). All the Al isomers are only monoprotonated in trifluoroacetic
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Table 1. Ionization constants of isoxazoles and aminoisoxazoles at 20 °C

Compound pK., References
Isoxazole (unsubstituted) -2.28 61T41
3,5-Dimethyl -1.27 61T41
3-Amino-5-methyl 0.47 61T51
4-Amino-3,5-dimethyl 3.8 61T51
5-Amino-3-methyl 0.64 61T51
5-Amino-3,4-dimethyl 1.16 61T51

1.28 83PJC1161

Table 2. '>N-NMR spectra of aminoisoxazoles (89JCS(P2)1941)

Solvent
DMSO TFA?

Compound NH, Niing NH, Niing
Isoxazole

3-Amino-5-methyl -357.1 -78.6 -341.0 —-189.7

4-Amino-3,5-dimethyl -378.2 -37.4 -372.7 -57.7

4-Amino-3,5-dimethyl, hydrochloride -363.4 -30.9

5-Amino-3-methyl -344.7 -54.3 -3334 —188.5

#Trifluoroacetic acid.

acid (Hq trifluoroacetic acid, 3.03; Hy 45% H,SOy, 2.85). From the study of their
UV spectra (61T51) an assumption was made that 3-Al and 5-Al are protonated
at the ring nitrogen atom, while 4-Al is protonated at the amino group. This as-
sumption was confirmed 28 years ago (89JCS(P2)1941) by '>N-NMR spectroscopy
(Table 2).

As established by X-ray analysis, metals coordinate with the ring nitrogen of 3-Al
similarly to protonation (01JCX369, 04ACE330). X-ray diffraction data is lacking
for the complexes of 4-Al or 5-Al with metals. However, for 4-Al, the coordination
of metal ions was ascribed to the amino group on the basis of their IR-spectra
(77IJNC45, 78SA(A)967). This great difference in the coordination sites of both
protons and metal cations is likely to originate from dissimilar electron distributions
on the isoxazole ring atoms for different Al isomers.

As noted earlier (79AHC147, 84CHC1), with isoxazoles the results of molecular
orbital calculations have not provided agreement with experimental findings. Re-
cently, some new calculations of the HOMO and LUMO orbitals and geometrical
parameters for 5-Al have been performed by the AM1 method (03MI3, 03PJC1461,
04MI1). The simulated '*C-NMR spectra were in good agreement with the observed
spectra for Al containing no strong acceptor group adjacent to the amino group
(Table 3). When such a substituent is available, the calculations deviate from the
observed values in the range of 15-30 ppm, indicating that electron densities on the
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Table 3. Selected *C-NMR spectra of aminoisoxazoles

R4 Ro
I
N
~0 Rs
R1 R2 R3 C-3 C-4 C-5 References
tBuOOCNH H Me 159.0 95.0 170.0 96TL3339, 91HET1765
165 97.0 158.5 Calculated®
NH, Ph NH, 167.0 87.0 168.0 83JOC575
Ph NH, COOH 155.5 134.0 140.0 90GA725
149 118.7 144 Calculated®
Ph NHCOCH,CH,CH, 158.0 115.0 156.0 90JHCIl1617
Me NHCOCH,CHArCH, 153.0 116.0 156.0 90HET1823
PhNHCO NH, COPh 147.8 1350 146.5 051ZV461
151.3 117.3 135.3 Calculated®
Me Me NH, 161.0 85.0 167.0 80OMR235, 84JOC3423
Ph H NH, 164.0 78.0 169.0 02MC99

162 85 172 Calculated®

aCalculations with ACD-Labs '*C-NMR version 4.56.

isoxazole ring carbons differ markedly from normal values due to conjugation bet-
ween the substituents.

ITI. Reactivity and Annulation of Another Ring to an Isoxazole Ring

A. REACTIVITY AT THE RING ATOMS

Numerous examples of nucleophilic substitution in isoxazoles have been reported;
these reactions have been used for the preparation of AI (Section IV.B.2). A strong
electron-donating effect of the amino group hampers the nucleophilic substitution,
which is rarely observed in Al. Treatment of 5-chloro-4-Al 1 with the lithium salt of
2-aminoethanethiol gave 4-Al 2 (89MI1) (Scheme 1).

The conversion of 5-Al into the corresponding isoxazol-5-ones 3 occurs in 10%
H,SO, in aqueous alcohol (10 h, 100 °C, 80%) (54CB1175). The conversion of 3-Al
to the corresponding isoxazol-3-ones proceeds more slowly (32G457). Under con-
ditions where the complete conversion of 5-Al was attained, transformation of 3-Al
did not begin (91H1153). The conversion of 4-Al to 4-hydroxyisoxazoles is possible
only through diazotization followed by thermal decomposition of the corresponding
diazonium salts (Section I11.B) (Scheme 2).

Meanwhile, electrophilic substitution in Al is noticeably more feasible than that in
isoxazoles without amino groups. However, examples of electrophilic substitution
were reported only for 3-Al and 5-Al. There is no data for 4-Al on electrophilic
substitution in positions 3 or/and 5, despite the strong electron-donating effect of the
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amino group. For both 3-Al and 5-Al, nitration (37JA1486, 38JA1198, 68T4907),
chlorination with SO,Cl, (77JMC934), and bromination (63AHC365, 37JA1486,
38JA1198, 85JOC5723) were described (62HC1) (Scheme 3).

A few instances of substitution with C-electrophiles are also documented for 5-Al
and 3,5-diaminoisoxazoles. In the case of highly activated 3,5-diaminoisoxazole, the
reaction with 4-nitrobenzaldehyde gave benzyl alcohol 4 (65JOC2862) and then
S-iminoisoxazole 5 (53G192, 84H618), instead of the expected Schiff base (Scheme 4).

In a similar way, 5-Al reacts with ketones in acetic acid (84S1050), pyridinium
salts (03TL391), or quinoline N-oxides in the presence of benzoyl chloride
(78CPB2759), and also under the Vilsmeier conditions (77H51, 80CPB1832) to give
the products 6, 7, 8, and 9, respectively (Scheme 5).

Unlike isoxazoles for which alkylation of the ring nitrogen is a well-known and
widely used process, alkylation of Al has not been adequately studied. Common
alkylating agents can attack either a ring nitrogen atom or an exocyclic amino group
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(or both). On treatment with alkylating agents, alkylation of the ring nitrogen is
more probable for 3-Al and 5-Al than for 4-Al, just as protonation of 3-Al and 5-Al
involves the ring nitrogen, while protonation of 4-Al is directed to the amino group
(Section II). However, 3(5)-amino-2-alkylisoxazolium salts were not formed in this
way. 3-Amino-2-alkylisoxazolium salts were synthesized by replacing the chlorine
atom in 3-chloro-2-isoxazolium salts (Section IV.B.2). On boiling in dichloro-
benzene, these compounds lose methyl iodide to give 3-Al (84CPB530). One example
of alkylation of 5-amino-3-methyl-4-pyrid-2-ylisoxazole 10 with methyl iodide in-
volving only the pyridine nitrogen atom has been reported (98BMC1623) (Scheme 6).

These two examples, though indirect, show the significant stability of the ring
nitrogen in Al against alkylation.

B. REACTIVITY OF THE SUBSTITUENTS

In the chemistry of Al, the amino group participates in the overwhelming majority
of reactions. Few transformations of other substituents can take place when the
amino group has not been protected. Numerous mono- and diacylated Al have been
prepared for drug discovery by acylation of Al with carboxylic (34CB1062, 46G87,
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53G192, 65JOC2862, 66CPB1277, 67T687, 68T4907, 77IMC934, 77JCS(P1)1616,
82JMC12 88FA753), sulfonic (66CPB1277, 82FA701, 95JMC1344, 00JMC3111),
and phosphinic acids (90Z0OB1778). In most cases, acylation of Al stops when simple
acylated AI have been formed, but in the case of 3-Al, many rearrangements of
3-acetamidoisoxazoles are possible (Section III.D.1). There are many examples of
the preparation of Schiff bases of Al (85JHC1663, 46G87, 56JPJ1311, 79M 1387,
88IJC(B)686, 90BCJ1851), although aldehydes and ketones can also attack the
carbon atom in position 4 of the isoxazole ring (Section III.A). N-Acylated Al and
Schiff bases of Al are important intermediates in the syntheses of fused systems. The
reduction of some acylated AI by BH; x SMe, (90GA725) or LiAlH4 (78CPB2759)
is a convenient route to the corresponding N-alkylated Al 11 (Scheme 7).

Diazotization of 4-Al and 3-Al yields stable diazoniaisoxazoles, which enter into
typical reactions (62HCI1), in particular, substitution of the iodo (21JCS1546,
77IMC934), azido (77JHC1299), or hydroxy group (in the presence of urea)
(46GAR87), and coupling with acetylacetone (21JCS1546). Only in the case of
3-unsubstituted 4-Al 12, a mixture of diazo ketone 13 and N-hydroxytriazole
14 was formed by opening of 4-diazonium-isoxazole (83TL3149). The opening of
3-diazonium isoxazoles proceeds more casily then that of AI (Section III.D.1)
(Scheme 8).

Diazotization of 5-Al proceeds in a different manner depending on the presence or
the absence of an electron-withdrawing function in position 4 of the isoxazole ring. In
the case of 5-Al containing no group of this type, the isoxazol-5-yl radical is formed
giving rise to 5S-iodoisoxazoles, isoxazol-5-ones, and 5-aryl-substituted isoxazoles
(7T6HCA1705, 79AHC147). However, in the presence of an electron-withdrawing
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group, the isoxazole ring loses NOC-R to yield acetylenes 15 (85JOC2372). A
putative multistep mechanism of this conversion involving radical formation does
not seem persuasive. Acetylenes 15 with the 2-nitrophenyl group are unstable under
the reaction conditions, being cyclized immediately to give *H-indole N-oxides 16
(Scheme 9).

There are a few examples of transformations of substituents other then the amino
group. The methyl 4-amino-5-phenylisoxazole-5-carboxylate (or the N-hydroxy-
succinimide derivative of the same acid) reacts with amines to produce amides
(87H2419, 90G725). A preliminary protection of the amino group is necessary for
the oxidation of 4-acetamido-5-styrylisoxazole to 4-acetamidoisoxazole-5-carboxylic
acid (67G25) and for the addition of phenylmagnesium bromide to nitrile 17
(74HCA1934). 4-Benzoyl-5-aminoisoxazole 19 formed on hydrolysis of Schiff base
18 in H,SO4 cannot be prepared by other methods (Section I1V.B.2) (Scheme 10).

C. SyYNTHESES OF CONDENSED HETEROCYCLIC SYSTEMS FROM
AMINOISOXAZOLES

1. From Aminoisoxazoles with an Amino Group Adjacent to a Replaceable Hydrogen
Atom

The electrophilic substitution in position 4 of the isoxazole ring is widespread for
3-Al and 5-Al; however, the electrophilic substitution in position 3 or 5 of 4-Al
has not been observed (Section III.A). Theoretically, one should expect the for-
mation of isoxazolo[3,4-b]pyridines 20 and isoxazolo[5,4-b]pyridines 21 from
3-Al and 5-Al, correspondingly. A synthesis of isoxazolo[4,3-b]pyridines 22 or
isoxazolo[4,5-b]pyridines 23 from 4-Al, with the substitution of hydrogen, seems
impracticable (Scheme 11).
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However, there are numerous communications considering the preparation of
isoxazolo[5,4-b]pyridines 21 from 5-Al (03BMCL1487, 72MI1, 75JCS(P1)693,
795449, 81JHC607, 81JHC619, 87CPB3676, 88JHC231, 97IMC2674, 92CB2259,
01TL8931, 01T9123, 03S1531) and only one work devoted to the synthesis of
isoxazolo[3,4-b]pyridines 20. The reaction of 3-Al with acetone and Sc(OTf); yielded
dihydroisoxazolo[3,4-b]pyridines 24 (02TL3907) (Scheme 12).

Actually, the reaction between 3-Al and dielectrophiles resulted in annulation of a
new ring at the b-bond of the isoxazole ring, position 4 remaining intact. Instead of
the expected isoxazolo[3,4-b]pyridines 20, isoxazolo[2,3-a]pyrimidinium salts 25 were
formed by the reaction of 3-Al with diketones (76MI1, 83JOC575). 2-Amino-
isoxazolo[2,3-a]pyrimidinium salts 25 prepared from 3,5-diaminoisoxazole are highly
stable; they may be recovered unchanged after deprotonation with NaOH and
acidification sodium salts 26 (83JOC575) (Scheme 13).
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The reactions of 3-amino-5-methylisoxazole with 1,3-bis-(dimethylamino)-
2-azapropene 27 (94JHCS535), isocyanate (87JHC501), and trichloromethylsulfenyl
chloride (75JOC2600) gave isoxazolo[2,3-a]l.3.5-triazines 28, 29, and isoxazolo
[3,2-c]thiadiazoles 30, respectively (Scheme 14).

This reaction with N-substituted 3-Al resulted in mesoionic diketoisoxazolo[2,3-a]
pyrimidine 31 (87JHC1291) (Scheme 15).

Numerous examples of the formation of isoxazolo[5,4-b]pyridines from 5-Al are
known. The condensation of 5-Al with B-dicarbonyl compounds (75JCS(P1)693,
77HS1, 03S1531) or with 3-ethoxypropenal (795449) yields isoxazolo[5,4-b]pyridines
32. The reaction of 5-Al with 2-ethoxymethylene-substituted and 2-arylidene-
substituted 1,3-dicarbonyl compounds yields 7-hydroxyisoxazolo[5,4-b]pyridines 33
(72M11, 88JHC231, 97JMC2674, 03BMCL1487) and 4,7-dihydro-isoxazolo[5,4-b]
pyridines 34 (85T913), correspondingly (Scheme 16).

Isoxazolo[5,4-b]pyridines 35, 36 (§81JHC607, 81JHC619), tricyclic system 37, and
tetracyclic system 38 (01T9123) have been prepared from 5-Al. These condensations
might start from the electrophilic attack on the carbon atom in position 4 followed
by involvement of the amino group in the process (Section I11.A) (Scheme 17).

An alternative mechanism with initial formation of a Schiff base takes place for
the stereoselective intramolecular cyclization into tetracyclic chromeno[4,3-5]
isoxazolo[4,5-e]pyridine 41 (92CB2259, 01TL8931) (Scheme 18).
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An unusual type of cyclization was induced by SMEAH. Derivatives 42 were
converted into tetrahydroisoxazolopyridines 43 (87CPB3676) (Scheme 19).

One synthesis of isoxazolo[5,4-b]pyrimidines from 4-unsubtituted 5-Al has been
reported (Section III.C.2). As discussed above for isoxazolo[3,4-b]pyridines, the
reaction of 3-amino-5-methylisoxazole with carbamate 44 does not produce isoxazolo
[3,4-b]pyrimidines, isoxazolo[2,3-a]l.3.5-triazines 45 being formed as the only
products. Meanwhile, the condensation of 5-amino-3-methylisoxazole with the same
carbamate yielded isoxazolo[5,4-b]pyrimidine 46 (04K GS496) (Scheme 20).

2. From Aminoisoxazoles with an Amino Group Adjacent to an Amide, Nitrile, or
Ketone Group

Diverse fused heterocyclic systems, such as isoxazolopyridines, isoxazolopyrimi-
dines, isoxazolodiazepines, and isoxazolopyrazines were prepared from 4-Al and
5-Al with functional substituents in the ortho-position to an amino group.

Isoxazolo[5,4-b]pyridines 47 and their N-oxides 48 were prepared by condensation
of 3-phenyl -5-aminoisoxazole-4-carbaldehyde with amidines or its oxime 49 with
triethyl orthoacetate (77HS51, 80CPB1832). These and methods mentioned below,
that were used in the syntheses of isoxazolo[5,4-d]pyrimidines, are very similar to the
methods described previously in detail for other amino heterocycles (82AHCI)
(Scheme 21).
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The reactions of the esters of S5-aminoisoxazole-4-carboxylic acids with acetic
anhydride and aryl isocyanates yield substituted isoxazolo[5,4-d]pyrimidines
50 and 51 (86ACS(B)760, 86JHC1535) (Scheme 22).

The same amino esters were condensed with cyclohexanone and malonic ester to
give isoxazolo[5,4-b]quinoline 52 (86ACS(B)760) and isoxazolo[5,4-b]pyridine 53
(77JHCA435), respectively. To prepare isomeric isoxazolo[4,5-b]pyridine 55, the iso-
lated intermediate 54 was cyclized on treatment with EtONa (82JCS(P1)2391)
(Scheme 23).

The addition of 4-Al 56 to dimethyl acetylenedicarboxylate on refluxing in ethanol
afforded a Michael-type adduct. Ring closure of this product was accomplished
by refluxing in xylene for several hours, and 4,5-dihydroisoxazolo[4,5-¢][1,4]
diazepin-6,8-dione 57 was isolated (87H2419). A convenient route to isoxazolo
[4,5-¢][1,4]diazepin-8-one 58 was developed, starting from N-methylated amino
ester 56 (90G725) (Scheme 24).

The standard procedure including treatment with bromoacetyl bromide and then
with hexamethylenetetramine was used to prepare isoxazolo[5,4-¢]1.4-diazepin-7-one
59 from 5-amino-4-benzoyl-isoxazole (74HCA1934) (Scheme 25).
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Amides of 4-amino-5-benzoylisoxazole-3-carboxylic acid could give both iso-
xazolo[4,5-b]pyridines and isoxazolo[4,3-b]pyridines, but only isoxazolo[4,3-b]
pyrimidines 60 were obtained (80LA1623, 94FAS529). The reaction of the
same amides with malononitrile affords isoxazolo[4,5-b]pyridines 61 (80LA1623)
(Scheme 26).

Orthoesters (64JOC2116, 911JC(B)946, 02JOC8558) and esters of carboxylic acids
condense with 5-aminoisoxazole-4-carboxamides and thioamides in the presence
of EtONa (96H691) to give isoxazolo[5,4-d]pyrimidines 62. The reaction of the same
isoxazole carbox(thio)amides with carbonyl chlorides and trifluoroacetic anhydride
gave mixtures of compounds 62 with acylated nitriles 63 (67T687, 811JC(B)654).
The oxidation of 5-amino-isoxazole-4-thioamides with hydrogen peroxide or iodine
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affords a mixture of 4-aminoisothiazolo[4,3-dJisoxazole 64 and 4-cyano-5-amino-
isoxazole 65 (90JHC1481). 4-Cyano-5-aminoisoxazoles were condensed with triethyl
orthoformate and then treated with amines to give isoxazolo[5,4-d]pyrimidines 62
(64JOC2116, 74JMC451) (Scheme 27).

3-Phenyl-4,5-diaminoisoxazole was made to react with 1,2-diketones to give
isoxazolo[4,5-b]pyrazines 66 (68T4907, 73JHC181, 91MI1), but condensation with
acetylacetone yielded only enamine 67, instead of the expected isoxazolodiazepine
68. An attempt to prepare isoxazolotriazole from 3-phenyl-4,5-diaminoisoxazole
was unsuccessful. Under all of the examined conditions, including the action of PPhjy
and NaOH, 4-diazo-5-iminoisoxazole 69 was recovered unchanged (70T1393)
(Scheme 28).

The possibility of acetylene formation (Section I11.B) may be responsible for the
unusually low yields (4-9% after the chromatographic separation) obtained in the
synthesis of isoxazolo[5.4-d[1,2,3]triazin-4-ones 70 (97FA105, 03MI1) (Scheme 29).

4-(3,4-Dimethoxyphenyl)-SAI  (90KGS914) and 4-(cyclo(aza)alkenyl)-5-Al
(84S1052) were condensed with acylating agents to give isoxazolo[5,4-b]quinolines
71 and 72 (Scheme 30).

On boiling in Ph,O, Schiff bases 73 undergo thermally induced ring closure giving
rise to 6,7-dihydroisoxazolo[4,5-b]pyridines 74 (83S839, 85JIC135, 90BCJ1851)
(Scheme 31).
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D. RiING OPENINGS AND REARRANGEMENTS

The reactions of Al that start with isoxazole ring opening often proceed with
cyclization of intermediates to give diverse heterocyclic systems. In this review, the
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reactions are classified accordingly to the type of reagent used to cleave the ring. A
few rearrangements of Al in acidic media have been recently discovered (Section
I11.D.4), in addition to the well-known reactions induced by bases (Section II1.D.1),
heating or irradiation (Section III1.D.2), and reducing agents (Section II1.D.3).

1. By Bases or Nucleophiles

Base-catalyzed opening of isoxazoles unsubstituted in position 3 is a well-pub-
lished process (63AHC365, 75520, 81KGS1155, 84CHC1). In a similar manner, 5-Al
unsubstituted in position 3 (S8CPB105, 73LA898) or esters of isoxazole-3-carboxylic
acids (39G523) also readily yield tricarbonyl compounds 75 (Scheme 32).

The derivatives of 4-Al 76 and 77 unsubstituted in position 3 rearrange into
2-aminooxazoles 78 via typical ring opening (89HCAS556) (Scheme 33).

Surprisingly, 5-(2-aminophenylamino)-4-cyano-isoxazole reacts with triethyl-
amine to give benzoimidazole 80, instead of expected amide 79. This transforma-
tion may be reversed under acidic conditions (80CPB567, 89JHC277) (Scheme 34).

A few base-catalyzed rearrangements of Al with alkyl or aryl groups in position 3
are known. 3-Aryl-substituted 5-Al 81 rearrange to 4-cyanoisoxazol-5-one 82 under
the action of EtONa (60CB1103) (Scheme 35).

The reaction of Al with hydrazines follows a complex pathway. Thus 5-amino-
isoxazoles react with hydrazine to furnish a mixture of pyrazolone 83, 4-amino-
pyrazol-5-one 84, and 1-aminopyrazol-5-one 85 (72JHCI1219). Bipyrazole 86 and
isoxazole ring destruction product 87 were obtained from the reactions of 5-AI with
phenylhydrazine (53JPJ387) and semicarbazide (54JPJ138), respectively. This issue
seems to require reinvestigation; however, these reactions have a complex nature and
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low synthetic utility because the corresponding aminopyrazoles may be prepared
more easily from acyclic precursors (Scheme 36).

Many rearrangements of acylated Al are documented. Thus 3-thioureidoisoxa-
zoles rearrange into 1,2,4-thiadiazoles 88 (77JCS(P1)1616, 86H3433, 93TL6423,
94BCJ1701, 03BMC591). When 3-Al react with acyl isothiocyanate 89, 1,2,4-
thiadiazoles are the only isolable products (02ZOR599). The corresponding oxygen
analogs, 3-ureidoisoxazoles, do not rearrange under any of the conditions studied
(67JCS(C)2005, 88JHC607) (Scheme 37).

3-Acylaminoisoxazoles 90, which are stable in acid media (99FA90), rearrange
under basic conditions. Relying on NMR spectroscopic data, the structure of the
enol form of 3-acetonyl-1.2.4-oxadiazole 92 was assigned to the product of re-
arrangement of 3-acylaminoisoxazoles (98FAS513). Actually, this product has the
structure of 2-aroylaminooxazole 91, as established by '*C-NMR spectroscopy
(91H1765). The prepared 3-acetonyl-1,2,4-oxadiazoles 92 rearrange on treatment
with MeONa to give 3-acylaminoisoxazoles 90 in high yields (83M373) (Scheme 38).
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3-Acetylaminobenzoisoxazoles 93 are in equilibrium with 3-(2-hydroxyphenyl)-
1.2.4-oxadiazoles 94. Acylaminobenzoisoxazoles 93 predominate in the presence of
weak bases, while 3-(2-hydroxyphenyl)-1.2.4-oxadiazoles 94 predominate in the
presence of EtONa, although in this case, EtONa induces slow deacylation yielding
3-aminobenzoisoxazole 95 (73JHC957) (Scheme 39).

1,2,4-Triazoles (64T159) and tetrazoles 97 (64T461) were obtained from the corres-

ponding 3-Al derivatives 96 (Scheme 40).
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Only one example of a rearrangement was reported for N-acylated 5-Al (see also
Scheme 35). Cleavage of 5-sulfamidoisoxazoles gave 1.2.6-thiadiazine 1,1-dioxides
98. Cleavage of 3-sulfamidoisoxazoles follows a similar pathway (79JOC4191)
(Scheme 41).

2. By Photolysis and Thermolysis

Several works devoted to Al rearrangements induced by irradiation or heating
were published in the 1970s, but interest in these reactions is limited because they
often gave complex product mixtures. Homolytic rupture of the N-O bond in 5-Al
induced by irradiation or heating furnishes biradical 99. Depending on the reaction
conditions (temperature, solvent, concentration), the biradical can produce a variety
of heterocyclic systems, the reaction route being not always predictable. In the case
of 3,4-diaryl-substituted 5-Al, biradical 99b forms 2 H-azirines 100 (71JCS(C)2644,
71JCS(C)2648) or indoles 101, when the thermal reaction was performed in
HMFTA (74JCS(P1)1867). In the case of 4-unsubstituted 5-Al, dimerization of the
biradical 99 leads to pyrazines 102 (70JCS(C)1825, 71JCS(C)2644, 71JCS(C)2648)
(Scheme 42).
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In the condensed phase, thermal opening of 5-Al at 180-220°C resulted in
imidazol-2-ones 104 through the rearrangement of biradical 99 to biradical 103
(52JPJ148, 52JPJ1118). However, when the thermal rearrangement of S5-amino-
3-methylisoxazole was carried out in a nitrogen flow at 500 °C, 2H-azirine 100 was
the single isolable product (81JOC3505). Thermal rearrangement of 3-amino-
5-methylisoxazole in nitrogen at 420-500 °C yielded only 2-aminooxazole 105, while
no 2H-azirine was isolated (81JOC3505) (Scheme 43).

On irradiation in neutral media, S5-imino-2-phenyl-2,5-dihydro-isoxazoles 106
were rearranged into imidazol-2-ones 107 and indol-2-ones 108 (70LA195, 74CB13),
whereas irradiation in acidic media afforded 1H-indoles 110 or 3H-indoles 109
(74CB13) (Scheme 44).

3. By Reducing Agents

The reductive opening of monocyclic Al will be discussed in relation to hydro-
genation of nitroisoxazoles (Section IV.B.1). Whereas cleavage of monocyclic Al is
achievable by catalytic hydrogenation with Pd/C or, better, with Raney Ni and
unachievable with the use of chemical hydrogenating agents, opening of bi- and tri-
cyclic Al can be performed using many reducing agents. For example, benzoannu-
lated 3-Al is cleaved under the action of H,+Pd/C, NaBH4/NiCl,, and even Zn/
AcOH (02TL8777). Moreover, tricyclic system 111 was opened by a very mild
hydrogenating agent, sodium dithionite (9OHCAZ2147). Probably, the ring strain of
condensed Al is a crucial factor for isoxazole ring opening (Scheme 45).
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Hydrogenation of isoxazolopyridines and isoxazolopyrimidines prepared from
Al in the presence of Pd/C under atmospheric pressure and at room temperature
led only to opening of the isoxazole ring to give monocyclic amino products
113 (64JOC2116, 99JOC8479). Hydrogenation under more drastic conditions in-
volved both the isoxazole and pyridine rings, resulting in piperidones 114 (79S449)
(Scheme 46).

4. Miscellaneous

Three rearrangements of Al that are difficult to classify. An unusual type of ring
opening was found in the reaction of 5-Al with triethyl phosphite (71JCS(C)3021).
2-Phosphonoaziridines 115 prepared by this reaction were similar to the products
formed on irradiation of Al, though phosphite acted as a reducing agent (Scheme 47).

4-Aminoisoxazole derivatives 116 rearranged into a mixture of 2-methyl-
thioimidazole 117 and 2-aminooxazole 118 under the catalytic action of molyb-
denum hexacarbonyl and SnCly (91HCAS31) (Scheme 48).

3-Acylamino-1.2.5-thiadiazoles 119 were obtained from the reaction of
3-acylaminoisoxazoles and the S4;N4 x SbCls complex. A multistage mechanism of
this interesting transformation has been proposed (98JCS(P1)2175) (Scheme 49).
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IV. Synthesis of Aminoisoxazoles

A. PREPARATION FROM AcCYCLIC PRECURSORS

Two approaches are commonly used to prepare isoxazoles (63AHC365,
79AHC147, 84CHCI1, 91HC1): formation of bonds 1-5 and 2-3 (path A) and for-
mation of bonds 1-5 and 3-4 (path B). Indeed, there are a lot of examples of Al
syntheses by path A (Section IV.A.1). The addition of nitrile N-oxides to alkynes or
alkenes is widely used for the preparation of isoxazoles without amino groups.
However, to our knowledge, the reaction of 1-aminoacetylenes and nitrile N-oxides
(path B) was not used to prepare 3(5)-Al. Instead, 3(5)-Al were produced by the
reaction of substituted acetonitriles and chloro(bromo)oximes. The latter is not a
concerted process, ring closure taking place when bond 2-3 has already been formed
(path C). Actually, path B is similar to path C, so in this review paths B and C will be
considered together (Section IV.A.2). The methods for preparing 4-Al often differ
from the methods used to synthesize 3-Al and 5-Al. Thus, paths A and B were used
to prepare 3-Al and 5-Al, but not 4-Al, which were obtained by path D (Section
IV.A.3). However, hydrogenation of nitroisoxazoles is a good method for preparing
4-Al, but 3-Al and 5-Al cannot be obtained by this procedure (Scheme 50).

l. (CCC+NO) Reactions

To prepare 5-Al or 3-Al, hydroxylamine or N-hydroxyurea may be used as
synthetic equivalents of the NO-synthon and malonodinitriles, B-ketonitriles and
cyanoacetylenes, as equivalents of the Cs-synthon. The condensation of
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hydroxylamine with 2-alkyl(aryl)-substituted malononitriles gave 3,5-di-
aminoisoxazoles 120 (65JOC2862, 83JOC575, 87S33, 847ZC256, 941JC(B)1048,
971JC(B)394) (Scheme 51).

