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1. Introduction

Carbenes are viewed classically as electron-defi-
cient intermediates, capable of addition to alkenes,
C—H insertion, and reaction with heteroatom lone
pairs to yield ylides. However, the reactivity of
carbenes is strongly influenced by the electronic
properties of their substituents. If one or two het-
eroatoms (e.g., O, N, or S) are directly bonded to the
carbene carbon atom, the electronic delocalization of
the lone pair can compensate for the electronic
deficiency at the carbene and could cause the nature
of the carbene to change from electrophilic to nucleo-
philic. Carbenes can thus be divided into electrophilic
carbenes, nucleophilic carbenes, and ambiphilic car-
benes.

Nucleophilic carbenes tend to be unreactive toward
electron-rich double bonds but can add to electroni-
cally deficient unsaturated compounds. One intrigu-
ing feature of nucleophilic carbenes is their unpre-
dictable annulations with such unsaturated electro-
philes, and many novel heterocycles have been de-
rived from these annulation reactions. The nucleo-
philic character of diheteroatom-substituted carbenes
offers opportunities for constructing functionally rich
heterocyclic compounds and has therefore attracted
considerable attention in recent years.

Although the most important application of elec-
trophilic carbenes in organic synthesis is the cyclo-
propanation of alkenes, many monoheteroatom-
substituted electrophilic carbenes have also been
used in constructing heterocyclic compounds.

This review will focus on those reactions which
afford heterocyclic products via a heteroatom-substi-
tuted carbene intermediate. However, reactions yield-
ing heterocyclic compounds from alkylhalocarbenes
and dihalocarbenes (e.g., the conversion of pyrroles
to pyridines with chloroform and a base) are long
known and can be found in earlier reviews.'? Also
in earlier reviews, the generation of heteroatom-
substituted carbenes,?* their stability,*® reactivity,
and reactions®® as well as their application in
organometallic catalysis® have been covered. This
review is organized as follows: In section 2, mono-
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heteroatom-substituted carbenes will be discussed,
following the periodic order of the heteroatom sub-
stituents. Diheteroatom-substituted carbenes are
reviewed in section 3 in the same sequence. The
substrates with which the carbenes react are also
dealt with in their periodic sequence, i.e., alkene,
alkyne, ketene, imine, iminium salts, nitrile, isoni-
trile, isocyanate, isothiocyanate, carbonyl, thiocar-
bonyl, etc.

2. Heterocycles from Carbenes Bearing One
Heteroatom Substituent

2.1. Nitrogen-Substituted Carbenes

Nitrogen-substituted carbenes can be divided ac-
cording to the hybridization of the nitrogen atom
bonding to the carbene center. Monoamidocarbenes
and azocarbenes, for example, behave as electrophilic
carbenes. Like other classical electrophilic carbenes,
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these carbenes prefer inserting into C—H bonds or
attacking electron-rich double bonds and heteroatom
functions, such as nitrogen, oxygen, and sulfur. On
the other hand, aminocarbenes are prone to behave
as nucleophiles.

Pyrolysis of 3-diazopyrazoles 1 at 174—300 °C and
at 60 mmHg led to the formation of a transient
azocarbene intermediate 2, which rearranged to give
2-cyano-2H-azirines 3 in moderate yields. Thermoly-
sis of 1 in the presence of substituted benzenes
afforded substitution products 4 of the benzenes by
carbenes as the major products, accompanied to a
small extent by ring expansion to give pyrazoloazo-
cines 5. It was found that electron donors in the
benzene ring facilitated formation of substituted
phenylpyrazoles, whereas electron-withdrawing groups
enhance ring expansion to pyrazolo[1,5-aJazocines 5
(Scheme 1).101
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In the flash-vacuum pyrolysis of a range of a-ben-
zotriazolyl-$-oxophosphorus ylides 6, only one ex-
ample resulted in extrusion of n-BugP to give 3-acetyl-
1,2,4-benzotriazine 8 and o-cyanoacetophenone 9.
The products apparently derived from [1,2-N]-rear-
rangement of the initially formed acetylbenzotriaz-
olylcarbene 7 (Scheme 2).12
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When N-fluoropyridinium salts 10 were treated
with cyanate ion at —10 °C in the presence of a
nitrile, pyridotriazinones 16 were isolated as the
major products in 30—41% yields. A mechanism for
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the formation of the pyridotriazinones 16 and the
minor product amides 17 was proposed involving the
addition of N-fluoroaminocarbene 11 to the nitrile,
rearrangement of the fluoride 12, addition of cyanate
ion to the fluoroimine 13, and cyclization. Supporting
this mechanism was the observation of the fluor-
oimine 13 in the GC-MS analysis (Scheme 3).%®
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Penems and carbapenems have attracted great
interest due to their potential as antimicrobial agents.
One method for the construction of the penem and
carbapenem ring system employed an oxalimide
cyclization, which involved the intramolecular attack
of an amidocarbonylcarbene to the sulfur atom of a
thioacetal 20 as a key step (Scheme 4).14
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Although many stable diaminocarbenes have been
prepared and isolated since the first example re-
ported by Arduengo in 1991, stable monoaminocar-
benes were unknown until 2001. Bertrand and co-
workers prepared and isolated the first examples,
stable aminoarylcarbenes 26a,b by deprotonation of
the corresponding iminium salt 25a,b. The reactivi-
ties of these two aminocarbenes are quite different.
While 26a was stable for days in solution at —50 °C,
it underwent an intramolecular C—H insertion reac-
tion at room temperature within a few hours. On the
other hand, 26b was stable for months in the solid
state but isomerized within several days in tetrahy-
drofuran solution to afford a novel isoindole 29 in
35% yield. The isoindole 29 most likely resulted from
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the azomethine ylide 28, which could indeed be
trapped by carbon dioxide, yielding a [1,3]-dipolar
cycloadduct 30. The ylide 28 is in equilibrium with
carbene 26b via the action of t-BuOH or traces of
water in the system (Scheme 5).16:%7
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2.2. Oxygen-Substituted Carbenes

Monooxycarbenes have received relatively little
attention. Methoxymethylcarbene 32 was captured
by ds-acetone to form ketals 33 and 34 along with
ethyl acetate and other products (Scheme 6).8 Meth-

Scheme 6
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oxyphenylcarbene derived from the diazirine 35 was
found to be ambiphilic.®® It attacked the highly
electron-deficient tetrazine 36 to form an isopyrazole
38 via [4 + 1]-cycloaddition followed by [4 + 2]-cyclo-
reversion (Scheme 7).20
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2.3. Silicon-Substituted Carbenes

The thermolysis or irradiation of silanyldiazoac-
etate or -diazoketone is an efficient method for the
generation of silylcarbenes. Many novel silicon-
containing heterocycles have been obtained from
these silylcarbenes intermediates, particularly by
Maas and co-workers. For example, a range of pen-
tamethyldisilanyldiazomethyl ketones 39 have been
irradiated.?!~23 It was found that in benzene solution,
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the photolysis of 39 containing a bulky substituent
at the carbonyl led to the formation of 1-oxa-2-
silacyclobut-3-enes 42. On the other hand, the ke-
tones 39 bearing a small group afforded 1,5-di-oxa-
2,6-disilacycloocta-3,7-dienes 43, which gave 1,3-
dioxa-2,4-disilacyclohex-5-ene 44 on prolonged heating.
Both of these product types can be accounted for by
way of the acyl(disilanyl)carbenes 40 and acylsilenes
41 (Scheme 8). Some such silenes have been trapped

Scheme 8
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in a matrix.?* If the same photolysis reactions were
carried out in the presence of an aldehyde, ketone,
or ester, 1,3-dioxa-4-silacyclohexenes 45 were formed
from the [4 + 2]-cycloaddition of acylsilenes at the
carbonyl group (Scheme 9).2°

Scheme 9
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Photolysis or catalytic decomposition of bissilanyl-
diazomethyl ketones 46 lead to the formation of 4,8-
disubstituted 3,7-dioxa-2,6-disilabicyclo[3.3.0]-octa-
4,8-dienes 47 in 6—26% yields (Scheme 10).2¢
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A silyl-substituted biscarbene or biscarbenoid was
generated from bis(diazocarbonyl)silane 48 in the
presence of copper triflate or palladium acetate. It

Cheng and Meth-Cohn

probably exists as a cyclic cumulene triene interme-
diate 49. The cyclic triene could be trapped by furan
or dimerized to give the [4]-radialene 50 (Scheme
11).27
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Ando and co-workers studied the co-thermolysis of
pentamethyldisilanyldiazoacetate 52 with norbornone
at 185 °C. They isolated a 1:1 adduct of the silaeth-
ylene 54 to norbornone in 38% yield. They assigned
this compound as 2-silaoxetane 56, which was formed
from zwitterionic intermediate 55 generated from the
addition of silaethylene to norbornone.?® Barton and
Hussmann reexamined this adduct, and on the basis
of its abnormal IR and '3C NMR data, they formu-
lated the product as the ketene acetal 58, derived
from the cyclization of the zwitterion 57 (Scheme
12).29
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The reactions of allyl or 3-butenyl a-diazo-o-(tri-
methylsilyl)acetates 59a,b with aldehydes or acetone
under catalysis of rhodium perfluorobutyrate or
copper triflate afforded several different types of
products.®® When the interaction of allyl a-diazo-a-
(trimethylsilyl)acetates 59a with an aldehyde was
carried out in the presence of rhodium perfluorobu-
tyrate, the only isolated products were the [1 +
1]-adducts, 5-allyl-5-trimethylsilyl-1,3-dioxolan-4-
ones 60. If the same reaction was catalyzed by copper
triflate, three heterocyclic compounds (61—63) were
obtained. When 59a reacted with acetone catalyzed
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by rhodium perfluorobutyrate, the same type of 1,3-
dioxolan-4-one 64 was produced. In contrast, the
reactions of 3-butenyl a-diazo-o-(trimethylsilyl)ac-
etates 59b with aldehydes under the catalytic action
of rhodium perfluorobutyrate yielded a [1 + 2]-cyclic
acetal 65. The same diazo compound gave an acyclic
compound 66 with acetone under the same condi-
tions. The formation of these heterocycles can be
explained by electrophilic attack of the silylcarbon-
ylcarbenes on the carbonyl oxygen leading to the
ketone ylide 67.3! [1,5]-Cyclization followed by [3,3]-
sigmatropic rearrangement of 67 then affords 60 or
64. On the other hand, [1,3]-cyclization of 67 gives
the three-membered ring product 62. When the
intermediate 67 reacted with another molecule of
aldehyde, the acetal 65 was obtained (Scheme 13).