In the reaction of 2-substituted cyanoacetic esters, it is possible to generate both
3-amino-isoxazol-5-ones 121 and isomeric 5-aminoisoxazol-3-ones 122. The product
ratio is mainly dependent on the reaction conditions rather than on the structure of
the starting compounds. When the reaction is carried out at 80 °C in neutral media,
3-amino-isoxazol-5-ones 2 are produced. 5-Aminoisoxazol-3-ones 3 are the major
products in the presence of strong bases (61JOC4917, 67T4395) (Scheme 52).

Spiro-condensed 3-aminoisoxazol-5-ones 123 were formed regioselectively under
the standard conditions (80 °C, hydroxylamine), no isomeric 5-aminoisoxazol-3-ones
being detected (02JHC649, 021JC(B)1670, 03HACS513) (Scheme 53).

Unlike cyanoacetic esters in which electrophilicities of the ethoxycabonyl group
and nitrile group are comparable, in the case of B-ketonitriles, the electrophilicity of
the ketone group is noticeably higher. There are many examples where 5-Al 124 was
obtained as the only product on the reaction of B-ketonitriles with hydroxylamine
(34CB1062, 32CBI1857, 52G98, 54CBI1175, 74CB2563, 90KGS914). However,
the addition of hydroxylamine to the ketone group is reversible and cyclization
of intermediate 125 at pH 8 proceeds at a low rate. The irreversible addition
of hydroxylamine to the nitrile group is dramatically accelerated by heating, and
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3-amino-5-zert-butylisoxazole is thus prepared in a more than 95% yield at 80-100 °C
and pH 8 (91H1153). A substantial drawback of this synthesis is its inability to
produce 3-Al 126 with lower alkyl or functional substituents. The ketal protection of
the ketone group is an obvious way for preparing 3-Al from [-ketonitriles
(78USP4152336); however this procedure has not been widely used (Scheme 54).

Since 3-Al show promise for drug discovery, new methods for the selective prep-
aration of 3-Al were investigated. The hydroxylamine addition to substituted prop-
ynoic nitriles gave 3-Al in the presence of strong bases (66CPB1277) and on heating
(66CR557, 84JCS(P1)1079) or 5-Al at low temperatures and in neutral media. The
reaction with cyanoallenes 128 yields selectively 5-Al (84JCS(P1)1079) (Scheme 55).

The hydroxylamine addition to amidines of phenylpropynoic acid yields 5-Al
derivatives 130 (72BCJ1846), although the addition to thioanilides of the same acid
(17JA697, 37JA933, 37JA1486), to 1-aryl-3-methoxy-3-(alkylamino)propenones and
their thio analogs gave 3-arylaminoisoxazoles 129 (63CB1088, 73LA256, 845247)
(Scheme 56).

N-Hydroxyurea reacts regioselectively with 2,3-dibromopropionitrile (70M1109,
74CB2563) and 2-bromoacrylonitrile (7SHCA1735, 79HCAS833, 842C93) to produce
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3-Al. The utility of this available reagent has not been adequately investigated in the
chemistry of Al. (Scheme 57)

The preparation of Al with different functional substituents (COOEt, CN, SO,Ph)
in the ortho-position to an amino group deserves attention because such Al 131 are
the key intermediates in the synthesis of numerous fused systems (Section I11.C.2).
The attempted reaction of tricarbonyl compounds 132 with hydroxylamine was un-
successful, giving only 4-unsubstituted 3-Al 129 (20JA1055). The action of hydro-
xylamine on 3-methoxy (ethoxy, bromo)-acrylonitriles provides a regioselective
route to 5-Al with functional groups in position 4 (58CPB105, 60CBI1103,
64JOC2116, 78KGS969, 80TL3755, 90JHC1481) (Scheme 58).

In a few examples, 3-Al were also identified after the above-mentioned reactions.
In the case of 2-cyano- (58JA2829), 2-COOMe- (89JHC1335), and 1.2.4-oxadiazol-
S-yl-arylonitriles 133 (96JHC1943) containing two donor groups at position 3 of the
acrylic system, only 5-Al were isolated from the reaction mixtures, but in the case of
2-(tert-butoxycarbonyl)-3,3-dimethoxyacrylonitrile, a mixture of 5-Al 134 and 3-Al
135 was formed in the a 33:13 ratio (89JHC1335). 2-Unsubstituted 3,3-di-
methoxyacrylonitrile 133 (X = H) condenses with hydroxylamine to produce 3-Al
135 as the only product (94BCJ1701) (Scheme 59).
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An example of regioselective preparation of 3-Al with a functional substituent in
position 4 was published (78JPR585). The reaction of 3,3-disubstituted acrylonitriles
136 with hydroxylamine produced 3-amino-4-cyanoisoxazoles 137. Although the
authors do not present convincing evidence for the formation of 3-amino-4-cyano-,
and not isomeric 5-amino-4-cyano-isoxazoles (only elemental analysis data are
given), this inference appears probable. Usually hydroxylamine adds initially to the
position of the acrylonitrile system and then the attack can be directed onto the keto
group due to higher electrophicility of this group compared to the nitrile group
(Scheme 60).

2. (CNO+CC) and (CCCNO) Reactions

In 1936, Quilico (36M11) was the first to propose a general synthesis of 5-AI 131
by the condensation of substituted acetonitriles with chlorooximes or, in some cases,
bromooximes (87BCJ4480). The electron-withdrawing function (X) present in po-
sition 4 of the isoxazole ring could be CN, COOEt, (46G148, 67T3541, 811JC(B)654,
85JOC2372, 87BCJ4480, 911JC(B)946), C(NH,) = C(CN), (80CB1195, 87BCJ4480),
NO, (755664), or SO,Ar (84CHCI, p. 70). The synthesis of 5-Al in this way is a
useful alternative to the methods discussed in the previous section (Scheme 58). This
base-catalyzed reaction is not concerted and proceeds via the same intermediate as
the reaction with hydroxylamine (62HC1) (Scheme 61).

Some other syntheses involve closure of the acyclic intermediate prepared by
addition to diverse alkenes. 5-AI without an electron-withdrawing group in position
4 can be prepared from alkenes by a two-step procedure including the action of
NOCI and then cyanide. Using this method, 3,4-disubstituted 5-Al was synthesized
in a high yield (69TL4817) (Scheme 62).

The addition of the cyanide ion to 2-aryl-1-aroyl-1-nitroarylalkenes yields a mix-
ture of 2-aminofurans 138 and 5-Al 139 (85JHC1663). It is not clear from the
publication (85JHC1663) how nitronitrile 140 was hydrogenated to oxime 141 under
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these conditions. Another molecule of nitronitrile or the cyanide ion could act as a
reducing agent, but this issue has not been investigated (Scheme 63).

3-Nitroacrylonitriles 142 were electrochemically hydrogenated to 5-Al
(79JHC1611). The same products were obtained by the reaction with BuSH; how-
ever the action of alcoholates gave normal products of nucleophilic substitution of
the nitro group 143 (80BSF163) (Scheme 64).
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3. (CCNO+C) Reactions

In the early 1980s, two new approaches to the synthesis of 4-Al with electron-
withdrawing functions were proposed (80LA1623, 80TL3613). Using the first
method, 5-acyl-4-aminoisoxazoles 144 were synthesized through a two-step proce-
dure including alkylation of cyanooximes followed by cyclization under the action of
LiOH (80LA1623). Although this procedure is two-stage, 4-Al were formed as mix-
tures with S5-aminooxazoles 145, the target compounds being difficult to isolate
(061ZV1773). A modified procedure including the interaction of O-alkylated oximes
with lithium perchlorate prior to the action of LiOH furnishes 4-Al 144 as the only
reaction products (051ZV1159) (Scheme 65).

In the other approach, nitromethyloximes 146 were acylated with diacid mono-
chlorides and then the isolated O-acylated oximes 147 were cyclized by treatment with
tricthylamine (80TL3613, 8SH1465) or Al,O5 (85H1465). 4-Nitroisoxazoles 148 were
hydrogenated to the corresponding 4-Al by aluminum amalgam (high yield) or by
powdered iron in the presence of CaCl, (78%) (87H2419) (Section IV.B.1). As noted
by the authors, this method is suitable for a large-scale preparation of 4-Al, as no
complex mixtures were formed and the yields were excellent (§85H1465) (Scheme 66).

B. TRANSFORMATION OF OTHER SUBSTITUENTS TO AN AMINO GROUP

1. Hydrogenation of Nitroisoxazoles and Reductive Openings of Monocyclic
Aminoisoxazoles

The choice of a reducing agent for the preparation of aminoisoxazoles is not
always obvious because mild hydrogenating agents, which do not affect the isoxazole
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ring, can reduce the nitro group to azo or azoxy groups, but not to an amino group.
On the other hand, many conventional agents used for hydrogenation of a nitro
group to an amino group (Pd/C, Raney Ni) are capable of opening the isoxazole ring
(75520, 81KGS1155). Reductive cleavage of the N-O bond in isoxazoles is a well-
known process, often employed in the synthesis of other heterocycles and natural
products (54JCS665, 62HC1, 63AHC365, 79AHCI147, 84CHC1, 91HC1). Hence, as
a result of the action of strong reducing agents on nitroisoxazoles, ring-opening
products could be obtained instead of AI. The following agents were used for re-
ducing nitroisoxazoles: zinc in acetic acid (62HCI1, p. 73, 83H1291), SnCl, in hy-
drochloric acid (31G970, 35G1203, 41G327, 46G87, 61T51), aluminum amalgam
(21JCS697, 41G327, 61T51, 80TL3613, 77JINC45), and powdered iron in the pres-
ence of CaCl, (87H2419). As a rule, the yields were above 80%.

Hydrogenation of 4-nitroisoxazoles into 4-Al in the presence of Pd/C was used
successfully in many works (67G25, 68T4907, 87JHC1003, 87JHC1309), but hy-
drogenation of 3-nitroisoxazole gave no 3-Al under any of the examined conditions
(85JOC5723). Thus opening of isoxazolylisoxazole 149 is of considerable interest
(71T379) (Scheme 67).

Hydrogenation over palladium produces isoxazole 150 and then 3-methylisoxazol-
S-ylacetic acid 151. The action of more powerful Raney nickel provides opening of
both isoxazole rings, which results in y-pyridone 152 after closure of the acyclic
intermediate.

Since the amino group increases the electron density in the isoxazole ring, we may
assume that hydrogenation of aminoisoxazole will occur more slowly then hydro-
genation of the isoxazole ring without amino groups. However, in the presence of
palladium, the aminoisoxazole ring was hydrogenated first, probably due to pre-
ferred adsorption of the aminoisoxazole ring on the palladium surface. Another
question is why the isoxazole ring does not open during hydrogenation of 4-nitro-
isoxazoles in the presence of palladium. This dramatic difference in the behavior of
Al isomers may be caused by the above-mentioned distinction in the sites of metal
ion coordination to isoxazole rings of Al isomers. The protonation of 4-Al is di-
rected to the amino group and that of 3-AI and 5-Al occurs at the ring nitrogen.
Moreover, some data indicate that metal cations coordinate in the same way (Section
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IT). Hence, the assumption that 3-Al (and perhaps 5-Al) are coordinated by the ring
nitrogen to the palladium surface, while 4-Al is coordinated by the amino-group
nitrogen does not seem unlikely.

Actually, opening of 4-Al can take place when the amino group is acylated.
Hydrogenation of 4-acetamidoisoxazole 153 in the presence of palladium on carbon
and recyclization of the intermediate yields 4-acylimidazole 154 (87JOC2714)
(Scheme 68).

2. Nucleophilic Substitution

The replacement of an halogen atom by amines in 3-chloro(bromo)isoxazoles 155
does not occur on heating; however it can be induced by microwave irradiation
(04TL3189). The halogen atom may be easily replaced in 2-methyl-3-chloroiso-
xazolium salts 156 (84CPB530) (Scheme 69).

When an acceptor group is missing, the substitution of halogens in position 5 is
noticeably hindered (53G192); however using lithium salts of amines, one can
achieve high rates and high yields (895275, 90MI1, 90MI2). All appropriate leaving
groups including a methoxy group can be easily substituted if an acceptor group is
present in position 4 of the isoxazole ring (60CB1103) (Scheme 70).

Structure 159 has been erroneously assigned to the product of the reaction bet-
ween 3-benzoyl-3-methyl-4 H-isoxazol-5-one 157 and SOCI, (53GA192). In reality,
the compound has the structure of isoxazolone 158 (74HCA1934). The reactions of
chloro compound 158 with ammonia, phenylenediamine, and phenylhydrazine pro-
duce enamine 160, isoxazolo[5,4-¢]1.4-diazepine 161, and isoxazolo[5,4-c]pyrazole
162, respectively (59Z0B3446). The formation of 161 and 162 represents examples of
substitution at the keto group in position 5 (Scheme 71).



204 V.P. KISLYI ET AL. [Sec. IV.B

X

R X
m R'R2NH R 7
N - N
o Y 0~ "NR'R?
X=CN, COPh R, R2 = H, H; H, Ph; -(CH)5-; H, NHPh
R=Me, Ph
Y=Cl, MeO

Scheme 70

157 Ha 158 161
Ph
N

o« 162
o)
159 ©
160
Scheme 71
cl
Me YNPh Me cl Me ; 0
H B s——
~X— N._ _NHPh N, NH
\o WZX\W i N
o O NPh PH  'NPh
163
Scheme 72

The substitution of halogens in position 4 of the isoxazole ring is so disadvan-
tageous that it does not take place even if an additional acceptor is present in
position 5. The spiro-product 163 was only obtained after long refluxing in THF
(85JCS(P1)1871) (Scheme 72).

3. Reactions Involving Nitrene Rearrangements

When hydrogen, alkyl or carboxyl is present in the ortho-position to the amide
(carbonyl azide) group, the Hofmann and the Curtius reactions give the corres-
ponding Al in good yields (57MI1, 82JCS(P1)2391, 32G457, 91JCS(P1)765). How-
ever, if the ortho-position is occupied by an amide group or a hydroxyalkyl group,
the condensed systems 164 and 165 are formed in these reactions (67G25, 67T675,
818315) instead of the desired AI. The Beckmann rearrangement yields acylated
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5-Al mixed with the amides of isoxazole-5-carboxylic acids, the mixture being diffi-
cult to separate (75ACS(B)65). Such problems are typical in the preparation of many
other amino-substituted heterocycles by these nitrene rearrangements (Scheme 73).

C. RING TRANSFORMATIONS LEADING TO AMINOISOXAZOLES

A few rearrangements leading to Al were discovered, however these reactions give
Al of unusual types. Thus the action of hydroxylamine on 5-dialkylaminooxazoles
166, 2-alkylisoxazolium salts unsubstituted in position 3 167, and the 3,5-dianilino-
[1,2]dithiolylium salts 168 results in acylated 3,4-diaminoisoxazoles 169 (76JHCS825),
3-alkylaminoisoxazoles 170 with the functional group in position 4 (88S203),
and N,N'-diaryl-3,5-diaminoisoxazoles 171 (67CB1389), respectively (Schemes 74
and 75).
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A two-stage synthesis including opening of furoxan 172 on treatment with NaOEt
and then HCI gives 5-chloro-4-aminoisoxazoles 1, which cannot be obtained by
other methods (89MI11) (Scheme 76).

Reducing 4-cyanoisoxazoles 173 with LiAlH4 or LiAlD,4, but not with NaBHy,
gives 5-Al or selectively deuterated 5-Al (84JOC3423). With the reaction using
NaBH,, isoxazoles with electron-withdrawing groups at C-4 are reduced regiospe-
cifically to 2-isoxazolines (Scheme 77).

These results demonstrate that the chemistry of Al can be similar to isoxazole
chemistry, or to aminopyrazole chemistry, or dissimilar to both. The special prop-
erties of Al discussed in this survey originate from interaction of an amino group
and the isoxazole ring and such understanding may facilitate a identification of
biodegradation products of some drugs based on Al and biochemical pathways of
Al in living cell.
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I. Introduction

Isothiazole and its derivatives have a broad range of biological activities
(81PMC117, 97JPR1, 03PHMD617). Especially, isothiazol-3(2H)-ones 1 are potent
industrial microbiocides because of their antifungal and antibacterial activities
(02SUR79).

Saccharin 2, 1,2-benzisothiazol-3(2H)-one 1,1-dioxide, is one of the most well-
known isothiazolone derivatives, which was first prepared by Remsen and Fahlberg
in 1879 by an oxidative cyclization of ortho-toluene-sulfonamide (1879CB469,
73AHC233, 85AHC105).

Furthermore, the development of a new and efficient method for the synthesis
of functionalized monocyclic sultams' 3 (R = Ar) (99HCA685, 03ZN(B)111,

"For cyclic sulfin- and sulfonamides,the TUPAC approved names sultime and sultame were also used in
this review.
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05JEIMC341) and 4 (97T17795, 00T2523) have attracted much attention due to their
importance in biological and pharmacological research. The first monocyclic 2,
3-dihydroisothiazole 1,1-dioxides 4, without the 3-oxogroup but with anti-HIV-1
activity have recently been synthesized (9977625, (Scheme 1).

The best method for the synthesis of 3-oxosultams 3 is the oxidation of mono- and
bicyclic isothiazolium salts 5 and 7 (96T783, 9HCAG68S). In contrast to the iso-
thiazoles (84CHECI131, 93HOU668, 02SCIS507), the isothiazol-3(2H)-ones
(02SUR79) and the 1,1-dioxides (97JPR1, 02AHC71, 03H639) as well as the benzo-
annulated derivatives (85AHC105, 93HOU799, 02SUR279, 02H693, 02SCIS573),
the synthesis, reactions, properties and rearrangement of the large number of pub-
lished papers on the chemistry of isothiazolium salts were not reviewed until now.
There is some information on these isothiazolium salts in reviews on isothiazoles
(93HOU668, 02SCIS507). This article presents a complete picture of the chemistry of
monocyclic, bicyclic, benzocyclic and heterocyclic annulated isothiazolium salts 5-15
(Scheme 2). Several new alternatives to the classical methods of synthesis have been
developed. Patents are included, if they reveal new synthetic aspects or interesting
applications of formed novel S,N-heterocycles.

II. Synthesis

A. SYNTHESIS OF MONOCYCLIC [SOTHIAZOLIUM SALTS

The general syntheses of monocyclic isothiazolium salts are:

(1) Oxidative cyclization of 3-amino-thioacrylic acid-amides, -esters or 2-amino-1-
alkenyl-thioketones;

(2) Ring transformations of 1,2-dithiolium salts with primary amines and oxidative
cyclizations;

(3) Cyclocondensation of 3-thiocyanoalkenal-imines and isomerization of 4,5-sub-
stituted isothiazolium salts;

(4) N-Alkylation of isothiazoles to quaternary salts;

(5) O/S-Alkylation and oxidative O/S-elimination of isothiazolones and -thiones.

(0] (0] (0] R\ H
R2 / R2
N—R NH N—R N—R
S/ S/ S/ S/
c A A A
O O O O O O
1 2 3 4
R =H, alkyl, CH,Ph, Ar R = alkyl, Ar, R =H,Me, CH,Ph
R2=H, Cl CH,CO,R R' = Et, i-Pr
R2 =0OH, NH,

Scheme 1
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\ \ ( \

[ — N* N+
< x < x s
5 6

7
n=01,2
(
\ \
/N+ | /N+
g X g X
8 9
n=1,2
(2)
\ O
( + N+ N+
. /oy < x-
10 11 12

Z = heterocyclicring

\ v T
N+ N+ — l N
13 14 15

Scheme 2

1. Oxidative Cyclization of 3-Amino-Thioacrylic Acid-Amides, -Esters or 2-Amino-1-
Alkenyl-Thioketones

The first synthesis of stable isothiazolium halogenides 17 (65CB1531) was done by
oxidative cyclization of the enamine-mustard oil adducts 16 by treatment with
Br,/CHCI; (see also 61CB2950, 65CB1531, see Scheme 3). 4-Unsubstituted salts 18
were also prepared from N-isopropylamino-thiocrotonamides 16 (R?>= H) by
cyclization with I,/pyridine/EtOH (77CB285). The reaction of 17 and 18 with base
gave the 5-arylimino-2,5-dihydro-isothiazoles 17 and 18-HX. The oxidative cyclization
of N-morpholinoamino-thiocrotonamides 16 (R*> = CO,Et) yielded the hydrobro-
mides 19a,b (82LA884, Scheme 3).

The oxidation of N-monosubstituted 3-amino-2-aryl-thioacrylic acid-morpholides
20 using hydrogen peroxide in perchloric acid gave 5-morpholino-isothiazolium
perchlorates® 21a,c—g (83JPR689) in good yields (Scheme 4). The electrochemical
oxidation of 3-amino-thioacryl acid-amides 20 (R = CH,CO,Me) is a useful

2Caution: Perchlorates are potential explosives!
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Me
Br,/CHCl, EtO.C,
or AcOMe "
———————— —_—
R=R'=Me /N Me
> v S B 1
R® = CO,Et 17 R
NaOHor g2
R%= Me, Ph, 4-NO,-CgHs, Na,COs
COPh, CO,Ph, 66-91% — /N— R
3 S
2 1 1
R R R RN (17-HX)
(18-HX)
1,/Py/EtOH
3 N—R —2YERR N&=— j-Pr
RNH™ Ng H R=iPrR?%=H & x-
R'NH
16 18
(a) R' =Me, R®=Ph, X =1, 70%
(b) R' = Me, R*= COPh, X = Br, 86%
C =Ph, =Me, X =1, o
R'=Ph,R®=Me, X = |, 62%
Me
EtO,C.
Br,/AcOMe
+—N 0
R = morpholino /N
R' = Me RN s Br-
R2 = CO,Et 19
(a) R® = Me, 96%
(b) R3 = Ph, 65%
Scheme 3
H H
(F:‘:' ggzm: Ph 4-Cl-CgH,
2 2
N*—CH,Ph or N+— CH,CO,Me
g clo, g cio”

—
2 N

Ar H o (\ 21a (\ 21b
22 81% e} 62%
AcOH
N—R ———

//\ N g H 70%

o}

\J 20 HCIO,

(c) Ar = A? = Ph, 56%
Ar (d) Ar = 2-MeO-CgHg, Ar® = Ph, 67%
ReAr (e) Ar = 4-MeO-CgHs, Ar® = C1oH7, 50%
— N+—Ar (f) Ar = 4-Br-CgHs, Ar® = Ph, 67%
3/ clo, () Ar=3-NO,-CeHs, Ar® = Ph, 65%
(\ N o (h) Ar = 4-Br-CgHg, Ar® = 4-MeO-CgHs, 78%
O\)
Scheme 4

alternative to the application of chemical oxidizing reagents for the synthesis of the
isothiazolium salts, e.g. 21b (95JPR310); see also the direct synthesis of 3-amino-
pyrrole-2-carboxylates without isolating the isothiazolium salts 21 (93AG797, see
also Scheme 105).

3-Amino-dithioacrylic-esters 22 prepared from 3-alkylthio-1,2-dithiolium salts
with primary amines reacted by oxidative S,N-ring closure with I,/EtOH
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RZ R1 R1
Br,/CCl,, 3h R?
or I,/EtOH
J— — = N+_
RS H R ) R
S _
RS S X
22 23
(a)R=R'=R2=H, R®=Me, X = Br, Brs
(b) R=R2=Ph, R' =H, R® = Me, X = CIO,, 34%
() R=R®=Me, R' = Ph, R2= H, X = CIO,, 83%
(d)R=R"=Ph,R=H, R®= Et, X = CIO,, 70%
Scheme 5
(a) Ar = Ph, Ar® = Ph, X = 1,30%
SMe (b) Ar = 4-Me-CgHg, Ar® = Ph, X=1,33%
lo/ (¢) R=Me,R' = Ph, A= Ph, X = I3, 80%
o E:?H /N+_ Ar (d) R=Me,R'=4-Me-CoHs, A = Ph, X = I, 87%
T s x  (e)R=MeR'=4-MeO-CeHs, A = Ph, X = I3, 90%
Ar 25a,b (f) R=Me,R" = 4-Br-CgHg, Ar® = Ph, X = I3, 75%
Ard S N—R —] (9) R = Me,R" = 2-MeO-CgHa, Ar® = Ph,X = I3, 63%
(h) R = Me,R" = 2-Cl-CgHa, Ar® = Ph, X = I3, 69%
24 SAr! ]
I (i) R = Me, R = 2-Br-C¢Hs, Ar® = Ph, X = I3, 85%
EtOH X (i) R = Me,R" = naphthyl, Ar® = Ph, X = I3, 85%
Tt =R (K)R=MeR'=Ph, AP = 4-Cl-CeHa, X = s, 86%
Ard s X () R = Me, R' = 2-Br-CgHa, Ar® = 4-Cl-CgHa, X = I3, 79%
25¢-n (m) R = Et, R" = Ph, Ar® = 4-MeO-CgHa, X = I, 88%
(n) R = Et, R" = 2-Br-CgHa, Ar® = 4-MeO-CgHs, X = I3, 70%
Scheme 6
R1
R=Me . (@) R'=H, X = ClO,, 19%
/N “ Me  (b)R'=Ph,X= CIO,, 40%, X = |5, 45%
pr’ S
R’ R'
I, |R=CH,Ph ()R_HX ClO,, 48%
N—R — *—CH,-Ph Ry
Ph s H /X, 2PN (d) R'=Ph, X =1, 54%
26 Ph
Ph
R=R'=Ph
== /N*— Ph  (e)X=ClO,, 53%
X-

PH 27

Scheme 7
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Ar] 1.H,0,/AcOH/
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clo, -
S Al S
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30h
91%

Scheme 8

(72CJC2568, 73CIC3081) or Br,/CCly (672C306) producing directly the salts 23
(23a: 67ZC306; 23b,d: 72CJC2568; 23¢: 73CJC3081, Scheme 5).

3-Ethoxy-/3-methyl-amino-thioacrylic-O-ethylester (R = Me, R? = H) reacted
with I, or Br, in pyridine to give 3,5-diethoxy-2-methyl-isothiazolium triiodide
(85%) and tribromide (22%) (88AP863, see also Scheme 11).

3-Arythio-3-alkenylamino-thiopropenones 24c¢—n were oxidized to novel 3-arylthio-
isothiazolium salts 25¢—n with iodine in ethanol at room temperature (02JOC5375).
The 3-alkylthio salts 25a,b were accordingly prepared (73LA256, Scheme 6).

The oxidative cyclization of 3-alkylamino- and 3-arylamino-thiopropenones 26a—e
with I, in ethanol and perchloric acid yielded the 4-unsubstituted salts 27a,b,e
(68CIC1855), 27¢,d (72JCS(P1)2305, Scheme 7).

2,5-Diaryl-isothiazolium salts 30a—g were prepared by oxidative cyclization of
enaminothioketones 29 (88Z2C345, 94JPR434) with H,0,/AcOH and perchloric acid,
which were obtained from the dimethyliminium perchlorates 28 (Scheme 8) by reaction
with sodium thiosulfate followed by transamination with the corresponding aniline
(30a: 68CJC1855, 72JCS(P1)2305; 30a,b,i: 74Z.C189; 30c—g: 94ZOR1379).

The salts 30c,e were also prepared from the B-thiocyanatovinylaldehydes, aniline,
glacial acetic acid and perchloric acid (94Z0OR1379, see Scheme 16).

The treatment of 3-phenyl- and 3-ferrocenyl-3-chloropropenal with sodium sulfide
nonahydrate gave rise to intermediate 3-phenyl- and 3-ferrocenyl-3-thiopropenal, which
produced with aniline the 1-phenyl- (29a) and 1-ferrocenyl-3-phenylaminothioprope-
non 29h. The reaction of 29a,h with iodine in methanol yielded the oxidized bis(2,5-
diphenylisothiazolium) octaiodide 30a (85%) and 2-phenyl-5-ferrocenylisothiazolium
pentaiodide 30h (91%) (99ZAACS511). The structures of these iodides 30a (X = Ig) and
30h were confirmed by X-ray diffraction (99ZAACS511, Scheme 8). 30a (Ig) also formed
a layer structure with isothiazolium cations and polyiodide anions.

2. Ring Transformations of 1,2-Dithiolium Salts with Primary Amines and Oxidative
Cyclizations

4-Hydroxy-isothiazoles 33 were obtained through nucleophilic substitution of the
3,5-disubstituted 1,2-dithiolium-4-oleates 31 or their perchlorates 32 by ammonia in
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EtOH. The yields of 33 were between 35 and 50%. The alkylation of the isothiazole
33 gave the isothiazolium salts 34a,b in 90% yield (79BSF26, Scheme 9). By reaction
of the perchlorates 34 with a base, the isothiazolium-4-oleates 35 were obtained
(79BSF26, 80PS79).

The formation of the 4-methoxy-3,5-diphenyl-isothiazolium salts 38a,b also took
place by nucleophilic attack of ammonia on 36 followed by alkylation of the iso-
thiazole 37 (79BSF26, Scheme 10). Secondly, the isothiazole-4-oleates 35a,b (Scheme
9) could be transformed by an electrophilic attack of dimethyl sulfate to give also the
4-methoxy salts 38.

The specific reaction pathway of 1,2-dithiolium salts 39 was determined by the
substituent in the 5-position. Primary aromatic amines reacted with monocyclic 5-aryl-
3-ethoxy-1,2-dithiolium salts 39a but did not give 3-phenylamino-thioacrylicacid-
O-ethylesters because the attack of the amines on 5-position in 39a is hindered. In
contrast, the 4-aryl salts 39b reacted very easily to produce thioesters 40, which were
converted to salts 41 by cyclization with Br, in CCly (752C478). After treatment of
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salt 41 with a special base as well as by dry heating, the isothiazolone 42 was obtained
(Scheme 11).

The treatment of 1,2-dithiolium salts 43 with methylamine gave 3-methyl-
aminothiopropenones 44, which were oxidized by iodine to form the N-methyl-
isothiazolium salts 27a,45a, isolated as their perchlorates (73CJC3081). The yields of
products were rather poor but the reaction is a very quick synthesis of N-methyl-
isothiazolium salts 27a,45a from the 1,2-dithiolium salts 43 (Scheme 12).

The methylation of the 1,2-dithiol 46 occurred at the sulfur atom with formation
of the dithiolium salt 47, which could not be isolated and immediately reacted to
form the isothiazolium iodide 48 (84JHC627, Scheme 13).

3-Ethyl-4-methyl-1,2-dithiolium perchlorate 49, which crystallized from AcOH as
colorless plates, was prepared and converted into the Vilsmeier salt 50 in 80% yield.
The addition of aqueous methylamine to a solution of salt 50 in dimethylformamide at
room temperature afforded the methylimine 51 in 92% as deep yellow needles. After
heating with methyl iodide in acetonitrile, the dithiol 51 gave the S-methylated iso-
thiazolium iodide 52a, which was treated with 70% perchloric acid to form the
corresponding perchlorate 52b as yellow needles was received (69CC1314, Scheme 14).

The reaction of the 3,5-diphenyl-1,2-dithiolium chloride 53 in the presence of zinc
acetate and benzoylhydrazine gave a yellow substance in 80% yield. After the X-ray
analysis, the structure was established as the 3,5-diphenylisothiazolium-2-benzoyli-
mine 54 (97ZN(B)1139) (Scheme 15).

3. Cyclocondensation of 3-Thiocyanoalkenal-Imines and Isomerization of 4,
S-Substituted Isothiazolium Salts

Z/E-3-Thiocyanato-2-alkenals 55 are important C;S-synthons for the synthesis of
isothiazolium salts 30a,c,e,i and 57—-64. The alkenals 55a—h reacted with primary

R
R2 R2 R
\N/O \N
é +
H,N-CoH.R 7
R SCN R S

R? CHO 56 30a,c,e,i,
57-64

R3 SCN
Z/E- 55 HN-R'
a) R2 - Me \ R2 \
) R Et R3 = Me N— R
c) H2 Me, R® = Et j[:/ X-

(

(b

(

(d) R?=n-Pr, R® = Me R

(e) R?=H, R®= Ar 65

(f) R? = Me, R® = Ph (a) R'=n-Pr, R? = Me, R®= Ph, X = CIO,, 48%
@ )Rz Ph, R® = Me (b) R" = n-Pr, R?= Ph, R® = Me, X = CIO,, 65%
(h) R?=Ph, R®= Ar

Scheme 16



Table 1. 2-Arylisothiazolium salts 30a,c,e,i and 57-64
R? R? R Reference
57 Me Me H, 4-Me, 2-Cl, 4-Cl 92JPR25
4-MeO, 4-Br, 4-SO,Me 95JPR175
4-CF; 96MOL142
3-Me 98JPR361
4-NH,, 4-CO,H, 4-CO,Me, 4-CO,Et, 2,6-Cl,, 4-NO, 02HCA183
2,4-(NO»),, 2,5-Cl,-4-0-i-Pr 03ZN(B)111
58 Et Me H, 2-Cl 92JPR25
4-MeO 98JPR361
59 Me Et H, 2-Me, 4-Me, 4-t-Bu, 2-MeO, 3-MeO, 4-MeO, 2-Cl, 3-Cl, 4-Cl, 4-Br, 4-NO, 97SUL35
60 n-Pr Me H, 2-Cl 92JPR25
30a H Ph H 74ZC189
30i H Ph 2,5-Cl,-4-0-i-Pr 03ZN(B)111
30c H 4-CF3-C4Hy H 947Z0R 1379
30e H 3-CF;-C¢Hy H 947Z0R 1379
61 Me Ph 4-NO,, 2,4-(NO»),, 2,5-Cl», 2,5-Cl,-4-0-i-Pr 03ZN(B)111
62 Ph Me H, 4-Me, 2-Cl 92JPR25
4-MeO 01PS29
4-NO,, 2,4-(NO»),, 2,5-Cl,-4-0-i-Pr 03ZN(B)111
2-Cl 05SUC211
63 Ph Ph 4-Cl, 4-CF; 01PS29
4-NO,, 2,4-(NO»),, 2,5-Cl,-4-0-i-Pr 03ZN(B)111
3-NO,, 2-CF3-4-NO,, 2-Cl-4-NO, 05JEIMC341
H, 4-MeO, 2-Cl-4-NO, 05SUC211
64 Ph 4-MeO-C¢H, 3-NO,, 4-NO,, 4-CF3, 2-Cl-4-NO,, 2,4-(NO»),, 2,5-Cl,-4-O-i-Pr 05JEIMC341

dZTNAHDS "4 ANV dT0M [ 144
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I GJJ e GJE}

cloy

Z/E-55a,9
57r R = R® = Me, n_1
57s R°=R®Me, n =
62i R?=Ph,R%= Me n=2
Me CHO HCIO,/ Me
AcOH .
+ H,N NH, e
Me SCN Me
Z/E-55a 2C|o4
R3 CHO HCIO,/ R2
/N AcOH N\, / \
+  HyN—N z S e N=N z
R3 SCN - R3 S Clo_‘—’
Z/E-55a,h 67 4
(a) R? = R® = Me, Z = NMe, 98%
(b) R? = Ph, R® = Ph, Z = NME, 59%
(¢) R?=R%=Ph, Z = (CH,),, 91%
Scheme 17
Me
2 R L2
* 0> N* +
S/ S/ @
Me' clo; CIO,
57 R? = Me 68
2 _
58 R" = Et (@) R =H, R? = Me, 77%
(b) R = 3-Me, R? = Me, 87% R2 4 R
(¢) R = 4-Me, R? = Me, 77%
(d) R = 4-MeO, R?= Me, 87%
(e) R = 4-Br, R? = Me, 44% N
(AR = 4-Cl, R? = Me, 38% R2 -HCIO
(@) R=H, R®=Et, 85% H 4
(h) R = 4-MeO, R? = Et, 97% R
Me NH
69'a-h
1-17%
Scheme 18

aromatic or aliphatic amines in the presence of hydrochloric acid in ethanol, tetra-
fluoroboric acid and perchloric acid in glacial acetic acid to yield N-aryl 30a,c,e,i or
57-64 and N-alkylisothiazolium salts 65 in good-to-very-good yields (88ZC287,
90DDP275459, 92JPR25, 95JPR175). The isothiazolium iodides were prepared
by anion exchange of perchlorates with KI in ethanol for iodides. Furthermore,
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RA_ _CHO thot R N NHR reflux,
EtOH N 8 hrs .
+ R-NH-NH, ——> — /N —N=-R
R SCN R SCN R3 S
ZIE-55a R? = R®= Me 70 71at R = ArCO
ZIE-55e R? = H, R® = Ph (a-j) R = ArSO, 71°a-i R = ArSO,

Z/E-55g R? = Ph, R® = Me
HCIO,
0°C //DCHA
RZ
N\
N*— NH-R
/
S ciof

73

72 R = ArCO
73 R = ArSO,

R3

Scheme 19

Table 2. Synthesis of N-benzoyl- or sulfonyl- isothiazolium-2-imines 71,71’ and 2-amino-
isothiazolium perchlorates 72,73 from B-thiocyanato-vinyl aldehydes 55a,e,g

R? R R} 7LV (%) 72,73 (%) Reference
71,72a  PhCO Me Me 60 - 05H2705
b 4-Me-CgH,-CO Me Me 18 - 05H2705
f 4-Cl-C¢H4-CO Me Me 32 - 05H2705
h 4-NO,-C¢H4-CO Me Me 42 - 05H2705
q PhCO Ph  Me 55 - 89DDP289269
H Ph 53 95 89DDP289269
s 4-Cl-C¢H,4-CO H Ph 82 - 89DDP289269
t 3-NO,-C¢H4-CO H Ph 65 40 89DDP289269
71,732 PhSO, Me Me 27 - 96ZOR 1745
b 4-Me-CgH,-SO, Me Me 90 57 96ZOR 1745
d 4-Br-C¢H4-SO» Me Me 32 67 96ZOR1745
e 3-NO,-C¢H4-SO, Me Me 35 57 99JHC1081
f 4-NO,-C¢H4-SO, Me Me 54 59 99JHC1081
g 2,4,6-Mes-C¢H»-SO,  Me  Me 65 58 96ZOR1745
h PhSO, Ph  Me 7 77 96ZOR 1745
i 4-Me-C¢H4-SO, H Ph 48 42 89DEP289270

#See also Table 8.

Z/E-thiocyanates 55a-h reacted with aniline hydrochloride in ethanol to give
hydrochlorides 57-64 (X = Cl) (92JPR25).

In all cases, intermediate 3-thiocyanato-2-alkenal arylimine 56 was not isolated, it
reacted further by intramolecular cyclocondensation to salts 30a,c.e,i and 57-64
(90DDP275459, 92JPR25, Scheme 16). In order to establish the structure of salts 57,
an X-ray analysis was performed for salt 57 (R = 4-MeO) (98ZK331). In Table 1 are
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presented all 2-aryl isothiazolium salts 30a,c,e,i and 57-64 (20-95%) with the
corresponding reference obtained by this approach.

In particular, N-phenylisothiazolium salts 57r,s and 62i bearing a benzo crown
ether substituent were synthesized in 53-60% yield by treatment of the B-thiocya-
natovinyl aldehydes 55a,g with the crown aniline (01PS29). Furthermore, the 2,
2'-(benzene-1,4-diyl)bis(4,5-dimethylisothiazol-2-ium) diperchlorate 66 was prepared
in 88% yield as yellow crystals by the reaction of thiocyanate 55a with benzene-1,
4-diamine (02HCA183).

Thiocyanates 55a,h with N-amino heterocycles produced N,N’-linked isothia-
zolium salts 67a—c (06ZN(B)464, Scheme 17, see also Scheme 19).

4,5-Substituted monocyclic isothiazolium salts 57,58 gave with anilines 3,4-dialkyl
isothiazolium salts 68a—h by isomerization, which took place after nucleophilic attack
of aniline at the carbon atom in the 5-position of 57 following migration of a sulfur
atom to 3-position (98JPR361). The structure of 3,4-dimethyl-2-phenylisothiazolium
perchlorate 68a was confirmed by X-ray analysis (98JPR361). This ring transforma-
tion resulted in two by-products, the 5-thienyl salts 69a—h in only 1-16% yield and
salts of vinamidines 69'a—h in 1-17% yields. The yields of 69 and 69’ became lower on
increasing the basicity of the corresponding anilines (98JPR361, Scheme 18).

B-Thiocyanatovinyl aldehydes 55a,e,g reacted with the acceptor-substituted hydra-
zines via 3-thiocyanato-2-alkenalhydrazones 70 to obtain N-aroyl- and N-arylsulfonyl
isothiazolium-2-imines 71 and 71’, which served as educts for the synthesis of 2-ami-
noisothiazolium perchlorates 72 and 73 by treatment with perchloric acid (96ZOR1745,
98HS587, 02SCIS287, 05H2705, Scheme 19). The benzhydrazones 70 (R = ArCO) were
not isolated (05H2705), they reacted in ethanol under 8h refluxing to imines 71a—t
(R = ArCO) (Table 2) and treatment with perchloric acid produced the salts 72. The
structure of benzoylimine 71a was determined by X-ray analysis (05H2705).

In contrast, salts 73b—i (R = ArSO,) were obtained from the sulfonylhydrazones
70 (R = ArSO,) or N-arylsulfonylisothiazolium-2-imines 71’ by stirring 70% per-
chloric acid cooled to 0°C for 1h (96ZOR1745). In Table 2 are given the
isothiazolium-2-imines 71,71’ and their salts 72,73, synthesized by this method.

4. N-Alkylation of Isothiazoles to N-Alkylisothiazolium Salts
2-Alkylisothiazolium salts 27,45 and 75 were prepared by N-alkylation of isothia-

zoles 74 with a very wide range of alkyl bromides and iodides, methyl p-toluene-
sulfonate, methyl trifluoromethansulfonate, methyl fluorosulfonate, dimethylsulfate

R R'
R R3
N N-methylation
D ——— +
/ RY N—Me
R® S 52 S X
74 27,45,75

Scheme 20



Table 3. Methylation of isothiazoles 74 to 2-methyl-isothiazolium salts 27,45 and 75

8¢CC

R! R? R? RY X Yield (%) Reference
752 H H H Mel I 43 65JCS(C)4577
4-Me-CgH,-SOsMe Ts 70 72JCS(P1)2305
4-Me-CgH,-SO;Me FSO; 71 72JCS(P1)2305
4-Me-C¢H4-SO3Me/(Me0),SO,  ClOy 65/61 75JCS(P2)1620/73CIC3081
b Me H H Mel I 43 65JCS(C)4577
4-Me-CgH,-SOsMe Clo, 83 75JCS(P2)1620
4-Me-C¢H4-SO3Me Ts 46 65JCS(C)4577
c H Me H Mel I 31 65JCS(C)4577
d H H Me Mel I 23 651CS(C)4577
4-Me-CgH,4-SO;Me Clo, 48 751CS(P2)1620
e H Me  Me Mel I 27 92JPR25
f H Ph Me Mel I 20 92JPR25
g Me H Me Mel Clo, 85 65JCS(C)4577
4-Me-CgH,-SOsMe Ts 85 71JCS(B)2365
h Me NO, H 4-Me-CgH,-SOsMe Clo, 63 75JCS(P2)1620
i Me NO, Me CF;SO;Me Clo, 94 71JCS(B)2365
45a H Ph Ph (Me0),S0, Clo, 80 72CIC2568
75f H Ph H (Me0),S0, Clo, 85 72CJC2568
27a  H H Ph (Me0),S0, Clo, 73 68CJC1855
FSO;Me FSO; 64 72JCS(P1)2305
27b  Ph H Ph FSO;Me FSO; 68 72JCS(P1)2305

dZTNAHDS "4 ANV dT0M [
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Table 4. Ethylation of isothiazoles 74 to 2-ethyl-isothiazolium salts 76

76 R! R> R? RY X Yield (%) Reference
a H H H Etl | 71BSF4373
b CI Cl (EtO),SO, EtOSO; 78USP4281136
Et;OBF, BF, 50 78USP4281136
FSO;Et FSO; 78USP4281136
¢ Ph H H Et;OBF, BF, 36 66T2135
d H Ph H Et;OBF, BF, 90 66T2135
e H H Ph  Et;0BF, BF,4 89 66T2135
f D H Ph  Et;0BF, BF, 48 66T2135
h ClI H H FSO;Et FSO; 95 77USP4292430/79USP4267341
i Et H H FSO;Et Cl 77USP4292430/79USP4267341
j Me H Me FSOsEt BF, 88SC1847
k Me I Me FSOsEt BF, 88SC1847
1 Me CN Me FSO;sEt BF, 88SC1847
m Me NO, Me FSOsEt BF, 88SC1847
n Me CO,Et Me FSO;Et BF,4 88SC1847
R’ R
R R
N-ethylation
g RY NTE
R® B3 s X
74 76
Scheme 21
R' =Y
R R2
N-alkylation
N RY N'—R
/oo
53 S R s X
74 77

(@) R=n-Pr, R' = R?= R®= Cl, X = CF,S0,, 28%
(b) R =allyl, R' = R2 = R® = Cl, X = CF,S0,, 30%
(¢) R=n-Oct, R"= R?= R®=Cl, X = CF,S0,, 31%

Scheme 22

and trimethyloxonium tetrafluoroborate (Meerwein’s salt). In Table 3 are represented
the N-methylated salts 27,45 and 75 (Scheme 20).

2-Ethylisothiazolium salts 76 were prepared by N-alkylation of isothiazoles 74
with alkyl iodide, sulfonate esters, diethyl sulfate and triethyloxonium tetrafluoro-
borate. In Table 4 are given N-ethylated salts 76 (Scheme 21).
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RS
74

Me

80

*—CH

7%

N-benzylation
—_—

R1

R2

RY

R
78
(78a) R=R'=R?=R®=H, X =
X = 4-Me-C¢H,S0,, 72%
(27c)R=R'=R?=H, R®=Ph,
(78b) R=R2=R%®=H, R' = Me,
¢) R=2-NO,, R' = Me, R% =
d) R=3-NO,, R" = Me, R? =
e)R=R'=H,R?>=Ph,R®=

Scheme 23

R1
N-benzoyl- R

methylation,
RY

N*+—CH,—

Br~

R2

R2
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R3
H,
H,
H,

Scheme 24
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26%

+—CH
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Me

‘ —c

s’ Br-
83
(a) R=Me, 62%

N—N

, X = NOy, 73%, X

!
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Jrool
+—CHjy
3 S)\‘ X~

Br, 60%,

=1,20%
X =CIO,, 10%

X =Br, 52%

R®=H, X = Br, 33%
R®=H, X = Br, 35%

Me, X = CIO,, 45%

H, 53%,
R®=Ph, 10%
R?=Ph

R? = 4-Me-CgH,

N

s

(b) R=n-Pr, 69%

Scheme 25
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Ph Ph

CICOCH,CI \
N SO N+—COCH,CI
/ NEt /o

S 3 S
84 85

73%

Scheme 26
Me Me

m-moﬁ CI-HZCﬁ
N —— Nt
g /

S
Scheme 27
R2 R
N\ Hcio, \
N — N*—H
/ / -
R S R S clo;
88 89

(@) R?=H, R®=Me
(b) R2=R®=Me
(¢) R?=H, R®=Ph
(d)R?=Ph,R®=H
(e) R>=Me, R®=Ph

Scheme 28

The 2-alkyl-3.,4,5-trichloroisothiazolium trifluoromethyl sulfonates 77a—c were
also obtained by N-alkylation of the corresponding isothiazole 74 but only in poor
yields (28-31%) (78USP4281136, Scheme 22).

The 2-benzyl-sustituted salts 78 were prepared by quaternization of isothiazole 74
with benzyl bromide, iodide, fluorosulfonate and tosylate. 5-Phenylisothiazole 74
(R'=R?*=H, R?=Ph) reacted difficultly to salt 27¢ (10%) but 3,5-diphenyl-
isothiazole are resisted quaternization by benzyl halides (27¢,78a,b: 72JCS(P1)2305;
78b—d: 65JCS(C)4577; 78e: 92JPR25, Scheme 23).

2-Phenacylisothiazolium salts 79 were synthesized by N-alkylation of isothiazoles
74 with phenacyl bromide (79a,b: 72JCS(P1)2305; 79b—d: 85BSB149, Scheme 24).

The 2-(imidazol-4-ylmethyl)- 81 and 2-(imidazol-3-ylmethyl)-3-methyl-
isothiazolium salts 82 were prepared by N-alkylation of 3-methylisothiazole 80 in
poor yields (26-27%). Similarly, the 2-(pyrimid-Syl-methyl)-3-methyl-isothiazolium
bromides 83a and 83b were obtained (65JCS(C)4577, Scheme 25).

When the reaction was carried out in the absence of a tertiary amine, N-alkylation
of the isothiazole 84 took place and the 2-(chloroacetyl)isothiazolium chloride 85
was precipitated by the addition of ether (85BSB149, Scheme 26). The treatment of
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salt 85 with triethylamine at room temperature gave back the starting isothiazole 84
by a dealkylation process.

The 4-chloromethyl isothiazole 86, which could be obtained from the isothiazolyl
carbinol by treatment with thionyl chloride, was very reactive towards nucleophilic
reagents. Thus 4-chloromethylisothiazole 86 underwent a self-quaternization to form
the 4-chloromethyl-3-methyl-2-(3-methylisothiazol-4-ylmethyl)isothiazolium chloride
87 (68JCS(C)611, Scheme 27).

The treatment of B-thiocyanatovinyl aldehyde (76Z2C49) with NH4SCN in acetone
over 50 °C vyielded directly the isothiazole 88. The 4,5-disubstituted isothiazolium
salts 89a—e were formed by protonation of isothiazole 88 with perchloric acid in
ethanol (76JPR507, 76DDP122249, 797.C41, Scheme 28).

5. O/S-Alkylation and Oxidative S/O-Elimination of Isothiazolones and -Thiones

Reaction of 2-alkyl/aryl isothiazol-3(2 H)-thiones 90 with various alkyl-halogenides
gave the 3-S-alkyl-substituted isothiazolium salts 25a,91 in good-to-very-good yields
(70BSF3076, 73CJC3081, 93JHC929, Scheme 29). Several isothiazolium iodides
25a,91a—n, perchlorate 25a and chlorides 910—v were also synthesized. The structure
of 2-methyl-5-aryl-isothiazolium chloride 91q, isolated in 60% yield, was confirmed
by X-ray analysis. The S-alkylated isothiazolium salts 25a,91 with yields and refer-
ences are represented in Table 5.

The N-phenyl/-cyclohexyl isothiazol-5(2 H)-thiones 92a,b formed with methyl io-
dide the stable S-methylisothiazolium halogenides 23b and 93a,b in very good yields
(23b: 73CJC3081; 93a,b: 66JPR312, Scheme 30).

The synthesis of isothiazolium salts 27a and 45a in good yields (75-80%) is re-
presented in Scheme 31 by converting the N-alkylisothiazol-3(2H)-thione 94 with
hydrogen peroxide in acetic acid (73CJC3081).

The N-phenyl/alkyl-isothiazolium salts 75j and 96a—c were also obtained by the
oxidative elimination of the isothiazol-5(2H)-thione 95 in 67-72% yield (96a,b:
72CJC2568; 75j,96¢: 74CJC3021, Scheme 31).

2-Methyl-isothiazol-3(2 H)-thiones 97 were prepared from the corresponding
2-methyl-isothiazol-3(2H)-ones in toluene and oxalylchloride (81USP4281136, see
also Schemes 55, 66). They reacted with sodium N-chlorobenzenesulfonamide in
ethanol and chloroform to produce sulfimides 98, sulfonamides 99 as well as
sulfinamidinates 100 (96PS203, Scheme 32). The stability of the inner salts 98—100
increased from 98 <99 <100.

3-Methoxy isothiazolium salts 75w and 102a—c¢ were prepared in high yields by
treating the isothiazolone 101 with an excess of methyl fluorosulfonate. In some

1
R2 // R2
1
N—R _RX N
RS S R3 S X-
90 25a,91

Scheme 29
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Table 5. S-Alkylation of isothiazol-3(2H)-thiones 90 to 3-alkylthio-isothiazolium iodides
25a,91a—n and chlorides 910—v

R R! R? R? X Yield (%) Reference
91a Me Me H Ph I 42 68CJC1855
78 70BSF3076
35 73CJC3081
b Me Et H Ph I 74 70BSF3076
c Et Me H Ph 1 84 70BSF3076
d Me Me H 4-Me-CHy 1 85 70BSF3076
e CH,Ph Me H 4-Me-C¢Hy 1 80 70BSF3076
f Me Me H 4-MeO-C¢H,; 1 85 70BSF3076
g Me Et H 4-MeO-C¢H, 1 80 70BSF3076
h Et Me H 4-MeO-C¢Hy 1 88 70BSF3076
i Et Et H 4-MeO-C¢H, 1 92 70BSF3076
i CH(CH,)s Me H 4-MeO-C¢H, 1 90 70BSF3076
k CH,Ph Me H 4-MeO-C¢Hy 1 92 70BSF3076
1 CH,CH,Ph Me H 4-MeO-C¢H, 1 78 70BSF3076
m CH,Ph Me H Thienyl I 73 70BSF3076
25a Ph Me H Ph I 23 68CJC1855
91n Me Me Ph Ph 1 95 77CIC1123
o Me MeCOCHCO,Et H Ph Cl 81 93JHC929
p Me MeCH,COCHCO,Me H Ph Cl 70 93JHC929
q Me MeCOCHCMeO H Ph Cl 62 93JHC929
r Me -CH,-COCHCO-(CH,),- H Ph Cl 60 93JHC929
s Et MeCOCHCO,Et H Ph Cl 71 93JHC929
t Et MeCH,COCHCO,Me H Ph Cl 64 93JHC929
u Et MeCOCHCMeO H Ph Cl 58 93JHC929
v Et -CH,-COCHCO-(CH,),- H Ph Cl 64 93JHC929
1
Ph
O X
MeS s Clo
23b
R1
Ph
N+
y s C 3/ @
S MeS
92b 93
90-95%
(a) R' = Et
(b) R'=Ph

Scheme 30
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S
RR H20,/ R2
HCIO,
/N—Me —_— /N*— Me
X-
P’ S p S
94 (27a) R?=H, X = ClO,, 80%
(45a) R2= Ph, X = CIO,, 75%
R1 R1
R2 H,0,/ RR
HCIO,
N—R —_— N+—R
s S cio;
S
95 (96a) R' =H, R=R? = Ph, 72%
(b) R=R'=Ph, R?=H, 67%
(€) R = CH,Ph, R'=H, R? = Ph, 80%
(75j)) R = Me, R'=H, R" = Ph, 86%
Scheme 31
S
S
9
015G +NaCINSO,CgH,4R' ,
Tia 5-20°C R
‘?OZ 1-3hrs 1-3 hrs /§02
NG - N
Ny Ng=N
S (100a) R' = Me, 78%
NE_Me R Nime (6 R'=NO, 79%
4 140-170°C g (@) R" =0, 57%
98 1 y
(a) R1 Me, 61%
(b) R' = MeO, 21%
(c) Fi1 NO,, 55% 023\\_
(d) R'=ClI, 49% N (99a) R' = Me, 88%
(b) R" = MeO, 58%
(c) R' = NO,, 54%
N—Me (d)R'=Cl, 52%
S
Scheme 32

cases, CH,Cl, has been used as solvent. The salts 75w,102a—c are generally

hygroscopic and are decomposed on standing (79JOC1118, Scheme 33).

The quaternary salts 75m,76h and 104a—d were formed by oxidative elimination
of a carbonyl oxygen with POCI; from isothiazol-3(2H)-one 101 (75m (X = Cl),

235
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O OMe (75w) R = Me
(102a) R = Ph
FSO4Me X (102b) R = CH,Ph
[ = == [ =" Geon-cn,
S s FSOj
101
POCI,
C1,CO
CI(CO),Cl

cl cl (75m) R = Me, X = Cl, FSO3
(76h) R = Et, X = FSO4
(104a) R = Ph, X = Cl
(104b) R = CH,Ph, X = Cl

FSO3R
B | Nf—R
/ - (104¢) R = CgHyy, X = CI

s (104d) R = CH,CH,CI, X = Cl

Scheme 33

104a: 68ZC170; 75m,76h and 104a—d: 79JOC1118, Scheme 33). The treatment of 3-
chloro-isothiazole 103 with alkyl or aryl fluorosulfonates gave the 3-chloroisothia-
zolium salts 75m,76h and 104a—d (77USP4292430, 79USP4267341, 79JOCI1118).

B. 1,2-BENZISOTHIAZOLIUM SALTS

The preparation of the first 1,2-benzisothiazolium salts were reported by Fries et al.
(23CB1630, 27LA264, see 107) and later reviewed by Bambas (52CHE227) as well as

105a
(@R=Ph,R"=H, X=Br, Cl
(b) R = 4-Me-C¢H,, R'=H, X = Br, Cl
() R=Me, R'=H, X=Br
(d)R=R"=Ph, X =Br
(e) R = 4-Me-CgH,, R' = Ph, X = Br
(f) R=Me, R'=Ph, X = Br

1. RNH,
2. HCI

conc

NO,

Cl

S _Cb 107

67%
O,N N R'

Me

Scheme 34
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2
R-HN o} R = F
PCl./benzene

S 5/—7 N*—R

S 80°C /
S o¢r

R? 108 O NH-R 109

Scheme 35

Table 6. Ring closure reaction from 2,2’-dithiobis(benzamides) 108 to 3-chloro-1,2-ben-
zisothiazolium chlorides 109

109 R R? Reference
a Me H 66CB2566
b Et H 66CB2566
c n-Pr H 66CB2566
d CH,-i-Pr H 66CB2566
e i-Pr H 66CB2566
f n-Bu H 66CB2566
g CH,CH,Cl H 66CB2566
h Allyl H 66CB2566
i Ph H 66CB2566
j 4-Cl-C¢Hy4 H 66CB2566
k Morpholino H 66CB2566
1 Et 6-MeO 66CB2566
m Et 6-Cl 66CB2566

described in isothiazole reports (93HOU799, 02SCIS573). The general synthesis of
1,2-benzisothiazolium salts consists of cyclization of 2,2’-dithiobis(benzoic acid) de-
rivatives via arensulfenylhalogenides and of 2-alkylthio- and 2-thiocyanato-benzalde-
hyde-phenylimines, as well as N-alkylation of the corresponding 1,2-benzisothiazoles,
S-alkylation and O/S-elimination of 1,2-benzisothiazolones and -thiones.

1. Cyclization of 2,2'-Dithiobis( Benzaldehyde) and -( Benzamide) Derivatives via
Sulfenylhalides

The 4-nitro sulfenylbromides 106, obtained from the disulfides 105a, reacted with
primary amines in the presence of concentrated hydrochloric acid to form the
corresponding 1,2-benzisothiazolium salts 107. The salts were prepared as bromides
107a—f and chlorides 107a,b (107a: 23CB1630; 107b—f: 27L.A264, Scheme 34).

The 5-nitro-2-(4-methylphenyl)-1,2-benzisothiazolium chloride 107b was produced
from the disulfide 105b by treatment with chlorine in chloroform in 67% yield
(27LA264, Scheme 34).

The synthesis of the 3-chloro-1,2-benzisothiazolium chlorides 109 succeeded
on heating N,N'-substituted 2,2’-dithiobis(benzamides) 108 with phosphorus
pentachloride in benzene (66CB2566, Scheme 35). In this way, a series of 3-chloro
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1,2-benzisothiazolium salts 109 was synthesized, represented in Table 6. Perhaps,
initial cleavage of the disulfide-bond occurred followed by formation of the 1,2-
benzisothiazol-3(2H)-one and chlorination to salt 109.

2. Ring Closure of 2-Alkylthio- and 2-Thiocyanato-Benzaldehyde- Phenylimines and of
4,5,6,7-Tetrahydroderivatives

The ortho-benzylthio derivatives 110 were treated with sulfuryl chloride in di-
chloroethane and intermediate compounds sulfenyl chlorides 111 were apparently
formed, which underwent intramolecular cyclization due to the interaction of S—Cl
fragment with the C = N bond. This pathway results in the formation of 2-aryl-4,6-
dinitro-1,2-benzisothiazolium chlorides 112a-d even at room temperature. The
structure of salts 112 was established by an NOE method (04MC207, Scheme 36).