Ph
R2 @

ss“

2.4. Phosphorus-Substituted Carbenes

Photolytic or rhodium-catalyzed decomposition of
N,N-dialkyl-substituted o-diazo-3-ketophosphonami-
dates 71 generated carbene or carbenoid intermedi-
ates, which inserted into the o-C—H bond of the
N-alkyl group leading to the formation of 1,2-aza-
phosphetidines 73a,b and 75 in low yields.?? Both
73a and 73b were formed diastereoselectively, in a
ratio of about 10:1 in favor of the (Sp, Rc) relative
configuration (Scheme 14).

The short-lived benzoylphosphene78, generated
photochemically from (diazophenacyl)diphenylphos-
phine oxide 76 via a [1,2]-phenyl shift of the phos-
phorylcarbene intermediate 77, undergoes [4 + 2]-cy-
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cloaddition with ketones or aldehydes affording 1,3,44°-
dioxaphosphorins 79 (Scheme 15).32 The structure of
dioxaphosphorin derived from acetaldehyde was de-
termined unambiguously by X-ray crystallography.®*

The photolysis of (diazobenzyl)diphenylphosphane
oxide 80 in the presence of aldehydes or ketones
behaves differently to that of the carbonyl analogue
76. The short-lived phosphene 83 reacted in a [2 +
2]-cycloaddition with aromatic aldehydes yielding
1,225-0xaphosphetanes 84. With a,5-unsaturated ke-
tones or aldehydes, the initially formed oxaphosphe-
tanes 85 or 88 underwent a partial or complete
fragmentation to the 1,3-butadienes 86 or 89. In
addition, the reactions between the phosphene and
o,f-unsaturated ketones also led to the [4 + 2]-cy-
cloadducts 1,21%-oxaphosphorin 87. The existence of
the phosphorylcarbene was proved by the adduct 82
it formed with benzene (Scheme 16).3>36



2512 Chemical Reviews, 2004, Vol. 104, No. 5

Scheme 15
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3. Heterocycles from Carbenes Bearing Two
Heteroatom Substituents

3.1. Dinitrogen-Substituted Carbenes

Diaminocarbenes are the most prolifically studied
group of carbenes, particularly the heterocyclic ex-
amples, some examples of which are isolable and
stable.*®

3.1.1. Addition to Carbon—Carbon Double Bonds

Diaminocarbenes are generally nucleophilic but
weakly reactive. However, in only a few cases were
they reported to attack electron-deficient carbon—
carbon double bonds. These reactions were anoma-
lous in not giving rise to cyclopropanes. For example,
the stable diaminocarbene, 1,3,4-triphenyl-4,5-dihy-
dro-1H-1,2,4-triazol-5-ylidene 91, added to the double
bonds of the methyl fumarate or maleate, fumaroni-
trile, and nitrostyrene leading to the formation of the
5-methylenetriazolines 93 in good yields. Depending
upon the reaction conditions, the reactions of 91 with
maleic imides formed methylenetriazolines 94 and/
or 95. The formation of the 1:2 adducts 95 became

Cheng and Meth-Cohn

more significant with an excess of the imide (Scheme
17).%7

Scheme 17
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N,N-Dimethylaminobenzotriazolylcarbene 97,2 gen-
erated from deprotonation of the iminium salt 96,
was trapped with trans-dibenzoylethylene yielding
4-benzoyl-5-(dimethylamino)-2-phenylfuran 99 (13%)
and 3-benzotriazolyl-4-benzoyl-2-phenylfuran 100 (6%).
The formation of these phenylfuran derivatives can
be readily explained by a [1 + 4]-cycloaddition of
carbene 97 to dibenzoylethylene (Scheme 18).

3.1.2. Addition to Carbon—Carbon Triple Bond

The addition of the stable diaminocarbene triazol-
5-ylidene 91 to the triple bond of dimethyl acetylene-

Scheme 16
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Scheme 18
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dicarboxylate was followed by subsequent 1,3-dipolar
cycloaddition of the dipolar intermediate to a second
molecule of DMAD producing a spiro compound 101.
The spiro system 101 was unstable and rearranged
on heating to give the bicyclic compound 102 (Scheme
19).%7 Distinction between the two alternative struc-

Scheme 19
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tures of the bicyclic systems by NMR was not
possible.

Very recently, Nair and co-workers reported an
interesting multicomponent reaction of N-heterocyclic
carbenes with DMAD together with aldehydes.®® The
reaction of the 1,3-dimesityl imidazolin-2-ylidene 105
(generated in situ by deprotonation of 1,3-dimesityl-
imidazolinium chloride 103 with sodium hydride)
with DMAD and substituted benzaldehyde led to the
formation of 2-oxymaleate derivatives 104 in good
yields. Initial attack of the aldehyde by the carbene
followed by the conjugate addition of the resulting
enaminol 107 to the alkyne accounted for the prod-
ucts (Scheme 20).

In contrast, using the corresponding unsaturated
N-heterocyclic carbene, the same components reacted

Scheme 20
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in reverse order. Thus, 1,3-dimesitylimidazol-2-
ylidene 110 afforded furanone derivatives 109 on
stirring with DMAD and substituted benzaldehydes
at room temperature. The formation of the furanones
involved initial nucleophilic addition of carbene to the
DMAD to form a zwitterion 111, which attacked the
aldehyde and then cyclized at the ester carbonyl
(Scheme 21).

3.1.3. Addition to Ketene

Ketenes react efficiently with nucleophiles, but
their reaction with carbenes has been barely studied.
Very recently, the N-heterocyclic carbene 115, gener-
ated from thermolysis of 2-trichloromethyl-1,3-imi-
dazolidine 114, was shown to participate in efficient
[4 + 1]-cycloaddition reactions with (trialkylsilyl)vi-
nylketenes 116 producing highly substituted cyclo-
pentenones.*® The type of products depended on the
structures of the vinyl double bond (Scheme 22).

3.1.4. Addition to Carbon—Nitrogen Double Bonds

Although electrophilic carbenes do not add to
iminium double bonds, the diaminocarbene 115
derived from the bis-diphenylimidazolidinylene 120
readily reacted with an iminium salt 121 leading to
a highly strained spiro intermediate 122, which
rearranged into a pyridinium salt 124 (Scheme 23).4

3.1.5. Addition to Tetrazines

As with the ambiphilic oxyphenylcarbene men-
tioned in section 2, N-heterocyclic carbenes react with
tetrazines to form isopyrazole derivatives via [4 +
1]-cycloaddition followed by [4 + 2]-cycloreversion.
The outcome of these reactions depended upon the
substituents on the tetrazines. As expected, both the
reactions of 1,2,4-triphenyltriazol-5-ylidene 913" and
1,3-diphenylimidazol-2-ylidene 115* with 3,6-diphe-
nyltetrazine afforded the spirocyclic system 126 and
127 in excellent yields (Scheme 24). However, the
reactions between the 1,3-diarylimidazol-2-ylidene
and 3,6-dimethylthiotetrazine 130 or bis(trifluorom-
ethyl)tetrazine 36 are not as efficient as those above.
While the spirocycles 131 were formed in moderate
yields from the former tetrazine, in the latter case
chiral tetracyclic compounds 133 were produced with
high diastereoselectivity via the further cyclization
of the spirocycles (Scheme 25).43

3.1.6. Addition to Isocyanates and Isothiocyanates

A recent study** showed that N-heterocyclic diami-
nocarbenes, derived from 2-trichloromethyl-1,3-imi-

R
K
/ Q
R =
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9% Yy 9% ) N isocyanate became the major product type in the
o7 f;‘s 126 reactions of both phenyl and naphthyl isocyanates

dazolidines 114 and 145, undergo [4 + 1]-cycloaddi-
tions with vinyl isocyanates to afford hydroindolones
in moderate yields. No further insertion of the
carbene into the N—H bond of the hydroindolone was
observed in all cases, probably due to the significant
steric hindrance in the vicinity of the carbene center.

with the same carbene, giving 149 and 150, respec-
tively. A possible mechanism for the production of
the carbinolamines is the trapping of the intermedi-
ate iminium ion with water present in the reaction
mixture (Scheme 26).

The earliest reports of the interaction of nucleo-
philic carbenes with isocyanates were those of Hoff-
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mann and co-workers.*® 1,3-Diphenylimidazolidi-
nylidene 115, which was generated by o-elimination
of 2-methoxydiphenylimidazolidine 151, added to 2
mol of aryl isocyanates or phenyl isothiocyanate to
yield spiro hydantoins 154 or dithiohydantoins 156
in good yields. When the dithiohydantoins 156 re-
acted with isocyanates, the monothiohydantoins 157
were obtained. These results confirmed the product
156 was in equilibrium with its dipolar precursor 155
(Scheme 27).