R NO,
ST | S T O
\
S0,Cl, ~y e .
O,N s or
s- O.N s-Cl

CH,Ph
110 111 112
(@R=H
(b)R=ClI
(c) R=MeO
(d) R=CF,
Scheme 36
CHO
CI-NH .
=2y N*— t-Bu
S-t+-Bu s ¢
NO, NO,
113 114
73%
Scheme 37

@E\\ (SCN), @i\,« : HClO, @E\\ @
N — —_— N+

/ /

Fa S-CN S cio;

115 \( 116 117a
4 34-40%

Scheme 38
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R

R
— \/@
O = 0= (G
—_—
SCN S-CN S cio,

118 116

(a)R=H, 65%
(b) R = 4-MeO, 55%
(
(d) R = 4-CO,Me, 78%
(e) R =2-Cl, 42%
(f) R = 4-Cl, 20%
(
(
(@i

Scheme 39

R

R /©
H
O[C o HgN_O OE\N HCIO, OE\\ @R
% —> / +-
SCN SCN S cio~
121

119 120

Scheme 40

The treatment of 3-nitro-2-z-butylthiobenzaldehyde 113 with chloramine in the
usual way gave after cyclization and recrystallization from ethanol 7-nitro-2-z-butyl-
1,2-benzisothiazolium chloride 114 in good yield (73%) (84JCS(P1)385, Scheme 37).

The reaction of the N,N-dimethyldithiocarbamato-palladium(Il) complex 115
with dithiocyan in chloroform resulted in N-(2-thiocyanatobenzylidene)aniline
116, which yielded in the presence of perchloric acid the corresponding 2-phenyl-
1,2-benzisothiazolium perchlorate 117a (79TL3339: 34%; 90JCS(P1)2881: 40%,
Scheme 38).

Another general new route for the synthesis of 2-aryl-1,2-benzisothiazolium salts
117a-i consists of cyclocondensation via 116, which were easily generated by reaction
of the 2-thiocyanatobenzaldehyde 118 with different anilines (05UP1, Scheme 39).

2-Aryl-4,5,6,7-tetrahydro-1,2-benzisothiazolium salts 121 were synthesized by in-
tramolecular cyclocondensation of unstable intermediates 2-thiocyanato-4,5,6,7-tet-
rahydro-1,2-benzaldehyde-phenylimines 120. This is a convenient novel method for
their production (95JPR175, 96JPR424, 96T783, 99HCA685, Scheme 40). The list of
salts 121 is given in Table 7.

The homologous and benzoannulated 4,5,6,7-tetrahydro-1,2-benzisothiazolium
salts 122—-125 were prepared similarly by cyclocondensation of the corresponding
2-thiocyanatovinyl aldehydes with aniline in the presence of perchloric acid (122,123:
R =H, 4-Me, 4-Cl: 00JPR675, 123: R = 2,5-Cl,-4-0-i-Pr: 02JOC8400; 124,125:
96UP1, Scheme 41).
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Table 7. 2-Aryl-4,5,6,7-tetrahydro-1,2-benzisothiazolium salts 121

R Reference
121 H, 4-MecO, 4-Cl, 4-Br, 4-SO,Me 95JPR175
3-Me, 4-Me, 3-MeO, 2-Cl, 3-Cl, 2,6-Cl,, 2-CF; 96JPR424
2-Me, 2,6-Me, 96T783
4-CO>H, 4-CO>Me, 2-Br, 2-F, 3-Br 99HCA685
4-t-Bu, 2,5-Cl»-4-O-i-Pr 02JOC8400
2,4-(NO2),, 2,5-Cl, 03ZN(B)111
2-MeO, 2-NO»,, 4-NO, 04ZN(B)478
CIO - <>E: ClO,~
122 123
R = H, 4-Me, 4-Cl R = H, 4-Me, 4-Cl, 2, 5-Cl,-4-O-j-Pr
@ %ﬂ\ ) C <
B
/
S C|o4 S clo, S cio,
125¢
(@) R=H, 35% (@) R=H, 65%
(b) R = 2-Me, 58% (b) R = 4-MeO, 71%
(c) R=2-Cl, 99%
(d) R=2-1, 71%
Scheme 41

The isomerization of 2-aryl-4,5,6,7-tetrahydro-1,2-benzisothiazolium perchlorates
121 and their homologous 123 with substituted anilines yielded 1-aryl-4,5,6,7-tetra-
hydro-2,1-benzisothiazolium perchlorates 126a—c (2-64%) and their homologous
126d—f (4-89%) while the spirocyclic salts 127 (1-8%, see also Section IV.D.1) and
the vinamidines 128 (5-13%) were only by-products in this process (00JPR675; see
also for 127: n = 1: 96JPR424, Scheme 42). The reaction of 2-aryl-5,6-dihydro-4
H-cyclopenta[d]isothiazolium perchlorates 122 (z = 0) with anilines produced in
nearly quantitative yields (95-99%) only vinamidines 128 (z = 0) as the main pro-
ducts of sufficient purity (00JPR675).

B-Thiocyanatovinylaldehydes 119 were also versatile CsS building blocks in the
synthesis of acceptor substituted 2-amino-isothiazolium salts 131 and 132 by intramo-
lecular cyclocondensation of thiocyanatovinylaldehyde hydrazones 129 (93TL1909).
The alternative cyclization route to 1,2,3-thiadiazines was not observed. Alicyclic
aldehydes 119 reacted with benzhydrazides (R = ArCO) to unstable benzhydrazones
129 (R = ArCO) that cyclized spontaneously to 130 (R = ArCO). The imines 130
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(

R
00 GO
) N *
S cio, s
126

Clo,
121 n=1 rac-cis-127
122n=0 (@R=H,n=1,33% R=H, 4-Me, 4-Cl, n =1, 2, 1-8%
123n=2 (b) R =4-Me, n =1, 64% .

()R=4-Cl,n=1,2% R
(d)R=H,n=2,81%
(e) R=4-Me, n =2, 89%
(HR =4-Cl, n =2, 4%
N
-HCIO,
( H
R
NH
128
R =H, 4-Me, 4-Cl, n =1, 5-13%
n =0, 95-99%
Scheme 42
CHO ~. _NHR
H,H-NH-R N R=ACO \
— — N*—N"-R
rt, 1 hr /
SCN SCN S
119 129 130

R = ArSO, HCIO,| | base
0°C
HCIO,
N+—NH-R
PR
S CIO,

131 R = ArCO
132 R = ArSO,

Scheme 43

reacted at 0°C with 70% perchloric acid giving rise to salts 131 (R = ArCO)
(92ZK281, 94JPR115, 98H587, 04SCIS731, Scheme 43).

In contrast, the arylsulfonylhydrazones 129 (R = ArSO,) were thermally stable, and
they could be recrystallized from ethanol or acetonitrile. Treatment of these hydrazones
129 with 70% perchloric acid at 0°C for a short time gave the isothiazolium salts
132a-h (R = ArSO,) as primary cyclization products (96ZOR1745, 99JHC1081,
Scheme 43). The structure of salt 132a was determined by X-ray analysis (96ZOR1745).
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R Yield (%) Reference
131a PhCO 75 94JPR115
b 4-Me-CcH,4-CO 70 94JPR115
c 4-MeO-C¢H4-CO 50 94JPR115
d 4-OH-C¢H4-CO 95 94JPR115
e 3-Cl-C4H,4-CO 80 00JPR291
f 4-Cl-C4H4-CO 90 94JPR115
g 3-NO,-C¢H4-CO 00JPR291
h 4-NO,-CcH4-CO 95 94JPR115
i 3-CF;-C¢H4-CO 75 00JPR291
j 2-Cl-CcH4-CO 00JPR291
k 2-NO,-C¢H4-CO 30 94JPR115
1 2-Me-C¢H4-CO 82 94JPR115
132a PhSO, 75 96ZOR 1745
b 4-Me-CcHy4-SO, 89 96Z0OR1745
c 4-MeO-CgH4-SO, 67 96Z0R1745
d 4-Br-C¢H4-SO, 52 96ZOR 1745
e 3-NO,-C¢Hy4-SO, 53 99JHC1081
f 4-NO,-C¢Hy-SO, 95 96Z0R1745
g 2,4,6-Me;-CgH,-SO, 45 96ZOR 1745
h 2,4,6-i-Pr3-CcH»-SO, 47 96Z0R1745
CHO H,H-NH-COPh
Q[ EIOHIH,0 QE\N_N_CO@
rt, 1 hr /
SCN S
133 134
80%
Scheme 44
H,H-NH-R DCHA or
MeOH/HCl g NaHCO3
N*—NH—R ———> N*—N—R
reflux, 2 hrs / /
H SCN S ClI- S
133a 135 136
(a) R =PhCO, 55% (b) R = 4-Me-C4H,CO, 75%
(b) R = 4-Me-C¢H,CO, 44% (¢) R = 3-NO,-C,H,CO, 29%
(c) R =3-NO,-C¢H,CO, 32% (d) R=Ph SO,, 45%
(d) R = PhSO,, 55% (€) R = 4-Me-CgH,SO,, 61%
(€) R = 4-Me-C,H,S0,, 55% (f) R = 3-NO,-C4H,S0,, 98%
() R = 3-NO,-C4H,SO,, 39%

Scheme 45
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The yields and related references for the salts 131,132 are represented in Table 8.

2-Thiocyanatocyclohepten-1-carbaldehyde 133 reacted with benzhydrazides by
the same cyclocondensation pathway to give N-benzoyl-isothiazolium-2-imines 134
in 80% yield (94JPR115, Scheme 44).

The cyclocondensation of 2-thiocyanatomethylenecycloheptan-2-one 133a (77JPR305,
91ACSA302) with benzhydrazides produced hydrochlorides 135a—c and the reaction
with DCHA yielded imines 136b,c (94JPR115, 00JPR291, Scheme 45).

The reaction of 133a with benzenesulfonylhydrazines also gave by ring closure the
hydrochlorides 135d—f (00SUL109) while the treatment with sodium bicarbonate
resulted in the formation of the imines 136d—f. The structure of sulfonyl-imines 136f
was determined by X-ray crystallography (00SUL109, Scheme 45).

3. N/S-Alkylation, Protonation and O/S-Elimination

The 2-substituted 1,2-benzisothiazolium salts 138 were obtained by N-alkylation
of 1,2-benzisothiazole 137 with triethyloxonium tetrafluoroborate as well as with
dimethylsulfate. These alkylations afforded a useful method for the preparation of
quaternary salts 138 with different anions such as perchlorate 138a (91JHC749),
iodide 138c (74AJC1221, 74JHC1011) and tetrafluoroborate 138b—e (68ZC170,
71LA46, Scheme 46).

R' R'
1. E,O'BF,
\N 2. (Me0),SO,HCIO, \N+_ .
S/ S/ X-

R? 137 R2

(138a) R = R' = Me, R? = CO-Me, X = ClO,, 93%
(b) R=Me, R"=R?=H, X = BF,, |
(¢)R=Et, R'=Br,R®=H, X = BF,

(109a) R = Me, R' = CI, R?= H, X = BF,, 90%
(b) R=Et, R'=Cl, R®=H, X = BF,

Scheme 46

Scheme 47
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NH,
\
N —> N—H —
s cr-
141 142a 142b

Scheme 48

©i< _EomCl ©E<
“Nooi
s or
145

R'=H, Me, Et, CHZCHZCI

=H, 6-Cl
NH
R
@ﬁ_ @E{*—R
S/ S
146

147
R'! = H, Me, Et, CH,CH,CI
R? =H, 6-Cl

Scheme 49

Cl Cl

Scheme 50

6 H-Anthra[9,1-cd]isothiazole 139 was N-methylated by dimethyl sulfate to the
isothiazolo-anthrenium methylsulfate 140 (721JC361, Scheme 47). The salt 140 was
synthesized to study the structural changes in their absorption spectra, e.g., cross
conjugation effects as well as steric inhibitions.

The 3-amino-1,2-benzisothiazole 141 could be protonated to form quaternary 1,
2-benzisothiazolium cation 142a (81G71, Scheme 48). This tautomeric process gave
two protonated forms: cations 142a and 142b. The latter is formed by protonation of
the exocyclic nitrogen of the 3-amino group.
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N— Me N/NHR N=N-SO,Ph
HNOa/
\
N—NHR — N Me —V /N+—Me
S BF,~
152
100%

Scheme 51

R2 1. diazotation
2. methylation
—_—

R

NO,

154 155 156

R' = Me, Et

R? = H, Me, MeO, EtO, Cl

R® = subst.alkyl, cycloalkyl, arylalkyl, aryl
R*=H, Br, CI, NO,

Scheme 52

From 3-amino 1,2-benzisothiazole 143, salts of 3-amino-1,2-benzisothiazole
hydrochloride 144 were obtained by addition of hydrochloric acid followed by
heating until equilibrium between the 3-imino-1,2-benzisothiazolium chloride 146
and 3-amino 147 was established. The equilibrium was affected by the solvent, pH
and the nature of the substituents R and R% The 3-nitrosamino benzisothiazole 145
could be easily converted in ether solution with hydrochloric acid at room temper-
ature into hydrochlorides 144 (69CB1961, Scheme 49).
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Me,
\N_—Me
O
N+
/ < >
S HCO;,
158
Scheme 53
S SMe
(Me0),S0,
N—Me ——> *—Me
/ /.
S s X
159 160
(a) X = CIO,, 82%
(b) X = MeOSO;, 84%
Scheme 54

S
R1
1
-10-10°C R
1-5 hrs
S0,
.y _
= N=SO;
110-170°C N
/N*—R 1-4 hrs /N*—R
s S
162 163
(@) R=R'=Me, 5% (@) R=R'=Me, 7%
(b) R = Me, R'= MeO, 52% (b) R = Me,R" = MeO, 82%
—_ - (o)
(¢) R=Me, R' = NO,, 52% (@R =Me R =N 55%
=Me, R =NU,, 5% (d) R= Me,R'=Cl, 55%
(d) R=Me,R'=Cl, 34% (e) R = CH,Ph, R" = Me, 35%
(€) R = CH,Ph, R = NO,, 51% (f) R = CH,Ph, R' = MeO, 3%

(9) R = CH,Ph, R' = NO,, 54%

— 1_
(f) R =CH,Ph, R"=Cl, 76% (h) R = CH,Ph, R" = CI, 66%

Scheme 55
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CI(CO),ClIA N\ |
NTR ~%5,co, s
S PR s’ x

164 (109a) R = Me, X = CI,CIO,, ReO,
(109i) R = Ph, X=Cl, CIO,
(165a) R = 4-MeO-C¢H,, X = Cl, CIO,

Scheme 56

Scheme 57

The 7-aminobenzisothiazole 148, prepared by reduction of the 4-chloro-7-nitro-
benzisothiazole, was diazotized in concentrated hydrochloric acid and the 4-chloro
benzisothiazole-7-diazonium chloride 149 was obtained (71JCS(C)3994, Scheme 50).

The 3-methylimino 1,2-benzisothiazole 150, which in solution is in equilibrium
with 2-methyl benzisothiazole 151, reacted with concentrated tetrafluoric and nitric
acids to produce 3-benzensulfonylazo-2-methyl-1,2-benzisothiazolium tetrafluo-
roborate 152 in quantitative yield. This salt 152 was treated with N,N'-dimethyl-
aniline to give 2-methyl-3-[4-(1-dimethylaminophenyl)azo]-1,2-benzisothiazolium
perchlorate 153 in 63% yield (71LA46, Scheme 51).

Azo dyes 156 could be prepared by interaction of aniline 154 with secondary
amine 155 followed by N-alkylation. Because of their good water solubility, salts 156
were used for dyeing or printing textiles, leather or synthetic materials
(71DEP2020479, Scheme 52).

Inner salts 157, obtained by N-alkylation of the isothiazole, are azomethine
dye-based fluorescent nucleotides. They were used as the labels for nucleic acid
(03JP2003034696, Scheme 53).

The 3-[4-(dimethylamino)phenyl]-2-phenyl carbonate 158 is a photosensitive salt
that has a high sensitivity to semiconductor laser light and good storage stability
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(02JP2002202598, Scheme 53). This dye is polymerized by an exposing it to 450 nm
laser light.

2-Methyl-3-methylthio-1,2-benzisothiazolium salts 160 were formed on treatment
of 2-methyl-1,2-benzisothiazol-3(2 H)-thione 159 with dimethyl sulfate to give 160b
followed by conversion to its perchlorate (160a) in acetic acid with very good yields
(160a: 71LA46, 77CIC1123; 160b: 71LA201, Scheme 54).

Boberg et al. (96PS203) described the preparation of the sulfimides 162 and
sulfonamides 163 from 2-methyl- or 2-benzyl-1,2-benzisothiazol-3(2H)-thiones 161
by reacting with sodium N-chlorobenzensulfonamide (Scheme 55). Some sulfimides
162 decomposed at room temperature in the solid state, quickly in solution and
especially in polar solvents. Their instability depends on the heterocyclic part of the
molecule and also on the substituents in the aryl ring, e.g., electron withdrawing
substituents like NO, or Cl stabilized sulfimides 162.

3-Chloro-1,2-benzisothiazolium chloride 109a,i,165a could be obtained by treat-
ment of the 1,2-benzisothiazol-3(2H)-one 164 with oxalylchloride in xylene solvent.
At the temperatures of 120-140 °C, elimination of CO as well as of CO, occurred
and the colorless crystals of the salt 109a,i,165a were isolated by oxidative elimi-
nation. The chloride anions 109a,i,165a could be changed in aqueous solution into
the perrhenate 109a with NH4ReOy4-solution and/or into perchlorates 109a,i,165a
with 70% aqueous perchloric acid (65ZN(B)712, Scheme 56).

The reaction of [Ni,L3](CF3S053),-complex 166 with an excess of I, in MeCN
resulted in ligand oxidation to form the metal free macrocycle (ligand)*>* 167 by slow
evaporation of complex 166 that contains 2 five-membered isothiazole rings
(00JCS(D)3113, Scheme 57). Over approximately one day small brown and red
single crystals developed. These were filtered off, washed and dried in poor yield
(13%) and confirmed by X-ray determinations of (ligand)(I3), 167a as well as of
(ligand)(I),(1,)5 167b.

C. 2,1-BENZISOTHIAZOLIUM SALTS

The general synthesis of 2,1-benzisothiazolium salts consists mainly in the
N-alkylation of the corresponding 2,1-benzisothiazole as well in the S-alkylation of
2,1-benzisothiazol-3(2H)-ones and thiones as well as in O/S-elimination.

The 1-methyl 2,1-benzisothiazolium salts 169a—m were prepared by methylation
of 2,1-benzisothiazole 168. The 1-alkylated isothiazolium salts 169 are presented
with their yields and references in Table 9. These alkylation afforded a very simple

R! R
\ N-methylation
N ‘>y N+fMe
s/ RY /o
R? R2 S X
168 169

Scheme 58
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Table 9. N-Alkylation of 2,1-benzisothiazoles 168 to 2-alkyl-2,1-benzisothiazolium salts 169

169 R! R? RY X Yield (%) Reference
a H H (Me0),S0, MeOSO3 ~100 73JCS(P1)1863
Mel | 74AJC1221/74JHCI1011
4-Me-C4H4-SOsMe | ~100 73JCS(P1)1863
b 6-Cl H PhCH,Br 1 ~100 73JCS(P1)1863
CH(MeO); + Lewis acid BF, 47 72CPB2372
4-Me-CgHy-SO3Me 1 ~100 73JCS(P1)1863
c 5-Cl H 4-Me-C4H4-SOsMe 1 ~100 73JCS(P1)1863
d 5-NO, H 4-Me-CgHy-SO3Me Ts ~100 73JCS(P1)1863
e H Styryl FSO;Me ClO4 92 78J0C1233
(Me0),S0, ClO4 59 75AJC129
f H Me FSO;Me ClO, 83 78JOC1233
g H MeO (Me0),S0, ClO4 59 75AJCI129
h H Cl PhCH,Br 1 ~100 73JCS(P1)1863
(Me0),S0, ClO4 84 75AJC129
i H CH(CF3), FSO;Me FSO; 78JOC2500
j H NH, Mel I 88 65JIMC515
k 5,6-(MeO), NHEt Mel | 78 65IMC515
1 6-Cl NMe, Mel I 92 65IMC515
m 5-Cl Ph CH(MeO); + Lewis acid BF, 60 72CPB2372
CH(MeO);+ Lewis acid SbClg 57 72CPB2372
n 5-Cl 4-CI-C¢H; CH(MeO); + Lewis acid BF, 9 72CPB2372
R! R!
\ .
| N N-ethylation N Et
/ RY
R2 S R S X
168 170

(@ R'=R2=H,X=1
(b) R'=5-Cl, R2= Ph, X = BF,, 37%

Scheme 59

way to obtain quaternary salts in good yields (169a-1: 47-100%, except 169n: 9%,
Scheme 58) from isothiazole 168 on direct heating in the presence of Lewis acids with
alkyl iodides and bromides, dialkyl sulfates, methyl fluorosulfonate, alkyl toluene-
4-sulfonates as well as trialkyl orthoformates.

2,1-Benzisothiazole 168a slowly reacted to form 1-ethyl 2,1-benzisothiazolium io-
dide 170a (76AJC1745). The alkylation of isothiazole 168b with tricthyl orthofor-
mates in the presence of Lewis acids readily gave the 1-ethyl-2,1-benzisothiazolium
tetrafluoroborate 170b in 37% yield (72CPB2372, Scheme 59).

Stirring the 2,1-benzisothiazoles 168 with dialkyl sulfates, alkyl bromides or alkyl
toluene-4-sulfonates gave the 1-N-alkyl-substituted isothiazolium salts 171 in very good
yields (90-100%) (171a,b,e—i: 73JCS(P1)1863; 171c: 83JHC1707; 171d: 78JOC1233,
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Table 10. N-Alkylated 3-arylazo-1-methyl-2,1-benzisothiazolium salts 178

ISOTHIAZOLIUM SALTS AND THEIR USE

R!
Y
t—Me
/o
N S X
Ml 178

251

178 R! R? X Reference

a H 4-N(Et)(CH,),NMe; MeOSO; 68DEP19661015
b H 4-NMe, MeOSO; 66DEP19650610
¢ H 2-SO,Me, 4-NMe, al 72DEP2155694
d 6-Cl 2-NHAc, 4-Et, MeOSO; 68DEP19661015
e 5-NO, 4-NMe, MeOSO; 68DEP19661015
f 5-NO, 4-NEt, MeOSO; 68DEP19661015
g 5-NO, 2-SO,Me, 4-NMe, Cl 72DEP2155694
h 7-Cl 2-SO,NH,, 4-NMe, Cl 72DEP2155694
i 4-MeO 2-SO,NH,, 4-NEt, Cl T2DEP2155694
j 5-Cl 2-SO>NMe,, 4-NMe, Cl 72DEP2155694
k 6-Cl 2-SO>NMe,, 4-NMe, Cl 72DEP2155694
1 5,7-Cl, 2-SO,NMe,, 4-NMe, Cl T2DEP2155694
m 5-NO, 4-N(Me)(CH,CH,0OH) MeOSO; 99COL21

n 5-NO, 2-NHAc, 4-N((CH,),OH), MeOSO; 99COL21

0 5-NO, 4-N((CH,),OH)((CH,),CN) MeOSO; 99COL21

p 5-NO, 2-MeO, 4-N((CH,),0OH)-((CH,),CN) MeOSO; 99COL21

q 5-NO, 4-NAc, MeOSO; 99COL21

r 5-NO; 4-N((CH,),0Ac)((CH;),CN) MeOSO; 99COL21

S 5-NO, 2-NHAc,3-MeO, 4-N(Et)((CH,),CN) MeOSO; 99COL21

t 5-NO, 2-NHAc,3-MeO, 4-N((CH,),OH)((CH,),MeO) MeOSO; 99COL21

Zz=

Nt—Me
/

S 1/2znc*
179

(a) R® = Me, R* = H

(b) R*=R*=Me

R (c)R®=Ph, R* = Me

Scheme 64
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(d) R®=Cl, 63% gOC 1-2h SO, (@) R= Me, 32%
(b) R® = MeO, 33%
(c) R® = NO,, 52%
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i
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—Me
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(8) R®= Me, 7% SO, 489 e (a) R%= Me, 31 %
(b) R®= MeO, 30% (b) R = MeO, 29%
R — NO.. 65% (c) R3 NO,, 36%
(c) R”=NO,, 65% (d) R®=Cl, 20%

(d) R®=Cl, 66%

Scheme 66
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Scheme 60). Davis et al. (73JCS(P1)1863) found that quaternary salts 171 rapidly
decomposed in aqueous acid or base yielding 2-aminobenzaldehydes.

The 2,1-benzisothiazole 172 was protonated with trifluoroacetic acid to give 5,
7-dimethyl-2,1-benzisothiazole trifluoroacetate 173 in very high yield (79ZN(B)123,
Scheme 61). Protonation occurred at the N-atom according to '"H NMR analysis.

1-Methyl-3-(2-dimethylaminophenyl)-2,1-benzisothiazolium iodide 175 was only
obtained in small amount by the reaction of 2,3,4,5-dibenzothiadiazapentalene 174
with methyl iodide (85CJC882, Scheme 62).

The methylation of 176 with dimethyl sulfate afforded in quantitative yield the
2-methyl-7-dimethylamino-10-methylthio-6-oxo0-6 H-anthra[1,9-cd]isothiazolium me-
thylsulfate 177, which could be converted into the perchlorate with perchloric acid
(92K GS256, Scheme 63).

The 3-arylazo-1-methyl 2,1-benzisothiazolium methyl sulfates 178a—f are blue
green dyes for polyacrylonitrile fibers. They can be prepared by quaternization of an
arylazobenzisothiazole with dimethyl sulfate (178b: 66DEP19650610; 178a,d—f:
68DEP19661015; 178m—t: 99COL21, Table 10). By anion exchange or treatment
with salts or acids, the anion of dyes 178 can be replaced by chloride 178c,g-1
(72DEP2155694), bromide, sulfate, perchlorate as well as acetate and other anions.
Shah et al. (99COL21) synthesized eight cationic dyes 178m—t derived from 3-amino-
5-nitro-2,1-benzisothiazole with various N, N-disubstituted aniline derivatives that
then were applied to polyacrylnitrile and acid modified polyester fibers and gave
yellow to orange to green hues (99COL21). All these dyes 178m—t were brighter and
deeper shade with high tinctorial strength.

Furthermore, cationic dyes 179 of the diazahemicyanine class are derived from
indolizines. This invention related to water-soluble azo dyestuffs is useful for the
colorations of synthetic polymeric materials particularly polymers and copolymers
of acrylnitrile and dicyanoethylene as well as modified polyesters and polyamides
(81GBP2075540, Scheme 64).

A series of compounds with a 2,1-benzisothiazol-basis were easily available from 2,
1-benzisothiazol-3(2H)-one 180. The treatment of 1-methyl-2,1-benzisothiazol-3
(2H)-one 180 with phosphorus pentasulfide in pyridine gave the 1-methyl 2,1-benz-
isothiazol-3(2H)-thione 181 in 28% yield. The preparation of 1-methyl-3-methylthio-
2,1-benzisothiazolium iodide 182 resulted from the reaction of thione 181 with methyl
iodide in benzene in very good yield (78JHCS529, Scheme 65).

After heating of 180 in inert solvents and with oxalylchloride, 1-substituted
3-chloro-2,1-benzisothiazolium chlorides 183 were obtained (76JPR161); they could
be transformed into their perchlorates. Activated aromatic amines like dimethyl-
aniline reacted with the salts 183a,c to give deeply colored cyanines 185a,c (60-83%)
(76JPR161, Scheme 65). This color also could be obtained with 3-methylthio-
2,1-benzisothiazolium salts 182a, formed through methylation of their thiones 181a.

The 2,1-benzothiones 181 were mainly synthesized from 3-chloro-2,1-benzisothia-
zolium chlorides 183 with H,S in inert solvents and HCl-elimination (76JPR161,
Scheme 65).

The 1-methyl-2,1-benzisothiazol-3(2 H)-thiones 181 reacted with sodium N-chloro-
benzensulfonamide 186 to sulfimides 187, sulfinamidinates 188 and to sulfonamides
190 (20-78%). Sulfonamidates 189 were synthesized by an oxidation of sulfimides
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187. The sulfimides 187 and sulfinamidinates 188 also could be converted into
sulfonamides 190 (96PS203, Scheme 66).

D. HETEROCYCLIC ANNULATED ISOTHIAZOLIUM SALTS

The first described method involves the synthesis of thieno[2,3-d] and [3,2-¢] iso-
thiazolium salts 192 by cyclization of the 2-mercaptothiophen-cyclohexylimine com-
plexes 191. Most heterocyclic annulated isothiazolium salts were generally isolated
with [2,3-a] and [1,2-b] annulation.

Solutions of complexes 191 in chloroform were added quickly to bromine, sodium
iodide, N-bromosuccinimide or picrate and heated for 1h at 50-60°C to give
2-cyclohexylthieno[3,2-d]- 192a and 2-cyclohexylthieno[2,3-d]-isothiazolium salts
192b (65K GS220, 67KGS1022, 69KGS475, Scheme 67).

Only two 3,4-heterocyclic annulated isothiazolium salts 194 and 197 were syn-
thesized. Since the isothiazolium salts were synthesized from B-aminopropenone
derivatives by thionation, followed by oxidation (65JCS32, 68CJC1855), it was of
interest to learn if a 2-acyl-3-aminothiophenone could be converted to the thieno
[3,2-cJisothiazolium system. Accordingly, crude thiones 193 treated with iodine in

Q
LT O

SIVI1/2
191 192
M = Ni, Zn (@) R®=H, Et, Y =C, Z=S, X = Br, Br,, ZnBr,", picric acid
(b)R?=H,Y=8,Z=C, X =Br, Br, |, ZnBr,", picric acid
Scheme 67
R2 R2
R? R!
S
\
N-Rr —— N—R
R S R s X
193 194

(a)R=R?=R%®=Ph,R'=H, X =CIO,, 38%

(b) R=R'=R®=Ph, R?=H, X = CIO,, 41%

(c) R=Me, R'=R2=H, R®= Ph, X = ClO,, 30%

(d) R=R?=Ph, R‘—H, R® = Me, X = ClO,, 35%

(e) R=Me, R'=R2= (CH = CH),, R®=Ph, X = I, 32%

Scheme 68
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Scheme 69
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ethanol afforded the isothiazolium salts 194 isolated as its perchlorates 194a—d and
triiodide 194e (77CJC1123, Scheme 68).