The dipolar adduct 158 of stable diaminocarbene
triazol-5-ylidene 91 to phenyl isothiocyanate was
isolated in high yield. However, the similar interme-
diate from phenyl isocyanate was not isolable even

PhS

%L Ph AINCO N

~— L, SN
} N N ~O

163 154 66-80%

Ph Ph Ph Ar
156 67% 157 79-93%
Scheme 28
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using an excess of the carbene but underwent a
second addition to phenyl isocyanate to form the spiro
hydantoin 159 in excellent yield (Scheme 28).3"
The existence of N,N-dimethylaminobenzotriaz-
olylcarbene 9738 was evidenced by deprotonation of
the iminium salt 96 in the presence of phenyl
isocyanate. The reaction of carbene 97 with isocyan-
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ate took place in the typical 1:2 cycloaddition manner.
However, imidazolidinedione 161a was isolated in-
stead of the expected 5-(dimethylamino)-5-benzotria-
zolyl-1,3-diphenylhydantoin 160. The formation of
imidazolidinedione 161a was explained by hydrolysis
of the benzotriazolyl group on workup. Quenching
this reaction with different nucleophiles proved to be
a one-pot synthesis of various 5-substituted hydan-
toins 161b—g in moderate yields (Scheme 29).

3.1.7. Addition to Phosphaalkynes

Recently, the reactivity of N-heterocyclic carbenes
toward phosphaalkynes was examined.*¢~4 The be-
havior of two N-heterocyclic carbenes, N,N’-bis(2,2-
dimethylpropyl)benzimidazolin-2-ylidene 162 and
1,3,4,5-tetramethylimidazol-2-ylidene 168, toward
tert-butylphosphaalkyne 163a or diisopropylamino-
phosphaalkyne 163b proved to be quite different.

The reactions of carbenes 162 or 168 with tert-
butylphosphaalkyne 163a were complete after 2 days
at room temperature and afforded the triphosphole
derivatives 166 or 169 in 92% or 68% yield, respec-
tively. The structure of 166 was established unequivo-
cally by X-ray crystal structure analysis, while
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compound 169 was characterized by comparison of
the NMR data with those in the literature. The same
product, 169, was also obtained by treating carbene
168 with 2,4,6-tri-tert-butyl-1,3,5-triphosphabenzene,
a reversible trimer of the phosphaalkyne.*®

Under comparable conditions, the reaction between
162 and 163b took only 15 min, during which time
the air-sensitive 1,2,3-triphosphetene 167 crystallized
out as the sole product (90%).

The formation of the two triphospholes, 166 and
169, and 1,2,3-triphosphetene 167 was accounted for
by the nucleophilic addition of the carbenes to the
carbon atoms of the phosphaalkyne triple bond. By
contrast, 168 attacked the phosphorus atom of the
phosphaalkyne 163b and formed a new aminophos-
phorus carbene intermediate 170, which underwent
a C—H insertion into the adjacent N-methyl group
to form the bicyclic product 171 in good yield (Scheme
30).

3.2. Nitrogen, Oxygen-Substituted Carbenes

As with diaminocarbenes, this is a well-studied
carbene type.

3.2.1. Addition to Carbon—Carbon Triple Bonds

The most efficient method for the generation of
cyclic aminooxycarbenes is the thermolysis of 2-alkoxy-
2-amino-1,3,4-oxadiazolines 172. N-Acyloxazolidinyl-
carbenes®®®! added to the triple bond of methyl
propiolate or dimethyl acetylenedicarboxylate to form
oxazolinyl-substituted esters 173 as the major prod-
uct. In the latter reaction this was accompanied by
minor amounts of the dihydrofuran 174. The esters
173a and 173c decomposed during chromatographic
purification (Scheme 31).

3.2.2. Addition to Tetrazines

Amide acetals are useful precursors of acyclic
aminooxycarbenes. By heating a mixture of N,N-
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were obtained in good yield by way of [1 + 4]-addition
and nitrogen elimination (Scheme 32).2052

3.2.3. Addition to Isocyanates or Isothiocyanate

When heated at 100 °C in toluene, the reaction of
the N-methyloxazoline-derived aminooxycarbene with
cyclohexenyl isocyanate gave a complex mixture of
products. However, performing the same reaction in
refluxing xylene resulted in two 1:1 adducts, the
hydroindolones 178 and 179 (Scheme 33).53

To form the hydroindolone ring with asymmetric
induction, the reaction between chiral carbenes and
vinyl isocyanates has been investigated.>* Although
the asymmetric induction of chiral aminooxycarbenes
precursor 182 was disappointing, encouraging dia-
stereomeric excesses were obtained from chiral oxa-
diazolines 186 and 189. Interestingly, while the
dextrorotatory product was preferentially formed
from the carbene precursor 186, the levorotatory
compound was produced in excess with comparable
efficiency by using 189 as the chiral agent. The
ultimate synthetic utility of this methodology was
dependent upon the ease of removal of the chiral
auxiliary from the initial cycloadduct. It proved
readily removable hydrolytically, giving, for example,
the enantiomerically pure hydroisatin 185 (Scheme
34).

Almost 40 years ago, Hoffmann’s group studied the
activities of dimethylaminomethoxycarbene toward
aryl isocyanates or phenyl isothiocyanate. They found
that dimethylaminomethoxycarbene proved to be
much more reactive toward aryl isocyanates, giving
hydantoins in high yields. By contrast, dithiohydan-
toins were formed in very low yield.%® Thirty years
later, Warkentin and co-workers systematically in-
vestigated the reactions between the cyclic ami-
nooxycarbenes 19250752 and methyl or phenyl isocy-
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anate. All the reactions examined gave the spiro
hydantoins 193 in moderate to good yields (Scheme
35).

Scheme 35
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In thermolyses®® of N-benzoyl spiro-fused 2-alkoxy-
2-amino-1,3,4-oxadiazoline 172b, an unstable white
solid was obtained. Purification by radial chroma-
tography proved impossible, and it did not survive
GC. However, it was possible to identify it as the
spiro heterocycle 196 by use of IR, NMR, and mass
spectroscopies. The formation of 196 presumably
arose from nucleophilic attack of the carbene 192 on
benzoyl isocyanate 194 (itself generated from the
carbene), followed by cyclization of the dipolar inter-
mediate 195. In support of this mechanism, ther-
molyses of N-acetyl-2-alkoxy-2-amino-1,3,4-oxadiaz-
oline 172a with benzoyl isocyanate gave another
unstable compound 197, the spectroscopic data of
which was similar to that of 196 (Scheme 36).

Scheme 36
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3.3. Nitrogen, Sulfur-Substituted Carbenes

3.3.1. Addition to Tetrazines

The chemistry®” of singlet cyclic aminothiocar-
benes, typified by 3-methyl-2,3-dihydro-1,3-benzothi-
azole-2-ylidene 199, is much more complex than that
of its analogues mentioned above. The carbenes are
generally obtained by elimination of HX from a 2-X-
substituted benzothiazoline, X being, for example,
CN, piperidino, etc.

From the reaction of aminothiocarbene 199 with
bis-trifluoromethyl-substituted tetrazine 36 or with
bis(methylthio)-substituted tetrazine 130, two dif-
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ferent types of pyrazolobenzothiazine 201 or 203
were isolated, respectively. The formation of these
two tricyclic compounds was explained by [1,5]-
sigmatropic rearrangement of the thiazole sulfur
atom of the spiro intermediates 200.

By contrast, the reaction of the carbene 199 derived
from cyano- or piperidinobenzothiazoline 198a,b with
diphenyltetrazine was different from the above and
also dependent upon the carbene precursor (Scheme
37). Clearly this area needs further study.

Hoffmann*® and co-workers compared the reactions
of aryl isocyanates with aminothiocarbene 199 and
diaminocarbene 115. Although the reactions between
these two carbene types and isocyanates followed the
same course, their reactivities proved to be quite
different. In contrast to the reactions between diami-
nocarbene 115 and aryl isocyanates or phenyl isothio-
cyanate, which gave hydantoins or dithiohydantoin
in similar yields, the aminothiocarbene 199 were
much more reactive toward aryl isocyanates than
with phenyl isothiocyanate and formed hydantoins
in 60—74% yields but only afforded 18% of dithiohy-
dantoin. This result was paralleled by the action of
aminooxycarbenes with isocyanates.>®

The 2-thiadiazolidinylidene aminothiocarbenes 208,
derived by deprotonation of 1,3,4-thiadiazolium salts
207, were trapped with aromatic isocyanates leading
to the formation of the spiro heterocycles 209 in good
yields (Scheme 38).58

3.4. Nitrogen, Chlorine-Substituted Carbenes

The aminochlorocarbene intermediates were first
mentioned by Bohme’s group in his examination of
the deprotonation of Vilsmeier reagents with Hunig's
base.>® They isolated the sym-dimethylaminodichlo-
roethene and -diphenylaminodichloroethene, which
were considered to be the dimers of dimethylami-
nochlorocarbene and diphenylaminochlorocarbene,
and investigated the substitution reaction of these
novel ethenes by nucleophiles.

In 1996, during a study of the interaction of
Vilsmeier reagents with N,N-dimethylanilines, we
isolated minor amounts of the supposed dimers 213
of the arylaminochlorocarbenes 212 (actually, they
are the product of reaction of the carbene with the
Vilsmeier reagent), together with indolo[3,2-b]quino-
linium salts 214, 2,2-bisindoles 215, and isatins 216
(Scheme 39).6° Further studies utilizing Hlnig's base
in place of the anilines allowed efficient formation of
each of these products.