The preparation of the 3-diethylamino-1-ethylisothiazolo[3,4-b]pyridinium perchlo-
rate 197 smoothly proceeded on treatment of the 2-ethylamino-N, N-diethyl-thionico-
tinamide 196 with sulfuryl chloride in chloroform in 90% yield (82S972, Scheme 69).
The thionicotinamide 196 could be obtained from nicotinamide 195 by heating in
pyridine with P4S1,.

The 2,3-heterocyclic annulated isothiazolium chloride 199 was obtained by intra-
molecular quaternization of salt 198b in poor yield (79JOC1118, Scheme 70).

Isothiazole 201a, synthesized from the isothiazol-5-thione 200 by dimethyl
sulfate, reacted to the stable 7-cyano-6-methylthio-thiazolo[3,2-b]-isothiazolium
perchlorate 202 in 77% yield in the presence of perchloric acid by cyclization
(83M999, Scheme 71). In an aqueous base, the isothiazole ring of salt 202 was
opened and 201a was regenerated.

The 4-cyano isothiazole 201b was prepared by stepwise S-alkylation of 200 and
treatment of 201b with concentrated sulfuric acid gave the new condensed salt 203
(721JS328, Scheme 71).

The disulfide 204 immediately reacted with bromine and base to sulfenylbromide
205 and then the 1-methyl-2,3-dihydroimidazolo[1,2-b]1,2-benzisothiazolium bromide
206 was generated. Salt 206 is very hygroscopic and decomposed in the presence of
moisture with hydrolytic disproportionation (78CB2716, Scheme 72).

The 1,2-benzisothiazolo[2,3-b]1,2-benzisothiazolium triiodide 208 was prepared by
treatment of 3-(2-thiophenyl)-1,2-benzisothiazole 207 (R = H) with iodine; a dark
solid was obtained, which was recrystallized from nitromethane as a fine red prism
(88CJC1405, Scheme 73). The attempt to convert triiodide 208 into the perchlorate
in acetic acid failed. The reaction of 3-(2-thiocyanatophenyl)-1,2-benzisothiazole 207
(R = CN) with perchloric acid did not yield an isolable salt (90JCS(P1)2881).
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First attempts were directed to the ethoxybutyrylisothiazole 209 prepared from
3-cyano isothiazole with 3-ethoxypropylmagnesium bromide in poor yield (30%).
Cleavage of the ether with hydrobromic acid, followed by evaporation to dryness of
the acidic solution, gave in a nearly quantitative yield the 4,5,6,7-tetrahydro-4-
oxoisothiazolo[2,3-a]pyridinium bromide 210 (97%) (69JCS(C)707, Scheme 74).

Interestingly, the fused 1,2,5-thiadiazole 211 rearranged to adduct 212 in a very
high yield. When this isothiazole 212 (R' = CN, CO,H, CO,Me) was dissolved in
mineral acids such as concentrated perchloric, hydrochloric or sulfuric acid, the
addition of water then afforded a series of pentacyclic isothiazolium salts 213
(88JCS(P1)2141, Scheme 75).
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1,1-Diamino-3-thiono-1-alkene 214 reacted with sulfuryl chloride to give iso-
thiazolo[2,3-a]-4,5,6,7-tetrahydro pyrimidinium iodide 215 by an oxidative cycliza-
tion in 26-42% yield (82T1673, Scheme 76).

The oxidation of the thioacetamides 216¢,d with hydrogen peroxide as well as in
the presence of perchloric acid gave the 2-dimethylamino salt 217¢ and oxidation
with bromine afforded the corresponding 3-bromoderivatives 217d. In a similar
procedure, using iodine as oxidant, the 2-isopropyl salt 217b was generated. The
isothiazolo[2,3-a]pyridinium salts 217a,e—g were obtained by base-catalyzed addition
of 218 and bromine in 25-35% yield (73JCS(CC)150, Scheme 77).

Treatment of mercaptan 219 with N-chlorosuccinimide (NCS) in benzene under
dry nitrogen and at 0-5 °C converted it to sulfenylchloride 220, which could only be
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isolated in a very crude form. This sulfenyl chloride 220 reacted directly in situ to
7-nitrobenzisothiazolo[2,3-a]pyridinium tetrafluoroborate 221a in 60% yield by
addition of an equivalent of silver tetrafluoroborate in acetonitrile. Similarly,
2-(5-cyano-2-thiophenyl)pyridine 219b was converted to the sulfenylchloride 220b
and then in the corresponding tetrafluoroborate 221b (57%) (82JHC509, Scheme 78).

The crude 2-(2-thiophenyl)pyridine 219 (R? = H) in ethanol was treated with a
saturated solution of iodine in ethanol until the oxidation and precipitation of the
crystalline 1,2-benzisothiazolo[2,3-a]pyridinium triiodide 222a was complete. This
salt 222a was filtered and recrystallized from nitromethane as brown needles (67%)
(85CJC882, Scheme 78).

The thiocyanates 224 and 226 were obtained as analytically pure crystalline solids
and the former was converted into 1,2-benzisothiazolo[2,3-a]pyridinium perchlorate
225 (79TL3339: 25%; 90JCS(P1)2881: 51%) and 1,2-benzisothiazolo[4,3,2-hij]
quinolinium perchlorate 227 (79TL3339: 58%; 90JCS(P1)2881: 85%) by reaction
with bromine followed by perchloric acid (Scheme 79).

3-Amino-1,2-benzisothiazole 228 smoothly reacted with acetylacetone in the
presence of either perchloric acid to obtain 229a (X = CIOy4) in 55% yield or
tetrafluoroboric acid to give the salt 229a (X = BF,) in 58% yield [229a: CIO,,
CF3S03: 83Z0OR1134; ClO4, BF,4: 88JCR(S)46; 229b: 83ZOR1134, Scheme 80].
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In the absence of the strong acid, the acyclic bis-condensation product was derived in
poor yield (16%).

III. Structure

A. X-rAY DIFFRACTION

The structure of several isothiazolium salts was confirmed by X-ray analysis
(72CJC324, 92JCS(CC)571, 93JHCI929, 95ZK73, 96JPR424, 97ZN(B)1139, 00JCS
(D)3113). Crystal and molecular structures of substituted isothiazolium salts were
investigated to show the conformation of the isothiazole ring and their substituents.

The salt 2-(4-methoxyphenyl)-4,5-dimethylisothiazolium perchlorate 57g (R =
4-MeO) was analyzed by X-ray diffraction and displays an approximately planar
conformation of the isothiazolium ring and the C6-C7—N-S torsion angle is 42.7°
(98ZK331).
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Similarly, N-phenylsulfonylamino-4,5,6,7-hexahydro-1,2-benzisothiazolium perchlo-
rate 131i has a planar isothiazolium ring and not a 1,2,3-thiadiazine ring
(96ZOR1745). The bond lengths of this salt are intermediate between those of
single and double bonds. The endocyclic C7-N1 (1.695 A) and C1-S1 (1.695 A) bonds
and exocyclic N1-N2 bond (1.402 A) are analogous to the corresponding bonds in
N-aroylisothiazolium-2-imines (94JPR115). The S-O distances (1.420 and 1.426 A)
in the sulfonyl group are consistent with analogous distances in 5-methylsulfonyl-
isothiazoles (1.429 A) (77JCS(P2)1332).

Accordance to other named isothiazolium salts 57 (R = H), offered the inspection
of the X-ray data of 3,4-dimethyl-2-phenylisothiazolium perchlorate 68a, received
after an isomerization of 4,5-dimethyl-2-phenylisothiazolium perchlorate in ethanol,
the typical salt structure with S—-N bond of 1.682 A and 2-phenyl ring is 86.9° out of
plane of the isothiazole ring (98JPR361).

Richter et al. demonstrated that the crystal structure of 2-phenyl-5-ferrocenyl-
isothiazolium pentaiodide 30h is a layer structure arranged toward z-axis and bis
(2,5-diphenylisothiazolium) octaiodide 30a toward x-axis with changed layer of is-
othiazolium cation and polyiodide anion (99ZAAC511).

B. MOLECULAR SPECTRA

The earliest studies of isothiazolium salts dealt with UV and IR spectra and
elemental analyses. In later investigations, 'H and '*C NMR spectroscopy and mass
spectrometry became practical tools for characterizing various substituted iso-
thiazolium salts such as monocyclic, bicyclic and benzoannulated salts. Today, the
most useful methods are NMR and IR spectroscopy as well as mass spectrometry.

1. '"H NMR

"H NMR spectra of isothiazolium salts show a clear singlet for the proton in the
3-position between 8.54 and 10.17 ppm. Typical values of 'H NMR characteristics
for some isothiazolium salts are presented in ppm in Table 11.

The H-3 proton of 4,5-diphenyl isothiazolium salt 63a is shifted to 10.00 ppm
compared with 4,5-dimethyl- 57f,g or 4,5,6,7-tetrahydro perchlorates 1211, which are
below 9.50 ppm. The salt 73n is an exception with a chemical shift of the H-3 proton at
8.54ppm. After an isomerization of 2-(4-methoxyphenyl)-4,5-dimethylisothiazolium
perchlorate 57f to 2-(4-methoxyphenyl)-3,4-dimethylisothiazolium perchlorate 68d,
described in this chapter, the 5-methyl group of 57g was transferred to the 3-position
of the isothiazole ring and the H-5 proton of 68d is located at 9.25 ppm in contrast to
the H-3 proton of 57g at 9.39 ppm.

2. C NMR and °’N NMR

The structures of isothiazolium salts were also identified by their '*C NMR spectra
with the help of the proton-coupled '*C signal. The characteristic signal of the C-3



Table 11. 'H NMR data of isothiazolium salts 57f,g,63a,68d,73n,1211

Salt Ce¢HsR R! R? R? Reference
4,5-Dimethyl-2- 7.63 (m, 2H), 7.56 9.05 (s, 1H) 2.41 (s, 3H) 2.73 (s, 3H) 92JPR25
phenylisothiazolium perchlorate (m, 3H)

57f

2-(4-methoxyphenyl)-4,5- 3.87 (s, 3H), 7.22, 9.39 (s, 1H) 2.36 (s, 3H) 2.78 (s, 3H) 95JPR175
Dimethylisothiazolium perchlorate  7.76 (dd, 4H)

57¢

2-(4-methoxyphenyl)-3,4- 3.84 (s, 3H), 7.18, 2.37 (s, 3H) 2.34 (s, 3H) 9.25 (s, 1H) 98JPR361
Dimethylisothiazolium perchlorate  7.61 (dd, 4H)

68d

2-(4-nitrophenyl)-4,5- 8.33, 8.64 (dd, 4H) 10.17 (s, 1H) 7.51-7.70 (m, 10H) 03ZN(B)111
Diphenylisothiazolium perchlorate

63a

2-Phenyl-4,5,6,7-tetra-hydro-1,2- 7.59 (m, 3H), 7.62 9.28 (s, 1H) 1.83 (m, 4H), 2.88 (t, 2H), 3.46 (t, 2H) 95JPR175
benzisothiazolium perchlorate (m, 2H)

1211

4,5-Dimethyl-N-(4-bromo-phenyl)-  7.73 (m, 4H) 8.54 (s, 1H) 2.28 (s, 3H) 2.65 (s, 3H) 96ZOR1745

sulfonylaminoisothiazolium
perchlorate 73n

[ 111 998
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atom could easily be identified by its intensive shielding of 3—5 ppm in contrast to the
corresponding isothiazole.

The "N signal assigned to 4.5-dimethyl-2-phenylisothiazolium perchlorate 57f
was identified also by its '*C—'H-hetero-correlated 2D NMR spectrum. The '°N
signal is located at —173 ppm and the estimated coupled constant to the C-3 atom
(12.2Hz), Cjpso Ph (13.3 Hz) and H-3 (3.3 Hz) could be identified (92JPR25).

Special *C NMR spectra data of various substituted salts are given in ppm in
Table 12.

The characteristic C-3atom of salts 57f,g,63a,68d,73n,1211 are identified at
152.3-158.0 and 169.5ppm. The exception is the perchlorate 68d with a chemical
shift at 169.5 ppm, which is shifted to lower field because of the unsubstituted C-atom.

3. Ultraviolet Spectra

Generally, these spectra are usefully applied to the elucidation of the 2-aryl ring
system. All UV spectra of isothiazolium salts contain two absorption bands, at
intervals of 212-267 and 268-321 nm, whereas the absorptions of salts with electron
acceptor substituents were shifted hypochromically (92JPR25). Some UV absorption
Amax Values (in nm) and the corresponding absorption coefficients ¢ of isothiazolium
salts are displayed in Table 13.

The first absorption bands of 4-ethyl-5-methyl- 68h and 4,5-diphenyl-substituted
63a salts are shifted more hypochromically than 4,5-dimethyl salts 57¢,g and 1211.

4. Infrared Spectra

IR spectra of monocyclic, bicyclic and benzisothiazolium salts have been used
mainly for the identification of nitro- sulfonyl-, carbonyl- and ester-groups as well as
for the characterization of the typical perchlorate anion absorption. For instance,
the absence of the typical absorption of the SCN- and CHO-groups in the spectra is
proof that these functional groups took part in the intramolecular cyclization of
B-thiocyanatovinyl aldehydes with aromatic or aliphatic amines to the correspond-
ing salt (88ZC287, 92JPR25, 95JPR175, 96Z0OR1745, 03ZN(B)111). Several char-
acteristic IR absorption maxima ¥, of isothiazolium salts are collected in Table 14.
The absorption are given in wave numbers.

The typical perchlorate absorptions are located at 1090-1112cm ™" and the char-
acteristic double NO,-absorption are given at about 1345 and 1535cm™".

The IR spectra serve as useful and easy method to identify perchlorate and
functional groups and to differentiate between the B-thiocyanatovinyl aldehydes and
the salts.

5. Mass Spectrometry

The information contained in the mass spectra of isothiazolium salts strongly
depends on the ionisation methods. The electron bombardment (EI) of non-volatile
salts afforded thermal reaction in the ion source. The thermal reactions included the
formation of anhydrobases [(M-H) ' -HX] dimerization and decomposition



Table 12. '3C NMR data of isothiazolium salts 57f,g,63a,68d,73n,1211

Salt R? R? C-3 C-4 C-5 Reference
4,5-Dimethyl-2-phenylisothiazolium perchlorate 57f 11.5 15.3 153.5 133.5 169.3 92JPR25
2-(4-methoxyphenyl)-4,5-Dimethylisothiazolium perchlorate 57g 11.0 13.1 156.4 133.5 166.9 95JPRI175
2-(4-methoxyphenyl)-3,4-Dimethylisothiazolium perchlorate 68d 14.4 16.0 169.5 134.5 149.4 98JPR361
2-(4-nitrophenyl)-4,5-Diphenylisothiazolium perchlorate 63a 121.6-148.6 158.0 135.5 167.0 03ZN(B)111
2-Phenyl-4,5,6,7-tetra-hydro-1,2-benzisothiazolium perchlorate 1211 20.5,22.4,21.2, 253 152.3 134.6 170.5 95JPR175
4,5-Dimethyl- N-(4-bromo-phenyl)-sulfonylaminoisothiazolium perchlorate 73n 10.5 12.4 154.1 128.5 158.9 96Z0OR1745
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Table 13. UV data of isothiazolium salts 57¢,g,68h,63a,1211

Salt Jmax & Amax & Reference
2-(4-methoxyphenyl)-4,5- 266 3.76 317 3.61 95JPRI175
Dimethylisothiazolium perchlorate 57g

2-[4-(methoxycarbonyl)-phenyl]-4,5- 256 3.87 295 399 02HCAI183
Dimethylisothiazolium perchlorate 57¢

4-Ethyl-2-(4-methoxy-phenyl)-3- 224 4.06 268 3.99 98JPR361
methylisothiazolium perchlorate 68h

2-(4-nitrophenyl)-4,5- 212 4.26 321 392  03ZN(B)111
Diphenylisothiazolium perchlorate 63a

2-Phenyl-4,5,6,7-tetrahydro-1,2- 256 3.79 300 3.890  95JPRI175

benzisothia-zolium perchlorate 1211

Table 14. IR data of isothiazolium salts 30¢,57¢,58h,632,68d

Salt Vmax Reference
2-(4-methoxyphenyl)-3,4-Dimethylisothiazolium 1090 ClO4 98JPR361
perchlorate 68d 1260 MeO
2-(4-nitrophenyl)-4,5-Diphenylisothiazolium 1100 ClOy4 03ZN(B)111
perchlorate 63a 1345 NO,

1535 NO,
2-[4-(methoxycarbonyl)-phenyl]-4,5- 1112 ClOy4 02HCA183
Dimethylisothiazolium perchlorate 57¢ 1722 C=0
4-Ethyl-2-(4-methoxy-phenyl)-5- 1092 ClOy4 98JPR361
methylisothiazolium perchlorate 58h 1249 MeO
2-Phenyl-5-(4-trifluoro- 1100 ClO4 94Z0OR1379
methylphenyl)isothiazolium perchlorate 30c 1330 C-F

products depending on the temperature of the ion source, the chemical structure of
cations and the nature of anions (94ZOR1379, 02HCA183, 03ZN(B)111). The EI
mass spectra of salts could be interpreted in the following way (Scheme 81a).

The ESI MS method yielded results to identify isothiazolium salts 62 and 63
(05SUC211). The aqueous methanolic solution of the salts gave by application of
this spray method intensive signals of the cation (ESI pos.) and accordingly the
anions (ESI neg.). The determination of the molar mass and the total formula are
possible. Information about the structure of the cations could be obtained by using
the ion-molecule-push-process. The cations decomposed in the typical fragmentation
pathway are formed in Scheme 81b.

6. Elemental Analysis

Elemental analyses (EA) are performed to validate the conclusion of other mea-
surements such as NMR, IR, UV spectroscopy and MS spectrometry. In the earliest
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investigation, EA was used only with IR and UV spectra to determine the structure
of salts (94Z0OR1379). Today, the elemental analyses of C, H, N, O and S atoms are
generally calculated and analysed with error less than 1% (03ZN(B)111, 05SUC211).

C. OTHER ANALYTICAL METHODS

Especially, 2-phenyl-4,5,6,7-tetrahydro-1,2-benz- (121) and 5-methyl-2,4-diphenyl-
isothiazolium salts 62 (R = H, 4-MeO, 2-Cl, 2,6-Cl,) were studied with the HPLC-
MS(MS) method to monitor the oxidation of isothiazolium salts with H,O,/acetic
acid (96%) (03CG147). The strongly acidic reaction mixture was separated on a
RP-18 column without any sample pretreatment and included intermediates, which
were identified by API-MS(MS)-techniques. The aim of this work was to establish
the reaction mechanism using several N-functionalized salts.
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IV. Reactivity

A. GENERAL SURVEY

Isothiazolium salts react by S-oxidation and C-3 oxyfunctionalization with H,O,
(30%)/acetic acid or magnesium monoperoxyphthalate (MMPP) to stable mono-
and bicyclic 3-hydroperoxysultims, -sultams, 3-hydroxysultams and 3-oxosultams,
retaining the heterocyclic ring system.

Furthermore, isothiazolium salts are masked enaminothioketones and thioacrylic
acid derivatives, which can be obtained by reductive ring cleavage.

The reactivity of isothiazolium salts toward nucleophiles is higher than that of
isothiazoles. Therefore, on quaternization of isothiazoles to isothiazolium salts, the
tendency of nucleophilic ring opening increases.

Isothiazolium salts react with N-nucleophiles such as ammonia, primary amines,
hydrazines and hydroxylamines by ring transformation to isothiazoles, pyrazoles and
oxazoles. The synthesis of 3-aminopyrroles occurs by base-catalyzed ring transfor-
mation and desulfuration of substituted 5-amino-2-methyl-isothiazolium salts. N-Aryl
isothiazolium salts with an active methyl- or methylene group in the S5-position
rearrange in a base-induced reaction with secondary amines by deprotonation and
oxidative dimerization to thieno-annulated N-aryl-6a)*-thia-1,6-diazapentalenes,
spirocyclic isothiazolium salts and thianthene derivatives. In contrast, weaker bases,
such as substituted anilines, compete due to their basicity and nucleophilicity in the
reaction with N-aryl-4,5-dimethylisothiazolium salts. Thus, ring transformation
occurs by nucleophilic attack of aniline at the 5-position following by an apparent
migration of the sulfur atom to the 3-position and elimination of aniline. The reaction
of 3-chloro-1,2-benzisothiazolium salts with amines as N-nucleophiles gives re-
arranged 3-amino-substituted salts including 3-amino-1,2-benzisothiazoles.

Nucleophilic attack with C-nucleophiles of monocyclic and 1,2-benzisothiazolium
salts at the sulfur atom are carried out with ring cleavage and recyclization to
thiophenes.

There are also ring transformations of monocyclic and benzisothiazolium salts by
ring extension to 1,3-thiazines, quinolines, 1,4-benzothiazepines and 1,2,3-thiadiazine
1,1-dioxides.

Many heterocyclic annulated isothiazolium salts are prepared by intramolecular
quaternization of special 3-substituted salts.

B. OXIDATION TO SULTIMS AND SULTAMS

The oxidation of monocyclic 57,61-63 and bicyclic isothiazolium salts 121,123 is
classified by two principle oxidation methods. First, these salts can be oxidized with
H,0, in acetic acid to yield sultims rac-cis-/-trans-232-235, 3-hydroperoxysultams
239-243 and 3-oxosultams 251-257 (method A). Furthermore, these isothiazolium
salts can react with MMPP in water or alcohol to yield sultims rac-cis-/-trans-
236-238 as well as 3-hydroxysultams 244248, 3-alkoxysultams 249-250 and 251-257
(method B). Thus, many oxidation products were obtained. In Scheme 82, the general
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reaction pathway for the oxidation of isothiazolium salts 57,61-63 and 121,123 is
represented (see Tables 15 and 16).

The first step in the oxidation of salts 57,62,63 and 121 with H,0, in glacial acetic
acid at room temperature gave the stable 3-hydroperoxysultims rac-cis-232a—k
(96MOL139, 99HCA685), 233a—e (02HCA183), 234a—d and 235a—c (05SUC211)
(10-97%) via the unstable 3-hydroperoxyisothiazoles 230 by nucleophilic attack of
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Table 15. Synthesis of 3-hydroperoxysultims rac-cis-232-235

rac-cis- R? R’ R Yield (%) Reference
232a -(CHy)4- 2-Cl 70 99HCA685
b (CHy)4 2,6-Cl, 42 99HCAG685
c (CHy)4 2-Br 60 99HCA685
d (CH,)4 2-CF; 50 99HCA685
e (CHy)4 2-F 43 99HCAG685
f (CHy)4 3-Br 44 99HCAG685
g (CHy)4 4-COH 30 99HCA685
h (CHy)4 4-CO,Me 45 99HCAG685
i (CHy)4 2-NO, 59 04ZN(B)478
i (CH,)4 4-NO, 23 04ZN(B)478
k (CH,)4 4-Cl 36 04HCA376
233a Me Me 2,6-Cl, 55° 02HCA183
b Me Me 4-CO,H 10 02HCA1383
c Me Me 4-CO,Me 20 02HCA183
d Me Me 4-CO,Et 15 02HCA183
e Me Me 4-NO, 12 02HCA1383
234a Ph Me H 21 05SUC211
b Ph Me 2-Cl 68 05sSUC211
c Ph Me 4-NO, 29 05SUC211
d Ph Me 2,4-(NO,), 20* 05SUC211
235a Ph Ph 4-NO, 74° 05SUC211
b Ph Ph 2,4-(NOy), 86 05SUC211
c Ph Ph 2-Cl,4-NO, 97% 05sSUC211

“Mixture of sultims and sultams or salts.

H,0, (Scheme 83). A HPLC-MS(MS) method was applied to monitor the oxidation
of isothiazolium salts 62 (R* = Ph, R* = Me) and 121 (R? = R® = (CH,),) with
H,0,/acetic acid supported by API-MS(MS) techniques and a transient intermediate
was assigned as the primary oxidation product 230 (R' = R? = (CH,),) (03CG147).
Only, the isothiazole 230 (R = 2,4-(NO,),, R = R*® = Ph) could be isolated from
4,5-disubstituted salts 63 (05SUC211). The sultims rac-trans-232-235 were not sep-
arated, but they could be identified by HPLC-MS(MS) monitoring. The structures
rac-cis-232b and 233c were confirmed by X-ray analysis (99HCA685, 02HCA183,
02ZN(B)383). In Table 15, 3-hydroperoxysultims rac-cis-232-235 are given.

The reduction of 3-hydroperoxysultims rac-cis-232,233 with dimethylsulfoxide very
easily yielded 3-hydroxysultims rac-cis-236a,h and 237c¢,d (236a: 04HCA376;
236h: 02ZN(B)383; 237c,d: 02HCAI183, Scheme 84). The isothiazol-3(2H)-one
1-oxides 258 were synthesized by elimination of water from 3-hydroperoxyisothiazole
rac-cis-232,233 (method A) or by oxidation of the isothiazol-3(2H)-one 259 (method
B) (04HCA376, Scheme 84). The structures rac-cis-236h,237¢ (02ZN(B)383,
02HCA183) and 258h (04HCA376) were determined by X-ray analysis.
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The oxidation of salts 57,61-63 and 121,123 with H,O,/AcOH at room temperature
gave the 3-hydroperoxysultams 239-243 and at 80 °C they directly reacted to the
isothiazol-3(2 H)-one 1,1-dioxides 251-257 (method A). The elimination of water using
ethanol and concentrated hydrochloric acid gave 3-oxosultams 251-257 (method B) as
well as by reduction of 239-243 with Na,SO; via 244-247 (method C), respectively
(Scheme 85). In Table 16, 3-hydroperoxysultams 239-243 and 3-oxosultams 251-257



Table 16. 3-Hydroperoxysultams 239-243 and 3-oxosultams 251-257
R? R? R Reference
239 -(CH,)4- H, 2-Me, 2,6-Me,, 4-Br 96T783
3-Me, 4-Me, 4-MeO, 4-CO,H, 4-CO,Me, 2-Br, 3-Br, 2-Cl, 2,6-Cl,, 2-F, 2-CF; 99HCA685
4-t-Bu, 2,5-Cl,-4-0-i-Pr 02JOC8400
2-MeO, 4-Cl, 2-NO,, 4-NO, 04ZN(B)478
240 -(CH,)s- 2,5-Cl,-4-0-i-Pr 02JOC8400
241 Me Me H, 4-MeO, 4-CO,H, 4-CO,Me, 4-CO,Et, 4-SO,Me, 2-Cl, 2,6-Cl,, 4-NO, 02HCA133
242 Ph Me H, 4-MeO, 4-Cl, 4-NO,, 2,4-(NO,), 05SsUC211
243 Ph Ph H, 4-MeO, 2-Cl-4-NO,, 4-NO,, 2,4-(NO,), 05SUC211
251 -(CH,)4- H, 2-Me, 2,6-Me,, 4-MeO, 4-Br 96T783
3-Me, 4-Me, 4-CO,H, 4-CO,Me, 2-Br, 3-Br, 2-Cl, 2,6-Cl,, 2-F, 2-CF; 99HCA685
2,4-(NO3),, 2,5-Cl, 03ZN(B)111
4-Cl, 4-NO, 04ZN(B)478
252 -(CH,)s- 2,5-Cl,-4-0-i-Pr 02JOC8400
253 Me Me H, 4-MeO, 4-CO,H, 4-CO,Me, 4-CO,Et, 4-SO,Me, 2-Cl, 2,6-Cl,, 4-NO, 02HCA183
2,5-Cly-4-0-i-Pr, 2,4-(NO;), 03ZN(B)111
254 Me Ph 2,5-Cl,, 2,5-Cl,-4-0-i-Pr, 4-NO,, 2,4-(NO,), 03ZN(B)111
255 Ph Me 2,5-Cly-4-0-i-Pr, 4-NO,, 2,4-(NO,), 03ZN(B)111
2-OH, 2,5-Cl,, 4-CF; 05ZN(B)41
H, 4-MeO, 2-Cl 05SUC211
256 Ph Ph 2,5-Cly-4-0-i-Pr, 4-NO,, 2,4-(NO,), 03ZN(B)111
H, 4-MeO, 2-CI-4-NO, 05SUC211
2-Cl-4-NO,, 2-CF3-4-NO,, 4-CF3, 3-NO, 05JEIMC341
257 Ph 4-MeO-CgHy 2,5-Cl,-4-0-i-Pr, 2-Cl-4-NO,, 4-CF3, 3-NO,, 4-NO,, 2,4-(NO,), 05JEIMC341

0LC

dZTNAHDS "4 ANV dT0M [

Al 98]



Sec. IV.B] ISOTHIAZOLIUM SALTS AND THEIR USE 271
R 0
H,0,/

N/® ACOH \ R :
—_— N e N
H / S/

S -
\
ClO, O//\O
29 30 260
R3 R®

R =H,R3=4-CF3, 26%
) R=4-MeO, R3 = 4-CF3, 14%

(
(
c (f) R=H, R3= 4-F, 24%
/ (@) R=4-Cl, R®=4-MeO, 19%
(@i
1]
(
(

\ ) R =2, 5-Cly-4-0-i-Pr, R3= H
—_— N: OiPr )
/
© clo,”
¢ cl
301

= o

R=2-Cl, R®= 4-CF;, 8%
K) R = 4-Cl, R3 = 4-CF, 20%
1) R=2-F, R3 = 4-CFy, 8%

CHO
SCN
Z/E-55e

Scheme 86
R MMPP RY R
+ _RIOH \Rj‘
uItra /
S CIO, sound r® s
57,62,63,121 y 231
o)
ﬁ1 =H Rt =alky\
H OH H OR'
2 2
R . R .
g g
3
R //\\O R N\

244 Rz R3 (CH ) 249 RZ — R3 (CH2)4
246 R° = Rz Me 250 R2 = R® = Me
247 R = R"=Ph R' =Me, Et, n-Pr,
248 R* = Ph,R*=Me i-Pr.tBu

R =H, 4-Me,2-Me0,4-Me0,4-CO,Me, 4-CO,Et, 2-Cl, 4-Cl,2,6-Cl,, 2-Cl-4-NO,, 2-NO,, 4-NO,

Scheme 87

are presented. Further, the synthesis of novel hydroperoxysultams 239 (R = 2,5-Cl,-
4-0-i-Pr), 240 and their potential as renewable chemoselective electrophilic oxidants
for a wide range of nitrogen, sulfur and phosphorus heteroatoms in nonaqueous
media is described (02JOC8400).

The 3-hydroxysultams 244-247 are variously substituted in the 2-phenyl ring
(R = H, 2-Me, 2,6-Me,, 4-CO,Me, 4-CO,Et, 2-Cl, 2,5-Cl,-4-0-i-Pr, 4-Br, 2-Cl-4-NO;:
96T783, 99HCA68S5, 02HCA183, 05SUC211). The structures of the 3-hydro-
peroxysultams 239 [R =4-Br, 96T783, 02ZN(B)383], 241 [R =4-CO,Me,
02ZN(B)383], of the 3-hydroxysultams 245 [R = 2,5-Cl,-4-0-i-Pr, 02ZN(B)383], 246
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[R = 4-CO,Me, 02ZN(B)383], of the 3-oxosultams 253 [R = 2-Cl, 05ZN(B)41] and
255 [R = 2-OH, 4-CF;, 2,5-Cl,, 05ZN(B)41] were confirmed by X-ray analysis.

The isothiazol-3(2H)-one 1,1-dioxides 254-257 with stabilizing aryl substituents in
the 2-, 4- and/or 5-position are potential inhibitors toward human leukocyte elastase
(HLE) (03ZN(B)111, 05JEIMC341). HLE is a serine protease implicated in several
inflammatory diseases and represents a major target for the development of low-
molecular weight inhibitors.
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Surprisingly, the 5-arylisothiazole 1,1-dioxides 260c,d.f,g,i—e also were directly
obtained by oxidation of the enaminothioketones 29 with H,O,/AcOH at room
temperature via salts 30 in poor yields. In one case, the 3-oxosultam 260i could be
directly isolated from the salt 30i (94ZOR1379, Scheme 86).

Furthermore, salts 57,62,63 and 121 were oxidized with MMPP in an ultrasonic
bath (method B, see Scheme 82) to obtain directly 3-hydroxysultams 244,246-248 and
3-alkoxy sultams 249,250 as an efficient and simple method. At first, there occurred
electrophilic attack of MMPP at the sulfur atom of the salts in contact to H,O,/AcOH
to give the very highly polarized and reactive S-oxide 231 followed by nucleophilic
addition of water or alcohol to sultims rac-236,237 (R' = H) and rac-238 (R' = alkyl)
(see Scheme 82), which could not be isolated. Investigation by HPLC-MS(MS) was
also realized with salts and MMPP/EtOH. Thus, 3-ethoxysultims rac-cis/trans-250
(R = CO,Me) could be identified (03CG147). A series of 2-phenyl and 4,5-disubsti-
tuted sultams 244 and 246-250 could be obtained in good yields (0352265,
04ZN(B)478, 05SUC211, Scheme 87)]. The solid-state sulfonamide structures of
3-alkoxy sultams 249 [R =4-Cl, R'=Et: 04ZN(B)478] and 250 (R = 4-Me,
R! = Me: 03S2265) were revealed by X-ray crystallography.

The oxidation of bis(isothiazolium) salt 67 gave bis(3-hydroperoxide) 262 in 25%
yield and bis(3-oxosultam) 263 in 38% yield, respectively (02HCA183, Scheme §8).

The oxidation of 3,4-dimethyl isothiazolium salts 68 with H,O,/AcOH proceeded
with rearrangement to 3-oxosultams 266 via hydroperoxide 264 and 265. The struc-
ture 266b was confirmed by X-ray analysis (98JPR361, Scheme 89).
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The isomeric salts 126 are valuable starting compounds for the synthesis of
bicyclic 3-hydroperoxides 267, which surprisingly reacted in heated H,O, in acetic
acid, to isothiazol-3(2H)-one 1,1-dioxides 268a—d by a Criegee-type rearrangement
(00JPR675, Scheme 90).

Furthermore, the oxidation of imines 71,130 and salts 72,131 with H,O, in acetic
acid at 0 °C gave the 3-hydroperoxysultims rac-cis-269e—j and 270f,h in 13-45% yield
(269e—j: 00JPR291; 270f,h: 0SH2705, Scheme 91) as the first isolable products. The
sultims rac-trans-269 and 270 could not be isolated. In contrast, oxidation of 71,130
and 72,131 at room temperature yiclded the corresponding 3-hydroperoxysultams
271a,b,e—j and 272a,b,fh in 10-58% yield (271a,b,e—j: 00JPR291; 271a,b,f,h:
05H2705, Scheme 91). The 3-hydroperoxides 271,272 were converted into the
3-hydroxysultams 275a,b,e—i and 276b,f by reduction with sodium sulfite in water or
with dimethylsulfoxide to 276a,h in 52-95% yield (275a,b,e—i: 00JPR291; 276a,b,f,h:
05H2705, Scheme 91).

The 3-oxosultams 273a,b,e,h and 274f,h were directly isolated by oxidation of
2-imines 72,130 and salts 73,131 or by elimination of water from the 3-hydroxper-
oxide 271,272 in 15-36% yield (273a,b,e,h: 00JPR291; 274f,h: 05H2705, Scheme 91).
The structure 274h was confirmed by X-ray analysis (05H2705). Surprisingly, the
heteropentalene isothiazolo[3,2-b]-1,3,4-oxadiazole 5,5-dioxides 278a,e-h and
278m—-p were obtained by dehydration of 3-hydroxides 275 and 276 in toluene and
1,5-electrocyclization of the azomethinimine 277 as crystalline products in 38-95%
yield (05H2705, Scheme 91).

3-Hydroperoxysultams 279a—c (25-48%) resulted from the oxidation with 30%
H,0, in acetic acid at room temperature of the isothiazolium-1-imines 136 contain-
ing substituents in the 3- and 4-position of the isothiazole ring (00JPR291, Scheme
92). The structure of 279a was confirmed by X-ray diffraction (01ZK309).

The 3-amino-1,2-benzisothiazolium salt 147 can be oxidized with potassium
dichromate to salt 280a,b in moderate yields (70CB3166, Scheme 93).

C. RebpucTtioN AND RING OPENING

Isothiazolium salts 23c,27b and 76j—n,281 are masked 2-amino-1-alkenyl-
thioketones and can be converted with thioether (A) and metal hydrides (B, C), in
a simple method, by reductive ring opening to B-enaminothioketones 22c,26b
and 282a—g (Scheme 94), which are useful intermediates for the synthesis of a
wide range of heterocyclic compounds. Isothiazoles are not ring-opened by complex

R’ A. NaSPh R
R2 B. NaBH, R2 /<
N C. LiAIH, j\ R
/ ~ H
3 S X l> 3 S
23¢,27b,76j-n,281 R 22¢,26b,282a-g
X = BF,, CIO,

Scheme 94
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Table 17. Synthesis of B-enaminothioketones 22¢,26b,282a—g

Method (%)

R R! R? R} A B C Reference
282a Me H Ph MeS 60 84CJC1580
22¢ Me Ph H MeS 59 73CIC3081
26b Me Ph H Ph 55 72JCS(P1)2305
282b Me H H Ph 35 72JCS(P1)2305
c Et Me H Me 90 86 88SC1847
d Et Me CO,Et Me 91 74 88SC1847
e Et Me CN Me 93 75 88SC1847
f Et Me I Me 85 71 88SC1847
g Et Me NO, Me 82 69 88SC1847

R1
5 (285a) R' = R?=H, R® = Ph, 52-56%
R 1 2 3
(b) R'=H, R?= R®=Ph, 20%
R=Ph (c) R' = H, R?= Ph, R®=MeS, 45%
—> NTPh  (22d) R' = Ph, R = H,R*=EtS, 75%
s s (26e) R' = R®= Ph, R?= H, 45%
1 H1 R
R NaHs/ R R
H,S R®
N—R —> N—R —|
/ X- s R!
R® s R® | 284 gt S _S
23b,d,27¢,30a,63,283 SH R? s
_ R =alkyl (@) R'=R?2=R3=H, 15%
X= CIO, | — S (b)R'=H,R2=R3=Ph, 40%
- , e (© R =R =H, R3=Ph, 68%
R 286
Scheme 95

metal hydrides and therefore, these hydrides reduced the functional groups
(Table 17).

N-Aryl-isothiazolium salts 23b,d,27¢,30a and 63 were treated with equivalent
quantities of ethanolic sodium hydrosulfide or hydrogen sulfide in ethanol to yield
enaminothioketones 285a,b,22d,26e and esters 285¢,d (73CJC3081, 72CJC2568). In
contrast, N-alkyl salts 283 were reduced to bis(1,2-dithiol-3-yl)sulfane 286a—c
(72JCS(P1)2305, 73CJC3081, Scheme 95).

The 2-methylisothiazolium salts 27a,b,91a and 287 afforded a mixture of acyclic
thiones 288a—c (85T1885) and 26a,b,289a,b by treatment with benzylamine. Only in
one case, the pure 289b was obtained from the salt 91a (72JCS(P1)2305, 85T 1885,
Scheme 96).

2-Methyl-3-phenyl-isothiazolium salts 27a,b were attacked at the N-atom with the
N,S-binucleophile 2-aminoethanthiol to obtain thioethylaminothiones 290a,b in
48-57% yield (72JCS(P1)2305, Scheme 96).

Quaternization of isothiazole increases the tendency for nucleophilic ring cleavage.
Accordingly, 2-phenylisothiazolium bromides 291 reacted with benzylamine or
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(b) R' = R®=Ph, 55% (289a) R/ = Ph, R®=H, 18%
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s S X
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Scheme 98

aniline to acyclic acrolein-phenylimine 292a and -benzylimine 292b bromides in poor
yields (72JCS(P1)2305, Scheme 97).

2,1-Benzisothiazolium iodides 182,293 reacted reductively with methanethiol to
2-methylamino- (294a) and 2-phenylamino-methyl dithiobenzoate 294b (82CJC440,
Scheme 98).

3-Piperidino-1,2-benzisothiazolium chloride 295 was heated with thiophenol in
acetonitrile to form 2-thio-benzamidine 296 by ring opening of the isothiazole
(82LA14, Scheme 99).
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Scheme 101

The reaction of quaternary salts 160b and 297 with benzhydrazide gave salts 298,
which were converted with methanethiol to 299. After dehydration, 1,2,4-triazole
300 was produced (71LA46, 71LA201, Scheme 100).

The 1,2-benzisothiazolium salts 107 and 301 reacted with sodium hydroxide,
sodium acetate or sodium carbonate to give 2,2'-dithiobenzamidines 302b—e
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and -benzimides 302a,f by ring cleavage in poor yields (302a,f: 271.A264; 302b—d:
76CB659; 302f: 70CB3166, Scheme 101). 3-Aryl and also 3-ethyl salts 301 were
cleaved to sulfenamides 303a—d (303a,b: 79CB3286; 303c,d: 271.A264). On thermo-
lysis of salt 301 with dry SiO, at 180°C, 2,2'-dithiobenzonitrile 304, 1,2
-benzisothiazol-3(2H)-one 305 and 3-imino-1,2-benzisothiazole 306 were obtained
(90HCA1679, Scheme 101).

1-Alkyl 2,1-benzisothiazolium salts 169m,170b and 307 could be transformed with
primary amine to 2-ethylaminobenzophenon-methylimines 308, which reacted to
benzophenon derivative 309 by acid hydrolysis. Furthermore, the reaction of salts
169m,170b and 307 with secondary amines offered the stable 2,1-benzisothiazoles
310a—c in 50-90% yield (72CPB2372, Scheme 102).
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2,1-Benzisothiazolium salts 169-171,311 were cleaved with concentrated hydro-
chloric acid or aqueous ammonia to 2-aminobenzonitrile 312 and 2-aminobenzoic
acid 313 (65JMC515, Scheme 103). Therefore, salts 169-171,311 reacted with acidic
or basic sodium hydrogen carbonate, triethylamine or pyridine to 2-aminobenzal-
dehyde 314 (R? = H) and to 2,1-benzisothiazol-3(2H)-thiones 315 (73JCS(P1)1863,
82CJC440). 3-Phenyl salts 169-171,311 gave 2-methylaminobenzophenon 314
(R? = Ph), respectively (82CJC440, Scheme 103).

D. RiNG TRANSFORMATION IN OTHER HETEROCYCLIC COMPOUNDS
1. Ring Transformation with Retention of the Ring Size

Ring transformation of the isothiazolium salts can be converted into N-, O- and
S-heterocycles, isothiazole derivatives, annulated isothiazoles and rearrangement
products such as thiadiazapentalenes, spirocyclic isothiazolium salts and thianthrenes.

a. N-Heterocyclic Compounds. The reaction of monocyclic isothiazolium salts
27a,b,76¢,782,91a with N-nucleophiles hydrazine and phenylhydrazine gave pyra-
zoles 316a—i in good yields (316a,b,f,g: 72JCS(P1)2305; 316¢c: 66T2135; 316d,h,i:
85T1885, Scheme 104).

The salts 21b and 317 (R = CO»alkyl, CN) spontancously reacted in the presence
of triethylamine in methanol with sulfur extrusion to 2-alkoxycarbonyl (319a—j) or
2-cyanopyrroles 319k (93AG797, Scheme 105). Electron donor substituents in the

R = Me, Et, CH,Ph

R'= R?=H, Ph R
NHNH, (a) R' =R3= H, 20%
. N (b)R'=R3=Ph, 62%
R N~ (OR'=PhRS=H
H
316
,
R R =Me Ph
R'=H, R3=Ph
R PANHNH, - \
RS g x N~ Ph Ny
(27a,b,76¢,78a,91a) |F,h 316d |Ph31se
43% 11%
R =Me, Et, CH,Ph R
R'=R%=H, Ph
PhNHNH2 (f) R1=R3=H,53‘Vo
e \| (9 R =R®=Ph, 48%
R® N~ () R'=H RS =Ph, 48%
| (i) R' = Ph, R? = NHMe, 37%
Ph
316

Scheme 104
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NEty/MeOH N\
/N**CHZ*R E— /N**CH*R TP
_ ’ R
. S x- R S R H
21b,317 318 319
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Table 18. 2-Alkoxycarbonyl and 2-cyano pyrroles 319
319 R R R? R’ Yield (%)
a CO,Me H Ph Ph 87
b CO,Me Ph H Ph 85
c CO,Me H 2-Me-CgHy Morpholino 91
d CO,Me H 4-F-CgHy Morpholino 81
e CO,Me H 4-Cl-C4Hy Morpholino 92
f CO,Me Me Ph NHPh 100
g CO,Me Me CO,Et NHPh 73
h CO,Me H 4-Cl-C¢Hy4 MeS 72
i CO,Me H H 4-Cl-C¢Hy4 68
j CO,Et H 4-Cl-CgHy NMe-piperazino 80
k CN Me Ph NHPh 82
1 CO,Met H Ph Morpholino 82
m CO,Et H 4-CI-CgHy Piperidino 76
n CO»-i-Bu H 4-Cl-C¢Hy4 Morpholino 80

S-position and electron acceptor substituents R promoted the ring transformation.
The direct electrochemical synthesis of 3-aminopyrrole-2-carboxylates 319e—g,l-n
was carried out by anodic oxidation, for example, of the thioacrylamides 20 without
isolating isothiazolium salts 317 (95JPR310). This result demonstrated that electro-
chemical oxidation of 3-amino-thioacrylamides is a useful alternative to the appli-
cation of chemical oxidizing reagents. The pyrrole derivatives 319 are represented in
Table 18.

The ring transformation to N-methylpyrrole 320 as a minor product occurred from
the 2-methyl salt 75j on reaction with dimethyl-(2-ethoxycarbonylmethylene)sulfu-
rane (84CJC1580, Schemes 106, 108).

b. O-Heterocycles. Isoxazoles 321 and 322 as well as isothiazole N-oxide 323 were
formed on treatment of salts 27a and b with hydroxylamine and sodium alcoholate
(321-323a,b: 72JCS(P1)2305, 85T1885, Scheme 107).

¢. S-Heterocycles. The initial nucleophilic attack of a carbanion at the sulfur
atom of monocyclic isothiazolium salts 23b,c,27a,30a and 75a,j,96a,324 was
carried out under ring cleavage and recyclization condition to thiophenes 325-328
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(325a—c: 73CJC3081; 325d,e,326: 77CJC1123; 327a—,328: 84CJC1580, Scheme 108).
The carbanion sodium-3-oxo-3-phenyl-propiolate and stable S-ylides were utilized.

3-Chloro-1,2-benzisothiazolium chlorides 109a,b,i,h and 329 reacted with methyl
ketones or N-heterocycles with an activated methyl group to give 3-amino-1-benzo-
thiophenes 330a—1 and 331a—j (330a-1: 72LAS8; 331a—j: 79S442, Scheme 109)
(Table 19).

N-Aryl 3-chloro-1,2-benzisothiazolium chlorides 109 were converted with thio-
acetic acid to 3-aryl-imino-1,2-benzdithioles 332. In contrast, N-alkyl salts 109
reacted to form 2-alkyl-1,2-benzisothiazol-3(2H)-thiones 161, which are in equilib-
rium with 332 (67CB2435, Scheme 110).

The 3-thiono-3H-1,2-dithioles 334a,b in poor yields and the dealkylated iso-
thiazoles 335 resulted from the treatment of salts 27a,b,30a,45a and 75j,333
(R = Me, Ph) with sulfur in pyridine (72CJC2568, Scheme 111). The reaction of salts
272,333 (R = 1-Bu, R> = R* = H) with toluene yielded isothiazole 335a (83PS119).

d. Isothiazole Derivatives. The reaction of 3-chloro- (75,76,104) or 3-methoxy
monocyclic salts 102 with ammonia gave 3-aminoisothiazole 337a—f (53-95%) and
3-unsubstituted or 3-phenyl isothiazolium salts 75,76 afforded isothiazole 338a—d
(67-89%) (337a,b: 79JOC1118; 337a,c—f: 78JHC695; 338a,d: 72JCS(P1)2305; 338a,b:
66T2135; 338¢: 85T1885, Scheme 112). Ammonia made a nucleophilic attack at the
sulfur atom to yield S-aminoiminoyl 336, which efficiently recyclized to 337 and by
loss of amine to 338.

The treatment of 3-chloro 1,2-benzisothiazolium salts 109 with ammonia gave the
rearranged 3-aylkl/aryl-amino-isothiazole 339, which could be converted by proto-
nation to cation 144. Only in the presence of strongly acid solution were salts 147
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formed. They are in equilibrium with 144 (147: R = alkyl: 66CB2566, 69CB1961;

147: R = Ph: 80CB2490, Scheme 113).
3-Piperidino-1,2-benzisothiazolium chloride 295 could be obtained by reaction of
salt 109a with piperidine in ethanol at 5°C in 35% yield (82LA14, Scheme 113).
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Table 19. N-heterocyclic thiophenes 331

331 R Het Yield (%) Reference
a Et / \N 65 795442
b Et /\ 55 798442
Ne
c Et /N 16 795442
N="
d Et /7 \ 40 795442
e Et M 53 795442
f Et S 65 795442
=
/" NH
g Et s 66 798442
N
/" NH
Me
h Et SMe 42 795442
i Me S 62 795442
Nt
&
j M S 87 795442
j e v
%:<NH
Me

The 1,2-benzisothiazolium salts 109a—c¢ reacted with hydroxylamine to give
3-alkylamino-1,2-benzisothiazole 2-oxides 340a—c in equilibrium with salt 341
(70CB3166, Scheme 113).

By contrast, 5-nitro-1,2-benzisothiazolium salts 107 reacted with ammonia in
ethanol to isothiazole 343 by 2-dealkylation (23AG159, Scheme 114). The salts 109b
and 344 are dealkylated in 1,2-dichlorobenzene or by dry distillation to 137 in
78-95% yield (66CB2566, 68ZC170, Scheme 114).

For the first time, 5-aryl-3-arylthioisothiazoles 345¢-n were prepared by deal-
kylation of the corresponding salts 25 with KI in dimethylsulfoxide and 3-5h at
120 °C (02JOC5375, Scheme 115).

A Dimroth rearrangement took place by the reaction of a base with 3-amino-
2-methylisothiazolium fluorosulfonate 75t to 337a (79JOC1118, Scheme 116).
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The reaction of 3-phenacylthio- (347) and 5-phenacylthio-isothiazolium salts 350
with triethylamine afforded 3-phenacylidenisothiazole 349 (39%) and isothiazol-
5-thione 352 (50%) by deprotonation of the exocyclic methylene group (85BSB149,
Scheme 117).
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The 2-methyl 2,1-benzisothiazolium fluorosulfonate 353 was treated with
sodium bicarbonate to obtain 2,1-benzisothiazole 355 in 26% yield (78JOC2500,
Scheme 118).

3-Chloro-2-ethyl-1,2-benzisothiazolium chloride 109b reacted with N-mono- and
N,N-dialkylanilines 356 to give 3-phenyl 1,2-benzisothiazolium salts 357, which were
converted by thermal treatment to isothiazole 358 and with hydrochloric acid to salts
359 in 70-80% yield (79CB3286, Scheme 119). The isothiazole 358 can be oxidized to
2-phenyl 1,2-benzisothiazole 1,1-dioxides.

In contrast, 3-chloro-2,1-benzisothiazolium salts 183a,c reacted with N,N-dimethyl-
aniline 184 to give 3-anilino-2,1-benzisothiazolium salts 185 in good yield (76JPR161,
Scheme 120).
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The treatment of salts 109 with aromatic amines gave 3-arylimino isothiazoles 360
(59-84%) and 361 (31-58%), which can be rearranged to 3-amino salts 362,363 by
protonation (76CB659, 80CB2490, Scheme 121).

Furthermore, chloride 109b reacted with substituted phenols and thiophenols
364 to yield primarily the 3-phenoxy- or the corresponding 3-phenylthio-1,
2-benzisothiazoles 366. When the attack of salts 109b occurred at the aromatic
ring of phenol, the 3-phenyl-1,2-benzisothiazoles 368 were produced (74CB1667,
Scheme 122).
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e. Heterocyclic Annulated Isothiazoles. The deprotonation of the salts 369-371
with sodium carbonate yielded 1,2-thiazolo[5,1-¢]-1,2,3-thiadiazole 372 (94%),
1,2-thiazolo[1,5-b]-1,2,5-oxathiazole 373 (87%) and annulated products 374
(23-61%) (761EC268, 79JCS(P1)2340, Scheme 123).

f. Thiadiazapentalenes as Rearrangement Products. The base-induced dimerization
of S-methyl-isothiazolium salts 57,58,60,62 surprisingly afforded 6a\’*-thia-1,6
-diazapentalenes 375a—j (375a,c,i: 88ZC287, 90MRC419; 375b,d,g,h,j: 92JPR25;
375e,f: 95JPR175, Scheme 124).

Doubly '°N labeled thiadiazapentalene 376 was protonated with trifluoroacetic
acid at N-5 to give 377, maintaining the N-S—-N bond with a coupling constant 2J
(N-4, N-5) of 3.5Hz (92JPR25, Scheme 125).

The isothiazolium salts with an active 5-methyl 57 and 62 or a 7-methylene
group 121 reacted with DCHA depending on substituents R and R’ to
thiadiazapentalenes 378. Salts 379 were obtained only as by-products (95JPR175,
957K 73, Scheme 126).



Sec. IV.D] ISOTHIAZOLIUM SALTS AND THEIR USE 293

The structure of the basic skeleton of the thiadiazapentalenes was confirmed by
X-ray analysis of 378 (R = 4-MeO, R’ = H) and ab initio MO calculations. Some
mechanistic aspects are supported by the MO results (95JPR175).

The ring opening of thiadiazapentalenes 378-381 was made possible by proto-
nation at the basic center N-9 via 380 when R’ is an electron acceptor substituent
(R"= Cl, CF3) (96MOL142, Scheme 127).

The thiadiazapentalenes 375 and 378 were studied in terms of the influence of
several substituents toward Ag(I), Hg(II) and Na(I) in solution. The combination of
thiadiazapentalenes 382 and 383 with benzo crown ether substituents resulted in a
simultaneous binding of one hard and one soft metal ion by one molecule (01PS29,
Scheme 128).

N-Phenyl isothiazolium salts 121 with an active 7-methylene group reacted under
the influence of base to isolable spirocyclic isothiazolium salts rac-cis-127a~h
(36-82%) and rac-trans-127. The salts rac-trans-127 were not stable and rearranged
to thianthrene derivatives rac-trans-386a—h (11-93%). The o-substituted salts 121i-1
also reacted with sodium acetate only to thianthrenes rac-trans-386i-1 (58-95%)
(90DDP295385, 94Z0R 1404, 96JPR424, 96ZK 761, Scheme 129).

Thus, a very simple separation of diastereoisomeric salts rac-cis- and rac-trans-127
was possible (Scheme 129). The structures of rac-cis-127 (R’ = 3-Me) and rac-trans-
386 (R’ = 2,6-Cl,) were confirmed by X-ray analysis (96JPR424, 96ZK761).

The synthesis of 2,3-dihydrothiophen derivatives by base-catalyzed reaction of
5-ethyl-4-methylisothiazolium salts 59 is reported (97SUL35).

2. Ring Transformation with Expansion of the Ring

The 2-methyl-3-methylaminoisothiazolium chloride 75v was treated with cyanide
in water and a nucleophilic attack on the sulfur occurred to yield the intermediate

e Me
N N/
Me
CN- NH-Me N/
N o —_—
_CN | /K
NHMe S s NH
387 388
\ ~100%
N+—Me —
§ or N e N
75v
Me
NH-Me ‘ N7
_ >
IC=C-CO,Me /C—C-COQMe /K
s S CH-CO,Me
389 390

~100%

Scheme 130
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open-chain amidine 387, which recyclized to give ring expanded 2-imino-3-methyl-
4H-1,3-thiazine 388 in high yield (79TL1281). In another case, the isothiazole ring
was attacked with methyl propynolate as nucleophile to ring expands 2-(methoxy-
carbonyl-methylene)-1,3-thiazine 390 (79TL1281, 83JCS(P1)1953, Scheme 130).

The bicyclic bromide 199 reacted with cyanide and methyl propynolate in quan-
titative yields to expand to bicyclic 1,3-thiazines 391 and 392, respectively
(79TL1281, Scheme 131).
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The 2-phenacylisothiazolium bromides 79b—d, synthesized by reaction of the
corresponding isothiazole with phenacyl bromide (see Scheme 24), were treated with
pyridine and afforded 2-benzoyl-2H-1,3-thiazines 394b—d via deprotonation of the
exocyclic methylene group to 393 followed by intramolecular nucleophilic attack on
sulfur atom (85BSB149, Scheme 132).

The salts 75 reacted with substituted cyclopentadienyl anion in hexane at room
temperature to cyclopenta[b]thiin 397 and 398a—c in good yields (397: 73CJC3081;
398a—c: 96PHAG638, Scheme 133).

1-Methyl- (399a,c) or 1-benzyl-2-quinolones 399b,d were synthesized in one-step re-
action of 2,1-benzisothiazolium salts 169b,c and 171b,c with ethyl cyanoacetate in hot
pyridine in 49-57% yield (83JHC1707, Scheme 134). In this case, the salts 169b,c and
171b,c are the equivalent of 2-aminobenzaldehyde. The ethyl cyanoacetate anion at-
tacks carbon atom, and closure of the quinolone ring occurs by loss of the sulfur atom.

5-Chloro-1-methyl-3-phenyl-2,1-benzisothiazolium chloride 169m was treated
with ethyl glycinate to yield in one-step reaction 7-chloro-1-methyl-2-oxo-5-phe-
nyl-1,3-dihydro-2 H-1,4-benzodiazepine 401 in 47%, which is the famous tranquilizer
Valium® (72CPB2372, Scheme 135).

The oxidation of 2-benzenesulfonylisothiazol-2-imines 71’,130 and their perchlo-
rates 73,132 with hydrogen peroxide gave 1,2,3-thiadiazine 1-oxides 402 and 403 in
26-52% yield; they were then converted into the corresponding 1,2,3-thiadiazine 1,1-
dioxides 406 and 407 in 24-90% yield using m-chloroperoxybenzoic acid.