The indolo[3,2-b]quinolinium salts 214 were shown
to derive from the further interaction of the dimers
213 with Vilsmeier’s reagents by isolating the same
products from the reactions of the ‘dimers’ and the
Vilsmeier reagents. The indolo[3,2-b]quinolinium
salts 214 could be further converted into indolo[3,2-
b]quinoline 217 or indoloquinolone 218 by ready
demethylation or hydrolysis (Scheme 40).6* The bis-
indoles 215 could also be argued to be products of
the interaction of the dimers with Vilsmeier’s re-
agents.®* However, in a more recent study, it was
shown that treatment of the dimer with acid formed
the bisindole.®?
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Scheme 38 dimers could be prepared in good yields at low
temperature and that they cyclized to give 2-chloro-
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The formation of the isatins 216 was shown to be
due to the action of an electrophile on the dimers,
and this discovery has resulted in a simple, efficient
route to isatins. The optimal electrophile proved to
be bromine (Scheme 40).5% Recently, we also discov-
ered that these unstable arylaminochlorocarbene
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new applications of them in construction of novel
heterocycles, we have now developed a method for
their construction that avoided their being trapped
by Vilsmeier reagent. This has allowed, for example,
the intermolecular reaction of arylaminochlorocar-
benes 212 with diethyl acetylenedicarboxylate. For
example, arylaminochlorocarbenes bearing an electron-
donating group on the phenyl ring, such as methoxy
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Scheme 40
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or methyl, reacted to form quinolines 225, the 1:2
adducts of carbenes to diethyl acetylenedicarboxate
(Scheme 42).55

The similar halogen-substituted phenylaminochlo-
rocarbenes 226 preferred to add to oxalyl chloride and
yielded benzo[1,4]diazepines 236 under the same
conditions. The diazepines were formed optimally
from the arylaminochlorocarbenes and oxalyl chloride
by using an excess of oxalyl chloride and in the
absence of DEAD (Scheme 43).6566

3.5. Dioxygen-Substituted Carbenes

3.5.1. Addition to Carbon—Carbon Double or Triple Bonds

The additions of dimethoxycarbene 245 to cyclo-
propylmethylene-1-carboxylates 238 gave 1,3-dioxo-
lane 240 together with 1,1-dimethoxycyclobutanes
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239. The products were derived from the dipolar
intermediate 246, generated by nucleophilic attack
of the dimethoxycarbene at the carbon—carbon double
bond of cyclopropylmethylene-1-carboxylates 238
(Scheme 44).%7

The cyclization of (alkynyl-1-oxy)-alkoxycarbenes
has been extensively studied by Warkentin's
group.®~70 The (alkynyl-1-oxy)methoxycarbenes 250,
generated by thermolysis of the corresponding oxa-
diazoline precursors 249, cyclized by carbene attack
of the C—C triple bond, leading to a new carbene. The
endocyclic or exocyclic 3,3-dialkoxyvinylcarbenes 252
or 254 apparently form by way of the highly strained
dialkoxycyclopropene 251.

It was found that the alkyne substituent controlled
the regioselectivity of the dialkoxycarbene cyclization.
A hydrogen or methyl substituent led to formation
of the endocyclic vinylcarbene, while an ester sub-
stituent preferred exocyclic carbene formation. The
3,3-dialkoxyvinylcarbene 252 and 254 can be trapped
by an alcohol, which afforded pyrans 253 or furans
255 (Scheme 45).5970 3,3-Dialkoxyvinylcarbenes be-
have as highly efficient 1,3-dipoles in their reactions
with electron-deficient olefins.”* Thermolysis of the
oxadiazoline precursors 249c and 249d in the pres-
ence of benzylidenemalononitrile or DMAD led to
exocyclic vinylcarbenes which underwent [3 + 2]-cy-
cloaddition with benzylidenemalononitrile or DMAD
to form bicyclic heterocycles 256—260 in good yields
(Scheme 46).%°

If the oxadiazoline 249a% was heated in toluene
for 30 h alone, a very strained tricyclic cyclobutanone
ketal 264 was formed in 74% yield. A mechanism was
postulated including addition of 3,3-dioxyvinylcar-
bene to acetone as a key step. The intermediate 252a
reacted with the acetone, formed earlier in the
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decomposition of 249a, to afford alcohol 261 and then
262. The dienone 262 reacted rapidly with carbene
252a to give 263 by OH insertion. The intramolecular

[2 + 2]-cycloaddition between the electron-rich ene-
diol diether and the a,f-unsaturated ester group of
263 produced tricyclic compound 264.



2522 Chemical Reviews, 2004, Vol. 104, No. 5

Scheme 46
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The thermolysis of 249a in the presence of a large
excess of cyclopentanone afforded the spirocyclic
product 265 (60%), which supported the trapping of
carbene 252a by acetone (Scheme 47).

Scheme 47
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+
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Interestingly, the methyl-substituted analogue 249b
of 249a did not produce a tricyclic compound under
the same conditions.®® Upon thermolysis of 249b in
benzene, only one identifiable product was found,
shown to be the ketene acetal 263b. As further
evidence of the structure, 263b was hydrolyzed to
give lactone 266 (Scheme 48). The isolation of 263b
gave powerful support for the mechanism illustrated
in Scheme 47.