296

J. WOLF AND B. SCHULZE

[Sec. IV.D

R2 R2
N\ _ R HCIO, \ R
N*—N—S0, N+—NH—SO.
/ ‘ base / 2
R S Ro S ClOf
71" R2=R3=Me 73,132
130 R2 =R3=(CH,), ho H,0,
222
oNcOH ACOH 5o
402 )R=H,R2=R3=Me, 31%
b) R=4-Me, R2 =R3 = Me, 48%
R (c) R = 3-NO,, R2=R® = Me, 45%
2 _R3= o,
method A | 202 (d) R=4NO,, R2 = R% = Me, 45%
cOH (€) R=4-Br, R?= R® =Me, 44%
rt / 505 403 )R = 4-Me,R2=R3= (CH,),, 26%
) R=3-NO,, R2= R = (CH,),, 52%
method B (o 402 403 (c) R = 4-NO,, R?= R3= (CHy),, 47%
ACOH. mCPBA
O c CH.Cl,
R? / R R2 R
NN
N—NH—S0, | |
{ .
N R s g0
o/ o) N\ 2
O o

404 (a)R = H,R2=R3 = Me, 20% A, 58% B
(b) R= 4-Me, R2 = R3 =Me, 23%A, 61% B
(© R = 3-NO,, R2 =R® = Me, 27% A
(d) R= 4-NO,, R2= R® = Me, 30% A
() R =4-Br, R2= R3 =Me, 13% A
405 (a) R=H, R2=R3= (CH,),, 17%A, 35% B

406 R=4-Me,R2=R = R® = Me, 24%

407 (a) R = 4-Me, R2 = R® = (CH,),, 62%
(b) R = 3-NO,, R2 = R®= (CH,),, 90%
(©) R = 4NO,, R2=R3= (CH,),, 39%

(b) R= 3-NO,, R2= R3 = (CH,),, 42% A
Scheme 136
H,0,/ R mcPBA/ R
\ ACOH \ CHyCl N N
N—NH—S0; — | 1
N
S ¢ s/ 507 %
//\{ 503
O o

135 408 (a) R=H, 51%

(b) R =4-Me, 15%

Scheme 137

409 (a) R=H, 24%
(b) R =4-Me, 43%
(©) R=3-NO,, 16%

Furthermore, oxidation of 402 and 403 with hydrogen peroxide furnished isothiazol-
3(2H)-one 1,1-dioxides 404 and 405 (method B) as ring contraction products, which
can be obtained directly by oxidation of imines 71’ and 130 or perchlorates 73 and
132 (method A), respectively. The structures 402e (R = 4-Br), 404¢ (R = 3-NO,) and
407b (R = 3-NO,) were confirmed by X-ray diffraction (99JHC1081, Scheme 136).

The oxidation of isothiazolium chlorides 135 with hydrogen peroxide in acetic acid
at room temperature gave the 1,2,3-thiadiazine 1-oxides 408a,b in 15-51% yield.
They were also converted into 1,2,3-thiadiazine 1,1-dioxides 409a—c in 16-43% yield.

The structure 408b was confirmed by X-ray diffraction

(00SUL109, Scheme 137).
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E. CONDENSATION
3-Chloro-2-methyl-isothiazolium salts 75k,m,q,r were converted with malonodi-

nitrile to 2-alkyl-3-(dicyanomethylen)-2,3-dihydroisothiazoles 410a—d by a conden-
sation reaction (77DEP2851023, 78USP4281136, Scheme 138).
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Scheme 139
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2,1-Benzisothiazolium salts 169a and 182a reacted with carbanions in contrast to
isothiazolium and 1,2-benzisothiazolium salts 301 not at the sulfur atom but by
attack on the C-3 carbon atom. Therefore, 2-methyl 2,1-benzisothiazolium salts 169a
and the diethyl malonate anion yielded a mixture of two products, 2-methylami-
nobenzaldehyde 412 (20%) and diethyl 1-methyl-2,1-benzisothiazol-3-ylidenmalone-
ate 411 (28%). The treatment of salt 182a with sodium benzoylacetate afforded 2,
1-benzisothiazole derivative 413 (76%). Furthermore, the reaction of salt 182a with
the anion of 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s acid) gave condensation

product 414 (43%) (82CJC440, Scheme 139).
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3-S-Alkyl-substituted isothiazolium salts,
formation, 233
2-Alkyl(aryl)-substituted malononitriles, reaction
with hydroxylamine, 196
2-Alkylthiobenzaldehyde-phenylimines, in
preparation of 1,2-benzisothiazolium salts,
237
3-Alkylthio-1,2-dithiolium salts, reaction with
primary amines, 218
2-Alkyl-3,4,5-trichloroisothiazolium
trifluoromethyl sulfonates, 232
Allylic thiocyanates, thermolysis, 33
Amaryllicaceae alkaloids, synthesis, 7
Amides of 4-amino-5-benzoylisoxazole-3-
carboxylic acid, further transformations, 186
Amidofurans, as 4t components in Diels—Alder
chemistry, 16
synthesis, 42
Amines, reaction with aldehydes, and isonitriles
to give oxazoles, 20
reaction with dichlorotriphenylphosphorane,
68
2-Amino-1-alkenyl-thioketones (masked), 275
3-Amino-2-alkylisoxazolium salts, formation, 178
5-Amino-4-aryl-5-benzoyloxazole, 201
3-Amino-1,2-benzisothiazole, 266
protonation, 244
reaction with acetylacetone, 258
7-Aminobenzisothiazole, diazotisation, 247
3-Amino-1,2-benzisothiazolium salts, oxidation,
275
3-Aminobenzoisoxazole, 191
3-Amino-1-benzothiophenes, 282
5-Amino-4-benzoyl-isoxazole, 185
3-Amino-5-fert-butylisoxazole, 197
5-Amino-4-carboethoxyisoxazole, ring opening to
acetylenes, 180
3-Amino-4-cyanoisoxazoles, 198
2-Amino-3,5-diaryl-4-nitrofuran, 199
4-Amino-3,5-dimethylisoxazole, protonation and
diprotonation, 174
pK., 175
5-Amino-3.,4-dimethylisoxazole, pK,, 175
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3-Aminodithioacrylic-esters, oxidative S-N ring
formation, 218
2-Aminoethanethiol, 176
3-Aminoisothiazoles, synthesis, 282
2-Aminoisothiazolium salts, 240
4-Aminoisothiazolo[4,3-d]isoxazole, 187
Aminoisoxazoles, biological activities, 173
13C-NMR spectra, 174, 175
acylation, 179
ring opening reactions, 188
3-Aminoisoxazoles, X-ray structures, 174
protonation on ring nitrogen, 175
diazotisation, 179
reaction with diketones, 181
preparation, 195
4-Aminoisoxazoles, X-ray structures, 174
protonation on 4-amino group, 175
conversion to 4-hydroxyisoxazoles, 176
diazotisation, 179
by reduction of nitroisoxazoles, 193, 202
5-Aminoisoxazoles, X-ray structures, 174
protonation on ring nitrogen, 175
hydrolysis to isoxazol-5-ones, 176
reaction with ketones in acetic acid, pyridinium
salts and quinoline N-oxides in the
presence of benzoyl chloride, 177
diazotisation, 179
in formation of isoxazolo[5,4-b]pyridines, 180
homolytic rupture of the N-O bond, 192
5-Aminoisoxazole-4-carboxamides, reaction with
orthoesters, 186
S-Aminoisoxazole-4-carboxylates, reaction with
acetic anhydride and aryl isocyanates, 185
3-Aminoisoxazol-5-ones, formation, 196
5-Aminoisoxazol-3-ones, 198
2-Aminoisoxazolo[2,3-a]pyrimidinium salts, 181
3-Amino-2-methylisothiazolium fluorosulfonate,
Dimroth rearrangement, 284
3-Amino-5-methylisoxazole, diprotonation, 174
pKa,, 175
reaction with 1,3-bis-(dimethylamino)-2-
azapropene, isocyanates,and
trichloromethylsulfenyl chloride, 182
reaction with carbamates, 184
thermal rearrangement, 193
5-Amino-3-methylisoxazole, diprotonation, 174
pK,, 175
thermal rearrangements, 193
2-Amino-5-methyloxazole, 193
5-Amino-3-methyl-4-pyrid-2-ylisoxazole,
methylation, 178
3-Amino-5-nitro-2,1-benzisothiazole, in
formation of dyes, 253
2-Aminophenol, formation of benzoxazole, 74

5-(2-Aminophenylamino)-4-cyano-isoxazole,
reaction with triethylamine, 189
3-Aminopyridine, reaction with rhenium
complexes, 128
3-Aminopyrroles, from substituted 5-amino-2-
methyl-isothiazolium salts, 266
3-Aminopyrrole-2-carboxylates, 218, 281
3-Aminothioacryl acid amides, electrochemical
oxidation, 217
2-Aminothiophenol, in formation of
benzothiazoles, 75
Ammonium ylides, [2,3]-sigmatropic
rearrangements, 26
2-Anilino-3-aminoquinazolin-4-one, formation, 70
reaction with triphenylphosphine and
hexachloroethane, 70
3-Anilino-2,1-benzisothiazolium salts, 288
2-Anilino-3-methylquinazolin-4-one, 70
Anion-capture termination of palladium cascade
reactions, 81
6H-Anthra[9,1-cd]isothiazole, N-methylation,
244
N-(1-Antraquinolyl)-N'-(4-
pyridinylmethyl)thiourea, reaction with
rhenium complexes, 135
AROM reactions, see asymmetric ring-opening
metathesis reactions
N-Aroyl-isothiazolium-2-imines, 227
3-Aryl-4-amino-2-(2'-aminoethylthio)isoxazole,
synthesis, 176
3-Arylaminoisoxazoles, formation, 197
3-Arylaminothiopropenones, oxidative
cyclisation, 220
2-Aryl-1-aroyl-1-nitroarylalkenes, reaction with
cyanide, 199
5-Aryl-3-arylthioisothiazoles, synthesis, 284
3-Arylazo-1-methyl 2,1-benzisothiazolium methyl
sulfates, as blue-green dyes, 253
3-Aryl-5-chloro-4-aminoisoxazole, reaction with
the lithium salt of 2-aminoethanethiol, 176
N-Aryl 3-chloro-1,2-benzisothiazolium chlorides,
reaction with thioacetic acid, 282
2-Aryl-5,6-dihydro-4 H-
cyclopenta[dJisothiazolium perchlorates,
reaction with anilines, 240
2-Aryl-4,6-dinitro-1,2-benzisothiazolium
chlorides, synthesis, 238
5-Aryl-3-ethoxy-1,2-dithiolium salts, reaction
with primary aromatic amines, 222
Arylidene butyrolactones, formation, 79
3-Arylimino-1,2-benzodithioles, 282
S5-Arylimino-2,5-dihydro-isothiazoles, synthesis,
217
3-Aryliminoisothiazoles, synthesis, 288
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2-Arylindol-3-carboxamide, 192

S-Arylisothiazole 1,1-dioxides, synthesis, 274

N-Arylisothiazolium salts, reduction, 276

2-Arylisothiazolium salts, 226

1-Aryl-3-methoxy-3-(alkylamino)propenones,
reaction with thioamides, 197

Aryl nitrones, reaction with copper(I)
phenylacetylide, 10

S-Aryl-substituted isoxazoles, 179

N-Arylsulfonylisothiazolium-2-imines, 227

2-Aryl-4,5,6,7-tetrahydro-1,2-benzisothiazolium
perchlorates, reaction with substituted
anilines, 240

1-Aryl-4,5,6,7-tetrahydro-2,1-benzisothiazolium
perchlorates, 240

2-Aryl-4,5,6,7-tetrahydro-1,2-benzisothiazolium
salt, synthesis, 239

3-Arythio-3-alkenylamino-thiopropenones,
oxidation, 220

3-Arylthioisothiazolium salts, formation, 220

Asperlicin, synthesis, 46

(+/—)Aspidophytine, synthesis, 4, 37

Aspidosperma alkaloid skeleton, formation, 3

synthesis, 29

(+)-Aspidospermidine, synthesis, 32

Asymmetric ring-opening metathesis reactions, 93

Aza-Cope rearrangement/Mannich cyclization
sequence, 29

Azapolycycles., formation, 68

Azasugars, via tandem Wittig\[3 +2]-
cycloaddition of azides, 15

Aza-Wittig reaction, 69

2-Azetidinone, reaction with 2-
bromobenzylamine, 83

Azides, in cascade reactions, 14

2H-Azirines, from homolysis of 5-
aminoisoxazole, 192

4.4'-Azopyridine, reaction with rhenium
carbonyls, 149

formation of rhenium corner complexes, 149

Beckman rearrangement/allyl silane-terminated
cation-cyclization cascade, 34
Benzamidine, in formation of pyrimidines, 75
Benzazepinones, formation, 85
2,2'-(Benzene-1,4-diyl)bis(4,5-dimethylisothiazol-
2-ium) diperchlorate, 227
3-Benzenesulfonylazo-2-methyl-1,2-
benzisothiazolium tetrafluoroborate, 247
1,2-Benzisothiazoles, N-alkylation, 237
2,1-Benzisothiazole, 279, 288,
ethylation, 249
N-alkylation, 248
derivatives, 298

2,1-Benzisothiazolium iodides, reaction with
methanethiol, 277
1,2-Benzisothiazolium salts, synthesis, 236
2,1-Benzisothiazolium salts, synthesis, 248
cleavage by hydrochloric acid, 280
reaction with ethyl cyanoacetate, 295
1,2-Benzisothiazolo[2,3-b]1,2-benzisothiazolium
triiodide, 255
1,2-Benzisothiazolones, S-alkylation and
O/S-elimination, 237
1,2-Benzisothiazol-3(2H)-one, 238, 279
reaction with oxalylchloride, 248
2,1-Benzisothiazol-3(2H)-ones, S-alkylation,
248
1,2-Benzisothiazol-3(2H)-one 1,1-dioxide,
215
1,2-Benzisothiazolo[2,3-a]pyridinium perchlorate,
258
1,2-Benzisothiazolo[2,3-a]pyridinium triiodide,
258
1,2-Benzisothiazolo[4,3, 2-hijjquinolinium
perchlorate, 258
1,2-Benzisothiazothiones, S-alkylation and
O/S-elimination, 237
2,1-Benzisothiazol-3(2H)-thiones, 280
S-alkylation, 249
1,5-Benzodiazepin-2-one, formation, 85
Benzofuran derivatives, by a sequential radical
ring closure/SRNI strategy, 60
Benzopyrans, from a-diazo ketones, 34
4-Benzoyl-5-aminoisoxazole, 180
0O-Benzoyl hydroxamic acid derivatives,
cyclisation, 65
N-Benzoylisothiazolium-2-imines, synthesis,
243
3-Benzoyl-3-methyl-4 H-isoxazol-5-one, reaction
with thionyl chloride, 203
2-Benzoyl-2H-1,3-thiazines, 295
Benzylalcohol, oxidation and reaction with
1,2-diamines, 74
Benzylamine, in Ugi condensations, 18
2-Benzyl-1,2-benzisothiazol-3(2H)-thiones,
reaction with sodium N-
chlorobenzensulfonamide, 248
N-Benzyl-trans-cinnamamide, reaction with
methyl acrylate, 54
Benzylisonitrile, in Ugi condensations, 18
1-Benzyl-2-quinolones, 295
Bicyclic 3-hydroperoxides, synthesis, 275
endo-2-(Bicyclo[2.2.1]hept-2-en-5-yl)ethyl system,
S-exo-trig cyclization, 67
Bicyclopropylidene, reaction with nitrones, 12
reaction with nitrile oxides, 13
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2,2’-Bipyridine, in formation of manganese
complexes, 108
reaction with rhenium carbonyls, 108
reaction with rhenium pentacarbonylchloride,
110
2,2'-Biquinoline, formation of rhenium
complexes, 113
Bis-allenyl disulfides, in preparation of fused
thieno[3,4-c]thiophenes, 34
Bis(azaferrocene) ligands, in the catalytic
enantioselective Kinugasa reaction, 11
Bis(7’-azaindolyl)benzene ligands, 116
Bis(bipyridyl ethynyl)benzene bridge in rhenium
dinuclear complexes, 140
11,12-Bis(bromomethyl)dipyrido[3,2-a:2’,
3'-c]phenazine, in formation of rhenium
carbonyl complexes, 112
5-Bis{2-(3,5-dimethyl-1-pyrazolyl)ethyl}amino-
1,10-phenanthroline, reaction with rhenium
carbonyls, 141
Bis(2,5-diphenylisothiazolium) octaiodide, 220
crystal structure, 260
1,2-Bis(diphenylphosphino)acetylene, reaction
with rhenium carbonyls, 145
1,2-Bis(diphenylphosphino)benzene, reaction
with rhenium carbonyls, 145
1,4-Bis(diphenylphosphino)benzene, in rhenium
complexes, 141
1,2-Bis(diphenylphosphino)ethylene, in rhenium
complexes, 141
reaction with rhenium carbonyls, 145
Bis(1,2-dithiol-3-yl)sulfane, 276
3,8-Bis(ethynyl)-1,10-phenanthroline, reaction
with rhenium carbonyls, 112
Bis(isothiazolium) salts, oxidation, 274
1,2-Bis(4' -methyl-2,2'-bipyrid-4-yl)ethane,
reaction with rhenium carbonyls, 110
1,4-Bis{2'-(4'-methyl-2,2'-bipyrid-4-
yl)ethenyl}benzene, reaction with rhenium
carbonyls, 117
Bis(3-oxosultam), synthesis, 274
2,9-Bis(p-phenyl)-1,10-phenanthroline, as a
ligand in rhenium complexes, 133
3,5-Bis(pyridine-2-yl)-1,2,4-triazole, in rhenium
complexes, 140
1,10-Bis(4-pyridyl)-3,8-dimethyl-1,3,5,7,9-
decaheptaene, as ligand, 136
1,2-Bis(4-pyridyl)ethane, reaction with rhenium
complexes, 131
in rhenium-osmium dinuclear complexes, 140
trans-1,2-Bis(4-pyridyl)ethylene, reaction with
rhenium complexes, 131
in rhenium-osmium dinuclear complexes, 140

1,2-Bis(2-pyridyl)ethylene, in reaction with bis-
rhenium complexes, 144

1,4-Bis(4'-pyridylethynyl)benzene, reaction with
rhenium carbonyls, 148

1,4-Bis(4'-pyridylethynyl)-2,5-di-n-
dodecyloxybenzene, formation of rhenium
triangular complexes, 149

1,4-Bis(4'-pyridylethynyl)-2,5-di-n-
hexyloxybenzene, formation of rhenium
triangular complexes, 149

2,5-Bis(4-pyridylethynylthiophene), reaction with
rhenium carbonyls, 149

2,3-Bis(2-pyridyl)pyrazine, reaction with rhenium
carbonyls, 116

2,3-Bis(2'-pyridyl)quinoxalines, reaction with
rhenium carbonyls, 116

5,5 -Bis(trimethylsilylethynyl)-2,2'-bipyridine, in
rhenium carbonyl complexes, 110

2-(N-Boc-N-but-3-enyl)aminofuran, thermolysis,
17

N-Boc-2,3-dihydroindole, formation, 17

2-(N-Boc-N-{2'-methylbut-3-enyl})aminofuran,
thermolysis, 17

o-Bromobenzaldehyde, reaction with
1,2-dibromobenzenes, 80

2-Bromobenzylamine, reaction with
2-azetidinone, 83

N-(2'-Bromobenzyl)-N-
trimethylsilylacetylidobenzamide,
cyclisation, 63

2-Bromophenylethyl-N-benzylamine, reaction
with 2-azetidinone, 84

2-Butoxy-4-benzyl-5-n-pentyltetrahydrofuran,
85

2-(tert-Butoxycarbonyl)-3,3-
dimethoxyacrylonitrile, reaction with
hydroxylamine, 198

v-Butyrolactones, synthesis, 31

13C NMR spectra of isothiazolium salts, 262

Carbolines, synthesis, 18

2-(2'-Carbomethoxypentyl)benzofuran, synthesis,
78

Cascade reactions, 2

(+)-Casuarine, synthesis, 23

Cephalotaxine, synthesis, 34

Chiral thiocyanates, from the rearrangement of
imidazolidine thiones, 33

2-(Chloroacetyl)isothiazolium chloride, 232

5-Chloro-4-aminoisoxazoles, from ring opening
furoxans, 206

4-Chlorobenzisothiazole-7-diazonium chloride,
241
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3-Chloro-1,2-benzisothiazolium chloride,
synthesis, 237, 248
reaction with methyl ketones, 282
3-Chloro-2,1-benzisothiazolium chlorides,
reaction with hydrogen sulfide, 253
3-Chloro 1,2-benzisothiazolium salts, 282
reaction with amines, 266
3-Chloro-2,1-benzisothiazolium salts, reaction
with N, N-dimethylaniline, 288
3-Chloro-2-ethyl-1,2-benzisothiazolium chloride,
reaction with N-mono- and N,N-
dialkylanilines, 288
3-Chloroisothiazole, reaction with alkyl or aryl
fluorosulfonates, 236
3-Chloroisothiazolium salts, 236
3-Chloro(bromo)isoxazoles, reaction with
amines, 203
3-Chloro-2-isoxazolium salts, aminolysis, 178
4-Chloromethylisothiazole, formation and
reactions with nucleophiles, 233
3-Chloro-2-methyl-isothiazolium salts, reaction
with malonodinitrile, 297
4-Chloromethyl-3-methyl-2-(3-methylisothiazol-
4-ylmethyl)isothiazolium chloride,
formation, 233
7-Chloro-1-methyl-2-ox0-5- phenyl-1,3-dihydro-
2H-1,4-benzodiazepine, 295
5-Chloro-1-methyl-3-phenyl-2,1-
benzisothiazolium chloride, reaction with
ethyl glycinate, 295
4-Chloro-7-nitrobenzisothiazole, reduction,
reduction, 247
Chloro(bromo)oximes, reaction with substituted
acetonitriles, 195
Chromeno[4,3-blisoxazolo[4,5-¢]pyridine, 182
Cinnamaldehyde, reaction with N,N- dimethyl-2-
methylsulfanyl-3-methoxybenzamide, 34
Copper(I) phenylacetylide, reaction with aryl
nitrones, 10
Costaclavine, synthesis, 7
Coumarin, reaction with prenylated sugar
aldehydes, 22
Cuscohygrine, synthesis, 92
4-Cyano-5-aminoisoxazole, 187
condensation with triethyl orthoformate and
amines, 187
3-Cyano-isothiazole, reaction with Grignard
reagents, 256
7-Cyano-6-methylthio-thiazolo[3,2-b]-
isothiazolium perchlorate, 255
2-Cyanopyrroles, 280
2-(5-Cyano-2-thiophenyl)pyridine, oxidative
cyclisation, 258
Cyclic isooxazolidines, synthesis, 7

4-(Cyclo(aza)alkenyl)-5-aminoisoxazoles,
condensation with acylating agents, 187

Cyclohexanedione, double addition to allenes, 53

double reaction with acetylenic ketones, 53

N-Cyclohexyl isothiazol-5(2H)-thiones, reaction
with methyl iodide, 233

2-Cyclohexylthieno[2,3-d]-isothiazolium salts,
254

2-Cyclohexylthieno[3,2-d] isothiazolium salts, 254

S-spiro-Cyclopropane isoxazolidines, 77

(+)-Dehydrocuscohygrine, synthesis, 93

Dehydrotubifoline, synthesis, 29

Dialkylacrylic acids, in Ugi condensations, 18

3,4-Dialkyl-5-aminoisoxazole, formation by
reduction of 4-cyanoisoxazoles, 206

5-Dialkylaminooxazoles, reaction with
hydroxylamine, 205

3,5-Dialkyl-4-cyanoisoxazoles, reduction, 206

3,4-Dialkylisothiazolium salts, 227

3,5-Diallyloxycyclopentene, cyclisation, 61

1,2-Diamines, reaction with a-hydroxy ketones,
74

11,12-Diaminodipyrido[3,2-a:2’,3'-c]phenazine, in
formation of rhenium carbonyl complexes,
112

Diaminoisoxazoles, formation, 196

3,5-Diaminoisoxazole, reaction with 4-
nitrobenzaldehyde, 177

in formation of 2-aminoisoxazolo[2,3-
a]pyrimidinium salts, 181

1,1-Diamino-3-thiono-1-alkene, reaction with
sulfuryl chloride, 257

3,5-Dianilino-[1,2]dithiolylium salts, reaction
with hydroxylamine, 205

Dianion of ethyl acetoacetate, in formation of
furans, 34

3,4-Diaryl-5-aminoisoxazole, homolysis, 192

N,N'-Diaryl-3,5-diaminoisoxazoles, 205

4,5-Diarylimidazol-2-ones, 193

2,5-Diaryl-isothiazolium salts, oxidative
cyclisation, 220

2,5-Diaryl-pyrazine-3,6-dicarboxamide, 192

Diazoimides, transition metal-catalysed
decompositions, 3

a-Diazo-ketones, in preparation of benzopyrans,
34

3,4,6,7-Dibenzo-5-methenocyclooctanone,
reaction with hydroxylamine, 7

2,3.4,5-Dibenzothiadiazapentalene, reaction with
methyl iodide, 253

1,2-Dibromobenzene, reaction with vinylogous
amides, 80
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5,5 -Dibromo-2,2'-bipyridine, in rhenium
carbonyl complexes,110
Dibromomethylacetylene, reaction with
2,6-dicarbomethoxycyclohexanone, 57
reaction with dicarbomethoxyacetone, 57
3,8-Dibromo-1,10-phenanthroline, in rhenium
carbonyl complexes, 110
Dicarbomethoxyacetone, reaction with
dibromomethylacetylene 57
2,6-Dicarbomethoxycyclohexanone, reaction
with dibromomethylacetylene 57
3,4-Dicarbomethoxy-2-ethylthio-5-methylfuran,
7
Dichloroketene, reaction with vinyl sulfoxides, 31
Dichlorotriphenylphosphorane, reaction with
amines, 68
Diels—Alder cycloaddition chemistry, 16
Dielsquinone, synthesis, 7
3,5-Diethoxy-2-methyl-isothiazolium triiodide,
220
3-Diethylamino-1-ethylisothiazolo[3,4-
b]pyridinium perchlorate, 255
Diethyl 1-methyl-2,1-benzisothiazol-3-
ylidenmaloneate, 298
Difluomethylpropiolic acid, reaction with
ethylenediamine, 53
reaction with 2-aminoethane thiol, 53
reaction with 2-aminoethanol, 54
Dihydrobenzofurans, formation 60
spiro-Dihydrofurans, 90
Dihydrofuropyridines, formation, 13
Dihydroisobenzofurans, formation, 52
2,3-Dihydroisothiazole 1,1-dioxides, anti-HIV-1
activity, 216
4,5-Dihydroisoxazolo[4,5-¢][1,4]diazepin-6,8-
dione, formation, 185
Dihydroisoxazolo[3,4-b]pyridines, 181
6,7-Dihydroisoxazolo[4,5-b]pyridines, 187
4,7-Dihydroisoxazolo[5,4-b]pyridines, 182
Dihydronapthofurans, formation, 60
Dihydropyridine derivatives, formation, 46
Dimedone, reaction with unsaturated ketals, 31
3,4-Dimethoxyphenethylamine, in formation of
indoloisoquinolines, 42
4-(3,4-Dimethoxyphenyl)-5-aminoisoxazoles,
condensation with acylating agents, 187
Dimethyl acetylene dicarboxylate, insertion
reactions with rhenium complexes, 123
insertion into the phenanthroline group in
rhenium complexes, 126
5-Dimethylamino-1,10-phenanthroline, reaction
with rhenium carbonyls, 141
3-[4-(Dimethylamino)phenyl]-2-phenyl
carbonate, a photosensitive salt, 247

5,7-Dimethyl-2,1-benzisothiazole trifluoroacetate,
253
3,3’-Dimethyl-4,4'-bipyridine, as bridging ligand
in binuclear rhenium(I) complexes, 138
4,4 -Dimethyl-2,2'-bipyridine, reaction with
rhenium carbonyls, 108
reaction with rhenium (VII), 147
3,3’-Dimethyl-2,2'-biquinoline, formation of
rhenium complexes, 113
2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline,
as ligand in rhenium complexes, 109
3,3’-Dimethylene-2,2’-biquinoline, formation of
rhenium complexes, 113
3,4-Dimethyl isothiazolium salts, oxidation, 274
3,5-Dimethylisoxazole, pK,, 175
2,5-Dimethyl isoxazolo[5,4-d]pyrimidin-4-one,
186
N, N-Dimethyl-2-methylsulfanyl-3-
methoxybenzamide, reaction with
cinnamaldehyde, 34
3,4-Dimethyl-2-phenylisothiazolium perchlorate,
structure, 260
X-ray structure, 227
4,5-Dimethyl-2-phenylisothiazolium perchlorate,
isomerisation, 260
3C NMR spectra, 262
6-(3,5-Dimethylpyrazol-1-yl)-2,2'-bipyridine, in
rhenium complexes, 112
11,12-Dinitrodipyrido[3,2-a:2’,3'-c]phenazine, in
formation of rhenium carbonyl complexes,
112
Dinuclear rhenium(I)-rhenium(I) complexes with
4,4 -bipyridine as bridging ligand, 132
3,5-Diphenyl-1,2-dithiolium chloride, reaction
with benzoylhydrazine and zinc acetate, 223
3,5-Diphenylisothiazolium-2-benzoylimine,
synthesis, 223
1,3-Diphenyl-2-methyl-4,5,6,7-tetrahydroindole,
89
2,9-Diphenyl-1,10-phenanthroline, as ligand in
rhenium complexes, 109
4,7-Diphenyl-1,10-phenanthroline, reaction with
rhenium carbonyls, 108
formation of rhenium carbonyl complexes, 112
1,3-Diphenylpyrimidine, formation, 76
2,4-Diphenyl-5-trifluoromethylpyrimidine, 76
4,4'-Dipyridylbutadiyne, reaction with rhenium
carbonyls, 148
formation of rhenium corner complexes, 149
p-(2,6-Di-2-pyridyl-4-pyridyl)phenol, reaction
with rhenium carbonyls, 115
3,3-Disubstituted acrylonitriles, reaction with
hydroxylamine, 199
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3,4-Disubstituted-5-aminoisoxazoles, formation,
199
3,5-Disubstituted 1,2-dithiolium-4-oleates,
reaction with ammonia, 220
4,5-Disubstituted sultams, synthesis, 274
2,2'-Dithiobenzamidines, synthesis, 278
2,2'-Dithiobenzonitrile, 279
2,2'-Dithiobis(benzoic acid) derivatives,
cyclisation, 236
(2,2-Dithioketalcyclohexyl)acetic acid, in
formation of indoloisoquinolines, 42
1,2-Dithiolium salts, reaction with methylamine,
223
4-(4-Dodecyloxyphenylethynyl)pyridine, as
ligand, 135
trans-4-Dodecyloxy-4'-stilbazole, as ligand, 135
Domino Knoevenagel/hetero-Diels—Alder
cycloaddition cascades, 20
Domino reactions, 2
Domino Wittig pericyclic reactions, 33

Efficiency, measurement of in complex syntheses,
2

Epitellurides, formation and reactions, 53

Erythrina alkaloid core, synthesis, 42

Erythrinane family of alkaloids, synthetic
approaches, 3

3-Ethoxy-3-methyl-amino-thioacrylic-O-
ethylester, reaction with iodine, 220

3-Ethoxysultims, synthesis, 274

Ethyl (N-acetyl-N-methylacetamido)sulfoxide,
Pummerer-initiated cascade reactions, 5

2-Ethylaminobenzophenone, synthesis, 279

2-Ethylaminobenzophenon-methylimines,
synthesis, 279

2-Ethylamino-N,N-diethyl-thionicotinamide,
reaction with sulfuryl chloride, 255

1-Ethyl 2,1-benzisothiazolium iodide, synthesis,
249

Ethyl 4-benzylaminoacrylate, reaction with
2-nitroethylbenzoate, 54

Ethylenediamine, reaction with fluorinated
propiolic acids, 53

2-Ethylisothiazolium salts, 230

Ethylisothiocyanate, reaction with rhenium
complexes, 124

3-Ethyl-4-methyl-1,2-dithiolium perchlorate,
synthesis, 223

Ethyl N-methyl-4-phenylpyrrole-2-carboxylate,
281

4-Ethylpyridine, reaction with rhenium
complexes, 127

N-(2'-Ethylsulfoxyacetyl)-3-methyl-3-pent-4-
enylpyrrolidin-2-one, reaction with acetic
anhydride, 7

Ethyl 2-(2'-tetrahydrofuryl)acetic acid, synthesis,
52

3-Ethynyl-1,10-phenanthroline, reaction with
rhenium carbonyls, 112

Fenchones, synthesis, 46

3-Ferrocenyl-3-chloropropenal, reaction with
sodium sulfide, 220

1-Ferrocenyl-3-phenylaminothiopropenone, 220

3-Ferrocenyl-3-thiopropenal, 220

Flustramine C, synthesis, 33

Furans, as 41 components in Diels-Alder
reactions, 18

Furfuraldehyde, in Ugi condensations, 18

Garcinia natural products, synthesis, 16
Gibberellic acid, 16

"H NMR spectra of isothiazolium salts, 260
6(7)-Halo-2-alkenoate esters, reaction with
primary amines and thiourea, 46
Hetero Diels—Alder reactions, 22
Hexafluopropylpropiolic acid, reaction with
ethylenediamine, 53
Hexahydroindolines, formation, 68
3-Hydroperoxyisothiazole, 267, 268
3-Hydroperoxysultams, synthesis, 266
3-Hydroperoxysultims, reduction with
dimethylsulfoxide, 268
6-Hydroxybuphandidrine, reaction with
hydroxylamine, 7
4-Hydroxyisothiazoles, 220
7-Hydroxyisoxazolo[5,4-b]pyridines, 182
a-Hydroxy ketones, reaction with 1,2-diamines,
74
Hydroxylamine, as a source of N-H-nitrones, 7
reaction with 2-alkyl(aryl)-substituted
malononitriles, 196
reaction with 5-dialkylaminooxazoles, 205
reaction with 2-alkylisoxazolium salts, 205
reaction with 3,5-dianilino-[1,2]dithiolylium
salts, 205
4-Hydroxymethyl isothiazole, reaction with
thionyl chloride, 233
Hydroxyphenylketone, reaction with
1,2-phenylenediamine, 74
3-(2-Hydroxyphenyl)-1.2.4-oxadiazoles, 191
3-Hydroxysultams, synthesis, 266
3-Hydroxysultims, synthesis, 268
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N-Hydroxyurea, reaction with
2,3-dibromopropionitrile and
2-bromoacrylonitrile, 197

reaction with 3-methoxy (ethoxy, bromo)-
acrylonitriles, 198

Imidazolidine thiones, via the rearrangement of
chiral thiocyanates, 33
Imidazol[1,5-a]pyridines, formation, 72
2-(Imidazol-3-ylmethyl)-3-methyl-isothiazolium
salts, 232
2-(Imidazol-4-ylmethyl)-3-methyl-isothiazolium
salts, 232
3-Imino-1,2-benzisothiazole, 279
3-Imino-1,2-benzisothiazolium chloride, 245
2-Imino-3-methyl-4H-1,3-thiazine, 294
S-Imino-2-phenyl-2,5-dihydro-isoxazoles,
irradiation, 193
Iminophosporanes, 68
Indole derivatives, by a sequential radical ring
closure/SRNI strategy, 60
H;-Indole-N-oxides, 180
Indolizidines, formation, 9, 80
Indolizidine skeleton, formation, 68
Indolizidine 167B, synthesis, 92
Indolizidinones, formation, 65
Infrared spectra of of isothiazolium salts, 262
N-(2'-Iodobenzyl)-N-
trimethylsilylacetylidobenzamine,
cyclisation, 63
5-Todoisoxazoles, 179
N-(2-Iodophenyl)trifluoracetamide, reaction with
acetylenes, 85
Todotrifluoromethane, reaction with alkeno-
acetylenes, 58
Isocyanates, reactions with rhenium complexes,
124
Isoindolones, formation, 18
Isomunchone dipoles, formation and 1,3-dipolar
cycloaddition reactions, 3
generation by the cyclization of rhodium
carbenoid intermediates with adjacent
amido groups, 3
formation via Pummerer-initiated cascade
reactions, 5
Isonitriles reaction with amines and aldehydes to
give oxazoles, 20
2-Isopropenyl bromide, 80
N-Isopropylamino-thiocrotonamides, cyclisation
with iodine, 217
Isothiazoles, alkylation, 227
N-alkylation, 230
Isothiazolium halogenides, synthesis, 217
Isothiazolium-1-imines, oxidation, 275

Isothiazolium salts, S-oxidation, 266
Isothiazolo-anthrenium methylsulfate, synthesis,
244
Isothiazol-3(2H)-one, as industrial microbiocides,
215
oxidation, 268
Isothiazol-3(2H)-one 1,1-dioxides, 269, 275, 296
as inhibitors of human leukocyte elastase, 273
Isothiazol-3(2H)-one 1-oxides, synthesis, 268
Isothiazolo[3,2-b]-1,3,4-oxadiazole 5,5-dioxides,
synthesis, 275
Isothiazolo[2,3-a]pyridinium salts, synthesis, 257
Isothiazolo[2,3-a]-4,5,6,7-tetrahydro
pyrimidinium iodide, 257
Isothiazol-5-thione, 286
Isoxazolo[5,4-¢e]1.4-diazepine, 203
Isoxazolo[5,4-¢e]1.4-diazepin-7-one, 185
Isoxazolo[4,5-¢][1,4]diazepin-8-one, formation,
185
Isoxazolofurans, formation, 9
Isoxazol-5-ones, 176, 179
Isoxazolo[5,4-c]pyrazole, 203
Isoxazolopyridines, hydrogenation, 194
Isoxazolo[3,4-b]pyridines, 181
Isoxazolo[5,4-b]pyridines from 5-
aminoisoxazoles, 181, 182
Isoxazolopyrimidines hydrogenation, 194
Isoxazolo[4,3-b]pyrimidines, formation, 186
Isoxazolo[5,4-d]pyrimidines, 187
Isoxazolo[2,3-a]pyrimidinium salts, 181
Isoxazolopyrones, formation, 9
Isoxazolo[3,2-c]thiadiazoles, formation, 182
Isoxazolo[2,3-a]1.3.5-triazines, 182, 184
Isoxazolo[5.4-d][1,2,3]triazin-4-ones, 187

Jamtine, synthesis, 40

Kinusaga reaction, mechanism, 12

Kirsanov reaction, 68

Krapcho decarbalkoxylation, in cascade
reactions, 52

Kumausallene, synthesis, 44

Kumausyne, synthesis, 44

p-Lactams, formation, 10, 12

v-Lactams, formation, 34

Laurencia sesquiterpenes, synthesis, 44

Lithium enolate of pyrrolidone, reaction with
bis-(methylsulfanyl)acetaldehyde, 42

Lupinine, synthesis, 7

Mannich reaction, in the initiation of cascade
reactions, 36
Mass spectroscopy of of isothiazolium salts, 262
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(—)-Merquinene, synthesis, 54
Mesoionic betaines, 3
Mesoionic diketoisoxazolo[2,3-a]pyrimidines, 182
Metallo-carbenoid-initiated cascade reactions, 3
5-Methoxy-3-aminoisoxazole, 198
N-(1-Methoxybenzyl)-2-phenylindole, 85
2-(Methoxycarbonyl-methylene)-1,3-thiazine, 294
4-Methoxy-3,5-diphenyl-isothiazolium salts, 222
3-Methoxymethoxy-5-phenylsufanylhepta-4,6-
dienylazide, thermolysis, 15
2-(4-Methoxyphenyl)-4,5-dimethylisothiazolium
perchlorate, structure, 259
'"H NMR spectra, 260
2-Methylamino-4-acetyl-5-methyloxazole,
194
2-Methylaminobenzaldehyde, 280, 298
2-Methylaminobenzoic acid, synthesis, 280
2-Methylaminobenzonitrile, synthesis, 280
2-Methylaminomethyl dithiobenzoate, 277
Methyl 4-amino-5-phenylisoxazole-5-
carboxylate, aminolysis, 180
3-Methylaminothiopropenones, synthesis, 223
2-Methyl-5-aryl-isothiazolium chloride, structure
by X-ray crystallography, 233
2-Methyl 2,1-benzisothiazolium fluorosulfonate,
reaction with sodium bicarbonate, 288
1-Methyl 2,1-benzisothiazolium salts, synthesis,
249
2-Methyl 2,1-benzisothiazolium salts, reaction
with diethyl malonate, 298
1-Methyl-2,1-benzisothiazol-3(2H)-one, reaction
with phosphorus pentasulfide, 253
1-Methyl 2,1-benzisothiazol-3(2H)-thione, 253
reaction with sodium N-
chlorobenzensulfonamide, 253
2-Methyl-1,2-benzisothiazol-3(2H)-thione,
alkylation, 248
reaction with sodium N-
chlorobenzenesulfonamide, 248
Methyl N-benzyl-2-oxo-4-phenylpiperidine-
3-carboxylate, 54
4-Methyl-4'-n-butyl-2,2'-bipyridine, reaction with
rhenium (VII), 147
2-Methyl-3-chloroisoxazolium salts, reaction with
amines, 203
1-Methyl-2,3-dihydroimidazolo[1,2-b]1,2-
benzisothiazolium bromide, 255
N-Methyl-2,3-dihydro-2-phenylpyridin-4-one, 77
2-Methyl-7-dimethylamino-10-methylthio-6-oxo-
6H-anthra[1,9-cd]isothiazolium
methylsulfate, formation, 253
2-Methyl-3-[4-(1-dimethylaminophenyl)azo]-1,2-
benzisothiazolium perchlorate, 247

1-Methyl-3-(2-dimethylaminophenyl)-2,1-
benzisothiazolium iodide, 253
Methylenecyclopropane, reaction with nitrones,
12
N-Methylethylenediamine, reaction with cyclic
ketones, 20
3-Methylimino 1,2-benzisothiazole, 247
3-Methylisothiazole, N-alkylation, 232
N-Methylisothiazolium salts, synthesis, 223
2-Methylisothiazolium salts, reduction,
276
5-Methylisothiazolium salts, oxidative
dimerisation, 292
2-Methylisothiazol-3(2H)-ones, reaction with
oxalylchloride, 233
2-Methylisothiazol-3(2H)-thiones, 233
3-Methylisoxazol-5-ylacetic acid, 202
2-Methyl-3-methylaminoisothiazolium chloride,
reaction with cyanide, 293
2-Methyl-3-methylthio-1,2-benzisothiazolium
salts, 248
1-Methyl-3-methylthio-2,1-benzisothiazolium
iodide, 253
trans-4-Methyl-4'-(2-(4-
octadecyloxyphenyl)vinyl-2,2’-bipyridine, as
ligand, 135
N-Methyl-2-phenyl-3-cyclopropylpyrolidin-4-
one, 12
2-Methyl-3-phenyl-isothiazolium salts, reaction
with 2-aminoethanthiol, 276
N-Methyl-2-phenylpiperidin-4-one, 77
2-Methyl-3-phenyl-4,5,6,7-tetrahydrobenzofuran,
formation, 89
6-(4-Methylpyrazol-1-yl)-2,2'-bipyridine, in
rhenium complexes, 112
3-Methylquinazolin-2,4-dione, 70
3-Methylquinazolin-2-thione-4-one, 70
1-1-Methyl-2-quinolones, 295
2-Methylthio-4-acetyl-5-methylimidazole, 194
2-Methylthio-5-amidofurans, synthesis, 43
Methyltrioxorhenium(VII), formation of
distorted octahedral adducts, 147
Monocyclic sultams, synthesis, 215
N-Monosubstituted 3-amino-2-aryl-thioacrylic
acid-morpholides, oxidation, 217
Monosubstituted 1,2-phenylenediamines,in
formation of N-substituted benzimidazole,
74
Morellin, synthesis, 16
N-Morpholinoamino-thiocrotonamides,
cyclisation, 217
5-Morpholino-isothiazolium perchlorates,
synthesis, 217
Multi-component reactions, 2
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SN NMR spectra of isothiazolium salts, 262
Nazarov-type conrotatory 4m-electrocyclization,
40
Nitrile oxides, in cascade reactions, 12
reaction with methylenecyclopropanes, 13
3-Nitroacrylonitriles, electrochemical
hydrogenation, 200
Nitroalkene, cycloadditions, 22
o-Nitroanilines, conversion to benzimidazoles,
57
p-Nitrobenzenesulfonamidomethylacetlydotri-
methylsilane, 87
5-Nitro-1,2-benzisothiazolium salts, 284
7-Nitrobenzisothiazolo[2,3-a]pyridinium
tetrafluoroborate, 258
7-Nitro-2-¢-butyl-1,2-benzisothiazolium chloride,
239
3-Nitro-2-t-butylthiobenzaldehyde, reaction with
chloramines, 239
2-Nitroethylbenzoate, as a precursor of
nitroethylene, 54
Nitroethylene, Lewis acid promoted
cycloadditions with vinyl ethers, 22
formation and reaction with ethyl 4-
enzylaminoacrylate, 54
3-Nitroisoxazole, failure of reduction to 3-
aminoisoxazole, 202
4-Nitroisoxazoles, reduction, 195
reduction, 201
Nitromethyloximes, acylation, 201
5-Nitro-2-(4-methylphenyl)-1,2-
benzisothiazolium chloride, 237
Nitrones, in dipolar cycloaddition reactions, 7
N-Nitropyrido[3,2-a:2’,3'-c]phenazine, in
formation of rhenium carbonyl complexes,
112
3-Nitrosamino benzisothiazole, synthesis, 245
2-Nitrostyrene, reaction with methyl acrylate and
ethyl vinyl ether, 25
reaction with p-methoxybenzyl vinyl ether and
methyl acrylate, 26
4-Nitro sulfenylbromides, reaction with primary
amines, 237

trans-4-(4'-Octadecyloxyphenylazo)pyridine, as
ligand, 135

4-(4'-(N-Octadecyloxyphenylazo)pyridine, as
ligand, 135

trans-4-Octadecyloxy-4'-stilbazole, as ligand,
135

9-(4-Octadecyloxy-4'-stilbenamino)-4,5-
diazafluorene, as ligand, 135

trans-4-(4'-Octadecyloxystyryl)pyridine, as
ligand, 135

One-pot sequential RCM/Pauson—Khand
reaction sequence, 96

Onychine, synthesis, 7

Oxabicyclic compounds, formation, 3

Oxazoles, formation from amines, aldehydes, and
isonitriles, 20

Oxazolidinones, reaction with alkynes carrying a
chiral auxiliary, 10

3-Oxosultams, synthesis, 216, 266, 269

Palladium-mediated cyclizations, 77

(+ /—)-Pancracine, synthesis, 31

Paroxetine, synthesis, 56

Pauson—Khand [2+ 2+ 1]-cycloaddition, 85

3-Phenacylidenisothiazole, 286

2-Phenacylisothiazolium salts, formation by
N-alkylation, 232

3-Phenacylthio-isothiazolium salts, reaction with
triethylamine, 286

5-Phenacylthio-isothiazolium salts, 286

1,10-Phenanthroline, in formation of manganese
complexes, 108

formation of manganese carbonyl complexes,
112, 128

4’7 -Phenanthrolino-5,6":5,6-pyrazine, reaction
with rhenium carbonyls, 116

1-Phenyl-3-acylmethyltetrazole, 191

1-Phenyl-3-acylmethyltriazole, 191

Phenylallylsufoxide, reaction with
dichloroketene, 31

N-Phenylamines, reaction with U-unsaturated
aldehydes, 22

3-Phenyl-4-amino-5-benzoylisoxazole, 201

3-Phenyl-4-amino-5-carboxamidoisoxazole,
reaction with dimethyl
acetylenedicarboxylate, 185

3-Phenyl -5-aminoisoxazole-4-carbaldehyde,
reaction with amidines, 184

2-Phenylaminomethyl dithiobenzoate, 277

3-Phenyl-1-aminopyrazol-5-one, 189

3-Phenyl-4-aminopyrazol-5-one, 189

2-Phenylbenzimidazole, formation, 74

3-Phenyl-1,2-benzisothiazoles, 289

2-Phenyl 1,2-benzisothiazole 1,1-dioxides,
synthesis, 288

2-Phenyl-1,2-benzisothiazolium perchlorate,
synthesis, 239

3-Phenyl 1,2-benzisothiazolium salts, 288

2-Phenylbenzoxazole, formation, 75

3-Phenyl-3-chloropropenal, reaction with sodium
sulfide, 220

3-Phenyl-4-cyanoisoxazol-5-one, synthesis, 189

1,2-Phenylenediamine, reaction with
hydroxyphenylketone, 74



SUBJECT INDEX OF VOLUME 9%4 315

3-Phenyl-4,5-diaminoisoxazole, reaction with
1,2-diketones, 187

N-Phenyl-2,5-dimethyl-3-phenylpyrrole, 89

2-Phenyl-5-ferrocenylisothiazolium pentaiodide,
220

crystal structure, 260

5-Phenylisothiazole, 232

2-Phenylisothiazolium bromides, reaction with
benzylamine, 276

N-Phenyl isothiazolium salts, 293

3-Phenyl isothiazolium salts, 282

N-Phenyl isothiazol-5(2H)-thiones, reaction with
methyl iodide, 233

N-Phenylmaleimide, in cycloaddition reactions, 5

3-Phenyl-5-methylaminoisoxazole, 197

N-Phenyl-pent-2-ynyloxythioacetamide,
cyclisation, 63

1-Phenyl-3-phenylaminothiopropenone, 220

3-Phenylpyrazolone, 189

N-(1-Phenyl)-N'-(4-pyridinylmethyl)thiourea,
reaction with rhenium complexes, 135

2-Phenylquinoxaline, formation, 74

Phenylsulfanylcyclopropanes, in cyclisation
reactions, 44

5-Phenylsufanylhepta-4,6-dienylazide,
thermolysis, 14

4-Phenylsulfanylpyrrolizidine, formation, 14

N-Phenylsulfonylamino-4,5,6,7-hexahydro-1,2-
benzisothiazolium perchlorate, structure, 260

2-Phenyl sultams, synthesis, 274

4’-Phenyl-2,2":6',2"-terpyridine, reaction with
rhenium carbonyls, 114

3-Phenylthio-1,2-benzisothiazoles, 289

3-Phenyl-3-thiopropenal, 220

Phosphazenes, see Iminophosporanes

2-Phosphonoaziridines, 194

Physostigmine, synthesis, 46

10-(4-Picolyl)phenothiazine, reaction with
rhenium complexes, 130

Pinacolone, in Heck reactions, 80

Pinacol-terminated Prins cyclization cascade, 44

Piperidines, formation, 49

3-Piperidino-1,2-benzisothiazolium chloride,
reaction with thiophenol, 277

synthesis, 283

Propargylic sulfoxides, thermolysis, 29

Propionic acid, in Ugi condensations, 18

Pseudolaric acid A, synthesis, 26

Pumiliotoxin C, synthesis, 7

Pummerer-based reactions in tandem with
N-acyliminium ion cyclization, 38

Pummerer-initiated cascade reactions, 5

Pummerer rearrangement/intra-molecular [4 + 3]-
cycloaddition cascades, 26

Pyrazine-2-carboxylate, reaction with rhenium
complexes, 131

6-(Pyrazol-1-yl)-2,2"-bipyridine, in rhenium
complexes, 112

Pyridine, reaction with rhenium complexes,
127

Pyridine-containing phenylacetylenic hexagonal
macrocycles, in formation of bis-rhenium
complexes, 144

4-Pyridones, from nitrones and
methylenecyclopropane derivatives, 12

N-(3-Pyridyl)maleimide, reaction with rhenium
complexes, 133

2-(Pyrimid-5-yl-methyl)-3-methyl-isothiazolium
bromides, 232

Pyrrole, intramolecular Diels—Alder reactions, 18

Pyrrolidines, formation, 49

Pyrrolidine-containing ring systems, 38

Pyrrolizidines formation, 9, 23, 80

Pyrrolizidinones, formation, 65

Pyrrolizidinone ring structures, formation, 62

2,2":6',2":6",2""-Quaterpyridine, reaction with
rhenium carbonyls, 114

2,2":4,4"":6,2"-Quaterpyridine, reaction with
rhenium carbonyls, 114

p-Quinamines, reaction with cyclopentenone,
cyclohexenone and ethyl vinyl ketone in the
presence of TiCI2(Oi-Pr)2 , 56

Quinolizidines formation, 9

Radical cyclizations, 58
Radulanins, synthesis, 44
Rawal’s diene, Diels-Alder reactions, 18
RCM reaction, see ring-closing olefin metathesis
reactions,
Rhenium complexes, reaction with silver
hexafluoroantimonate, 120
reaction with silver triflate and
triethylphosphite, 120
with chromophoric ligands, reactions 127
use in solar energy storage schemes, 127
Rhenium(I)—polypyridyl complexes, 108
cis-Rhenium(V) complexes, formation and
isomerisation, 146
reaction with silver salts and dimethyl
acetylenedicarboxylate, 146
Rhenium-carbon bond photochemical cleavage,
119
Ring-closing olefin metathesis reaction, 89
Ring-opening/ring-closing/cross-metathesis
cascade reactions, 94
(—)-Rosmarinecine, 24
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Saccharin, see 1,2-benzisothiazol-3(2H)-one
1,1-dioxide

Sclerophytin A, synthesis, 45

[2,3]-Sigmatropic rearrangements of ammonium
ylides, 26

Simmons—Smith reagent, reaction with tertiary
amines, 27

Sodium tetrahydroborate, reaction with halo
substituted rhenium carbonyl complexes, 123

Spiro-condensed 3-aminoisoxazol-5-ones, 198

Spirocyclic amines, formation, 68

Spirocyclic isothiazolium salts, 293

Staudinger reaction of azides with
triphenylphosphine, 68

Strychnos alkaloids, synthetic approaches, 29

Substituted acetonitriles, reaction with
chloro(bromo)oximes, 195

Substituted 5-amino-2-methyl-isothiazolium
salts, base-catalyzed ring transformation and
desulfuration to 3-aminopyrroles, 266

N-Substituted benzimidazoles, formation, 74

2-Substituted 1,2-benzisothiazolium salts,
synthesis, 243

1-Substituted 3-chloro-2,1-benzisothiazolium
chlorides, synthesis, 253

2-Substituted cyanoacetic esters, in preparation
of 3-amino-isoxazol-5-ones and isomeric
S-aminoisoxazol-3-ones, 196

N,N’-Substituted 2,2’-dithiobis(benzamides),
reaction with phosphorus pentachloride, 237

2-Substitued-indoles, 85

4,5-Substituted monocyclic isothiazolium salts,
reaction with anilines, 227

Substituted nicotinic esters, formation, 76

3-Sulfamidoisoxazoles, rearrangements, 192

5-Sulfamidoisoxazoles, rearrangement to 1,2,6-
thiadiazine 1,1-dioxides, 192

Sultims, synthesis, 266

(—)-Swainsonine, formation, 91

Tandem [4 + 2]/[3 + 2]-cycloadditions, 22

Tandem alkyne-arene vinylation/alkylation
sequence, 81

Tandem anionic cyclization/Dimroth
rearrangements, 34

Tandem Aza-Wittig/heterocumulene-mediated
annulation reactions, 69

Tandem Buchwald-Hartwig cross-coupling/Heck
cyclization cascade, 80

Tandem Claisen/Diels—Alder sequence, in the
construction of tricyclic structures, 16

Tandem Heck/allylic substitution cascade, 80

Tandem hydroformylation/acetylization
reactions, 87

Tandem intramolecular [4 + 2]/intramolecular
[3 + 2]-cycloaddition of nitroalkenes, 23
Tandem oxidation processes, 74
Tandem Pictet-Spengler/intramolecular
Diels—Alder sequence, 18
Tandem reactions, 2
Tandem SN2/Michael addition cascade reactions,
48
Tandem Ugi condensation/intra-molecular
Diels—Alder cascade reactions, 18
Tandem Wolff rearrangement/cyclizations, 34
Telescoping of reactions, 2
2,2":6,2"-Terpyridine, reaction with rhenium
carbonyls, 114
Testosterone derivatives, preparation via cascade
reactions, 14
2,3,5,6-Tetrahydro-2,6-diphenyl-3,4-dimethyl-
1,4-oxazocine, 28
Tetrahydroimidazo[1,2-a]indoles, synthesis, 46
Tetrahydroisoxazolopyridines, 184
4,5,6,7-Tetrahydro-4-oxoisothiazolo[2,3-
a]pyridinium bromide, 256
Tetrahydropyrrolo[2,3-bJindoles, synthesis, 46
Tetrahydrothiophenes, 49
Tetrahydrothiopyrans, 49
Tetranuclear complexes of rhenium, 138
2,4,7.9-Tetraphenyl-1,10-phenanthroline, as
ligand in rhenium complexes, 109
6a7»4—Thia—1,6—diazapentalenes, 292
Thiadiazapentalenes, synthesis and structure, 292
ring opening, 293
1,2,3-Thiadiazine 1,1-dioxides, 295, 296
1,2,6-Thiadiazine 1,1-dioxides, formation, 192
1,2,3-Thiadiazine 1-oxides, 295, 296
Thiazolines, formation, 87
1,2-Thiazolo[1,5-b]-1,2,5-oxathiazole, 292
1,2-Thiazolo[5,1-¢e]-1,2,3-thiadiazole, 292
Thieno[3,2-cJisothiazolium system, 254
Thieno[3,4-c]thiophenes, 34
2-Thioacetylmethylpyridine, oxidative
cyclisation, 257
Thioaurones, formation and further reactions, 34
2-Thiobenzamidine, 277
Z/E-3-Thiocyanato-2-alkenal, in synthesis of
isothiazolium salts, 223
3-Thiocyanato-2-alkenal arylimine, 226
2-Thiocyanatobenzaldehyde, reaction with
anilines, 239
N-(2-Thiocyanatobenzylidene)aniline, synthesis,
239
2-Thiocyanatobenzaldehyde-phenylimines, in
preparation of 1,2-benzisothiazolium salts,
237
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2-Thiocyanatocyclohepten-1-carbaldehyde,
reaction with benzhydrazides, 243
2-Thiocyanatomethylenecycloheptan-2-one,
reaction with benzhydrazides, 243
2-Thiocyanato-4,5,6,7-tetrahydro-1,2-
benzaldehyde-phenylimines, 239
p-Thiocyanatovinyl aldehyde, 240
reaction with aniline, 220
reaction with hydrazines, 227
reaction with the crown aniline, 227
reaction with ammonium thiocyanate, 233
Thiocyanatovinylaldehyde hydrazones,
intramolecular cyclocondensation, 240
3-Thiono-3H-1,2-dithioles, 282
a-Thiophenylamides, in formation of N-
acyliminium ions and cyclization chemistry,
42
3-(2-Thiophenyl)-1,2-benzisothiazole, reaction
with iodine, 255
2-(2-Thiophenyl)pyridine, reaction with
N-chlorosuccinimide, 257
3-Thioureidoisoxazoles, rearrangement into
1,2,4-thiadiazoles, 190
Tigliane, synthesis, 5
o-Toluene-sulfonamide, oxidative cyclisation, 215
p-Tolylisothiocyanate, reaction with rhenium
complexes, 124
N-Tosyl-3-benzylpyrrolidine, 87
N-Tosylbut-3-enamide, reaction with
2-isopropenyl bromide, 80
Transition metal-catalyzed decomposition of
diazoimides, 3
1,2,4-Triazenes, conversion into substituted
pyridines, 20

Tricyclic benzoquinolizines, formation, 38

2-Trifluoromethyl-5-methylisoxazolo[5,4-
b]pyrimidine, 184

Trifluomethylpropiolic acid, reaction with
ethylenediamine, 53

Trifluoromethylstyrylketone, reaction with
amidines, 75

3,3'-Trimethylene-2,2'-bi-1,8-naphthyridine,
reaction with rhenium carbonyls, 115

3,3-Trimethylene-2,2’-biquinoline, formation of
rhenium complexes, 113

2-Trimethylsilyloxyfuran, reaction with nitrones,
36

Triphenylmethylnitrile oxide, reaction with
bicyclopropylidene, 13

2,5,9-Triphenyl-1,10-phenanthroline, as ligand in
rhenium complexes, 109

Ultraviolet spectra of isothiazolium salts, 262

o-Unsaturated aldehydes, reaction with
N-phenylamines, 22

2-Unsubstituted 3,3-dimethoxyacrylonitrile,
reaction with hydroxylamine, 198

3-Ureidoisoxazoles, failure to rearrangement, 190

Vinyl ethers, reaction with nitroethylene, 22

Vinylogous amides, reaction with 1,2-
dibromobenzenes, 80

Vinyl phosphazenes, tandem Aza-Witting/
1,6-electrocyclizations, 70

Vinyl sulfoxides, reaction with dichloroketene, 31

X-ray crystallography of isothiazolium salts, 259
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