The aryloxymethoxy analogues of 2497 are strik-
ingly different from those reported above. Thermoly-
sis of aryloxymethoxy-substituted oxadiazolines 267a
or 267b in the presence of benzylidenemalononitrile
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Scheme 48
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led to the formation of one major product 269 in 67%
or 37%, respectively (Scheme 32). The structures of
the products 269a and 269b were assigned by
spectroscopy data and X-ray crystallography of the
latter compound and shown to be classical carbene-
derived cyclopropanes. They were formed by the
addition of an exocyclic vinylcarbene to the benzyli-
denemalononitrile double bond. Presumably the vi-
nylcarbenes 268 have less 1,3-dipole character than
their dialkoxy analogues and therefore are more
likely to behave as typical localized carbenes to give
[1 + 2]-adducts with alkenes (Scheme 49).

Scheme 49
E
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The first study of the addition of nucleophilic
carbenes to acetylenedicarboxylate was the pioneer-
ing work of Hoffmann in 1974.72 From the reaction
of the dimethoxycarbene 245, derived from precursor
270, with dimethyl acetylenedicarboxylate, a dihydro-
furan 272 was obtained in 37% yield. The formation
of 272 can be explained by nucleophilic addition of
the carbene to DMAD and followed by 1,3-dipolar
addition of the dipolar intermediate 271 with the
carbonyl group of DMAD (Scheme 50).

The multicomponent reactions of dimethoxycar-
bene with DMAD together with aldehydes or quinone
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Scheme 50
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bears some relationship to the similar reactions of
1,3-dimesitylimidazol-2-ylidene 110 illustrated in
Scheme 21. The dimethoxycarbene attacked the triple
bond of DMAD leading to a zwitterionic intermediate
276. Cycloaddition of the zwitterion to the carbonyl
group afforded dihydrofuran derivatives 273 and 275
(Scheme 51).7°
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The gem-divinyldihydrofuran 278, obtained in high
yield from the cyclization of dimethoxycarbene with
DMAD and the carbonyl groups of dienones 277, have
been used in the synthesis of bicyclic lactones 279
via an interrupted Nazarov reaction (Scheme 52).7*

Scheme 52
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Bis(oxadiazoline) 281, prepared from oxadiazoline
280 and catechol, reacted with dimethyl acetylene-
dicarboxylate upon heating in benzene to afford
dihydrofuranobenzofuran 288. A mechanism was
proposed involving the nucleophilic addition of di-
oxycarbene 282 to DMAD, ipso aromatic substitution
by the vinylcarbene 284, followed by an intramolecu-
lar [4 + 1]-cycloaddition of the second dioxycarbene
287 with the unsaturated ester group (Scheme 53).

Scheme 53
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3.5.2. Addition to Ketenes

In the 1970s, Hoffmann and co-workers found that
dimethoxycarbene, generated by thermolysis of 7,7-
dimethoxynorbornadienes 270, yielded a 1:2 adduct
290 with diphenylketene (Scheme 54).72

Scheme 54
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The chemistry is quite different in the reaction of
dimethoxycarbene with silyl-substituted ketenes. It
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was shown that the dimethoxycarbene participated
in efficient [4 + 1]-cycloadditions with (trialkylsilyl)-
vinylketenes 116 or bis(trimethylsilyl)ketene 292
producing dimethoxycyclopentenones 291° or dimeth-
oxycyclopentenedione 293, respectively (Scheme 55).76
The formation of 291 and 293 also involves different
types of silyl-substituted ketenes.

Scheme 55
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3.5.3. Addition to Tetrazines

Seitz and co-workers studied the reactions between
dialkoxycarbenes and various 3,6-substituted-1,2,4,5-
tetrazines. It was found that the dimethoxy- and
diethoxycarbene underwent [4 + 1]-cycloaddition
with tetrazines, followed by a [4 + 2]-cycloreversion
to afford isopyrazoles 294 or 295 in good yields
(Scheme 56).20:52

Scheme 56
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3.5.4. Addition to Isocyanates

The reactions between dioxycarbenes and diami-
nocarbenes with vinyl isocyanates are somewhat
different. The former reactions normally yield 2:1
adducts, while the latter were found to follow the 1:1
addition mode.

Heating of 1-isocyanatocyclohexene 134% with an
excess of dimethoxycarbene precursor, 2,2-dimethoxy-
1,3,4-oxadiazoline 237, afforded the hydroindolone
298 in good yields (Scheme 57). It is presumed that
the hydroindolone was formed from the nucleophilic
addition of dimethoxycarbene to the vinyl isocyanate
NCO carbon, followed by cyclization. The subsequent
addition of a second equivalent of carbene occurs via
an NH insertion. This mechanism was supported by
the isolation of N-unsubstituted hydroindolone 297
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Scheme 57
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in low yield when a stoichiometric amount of 237 was
utilized. Structurally elaborate vinyl isocyanates or
acyl azides had been used in this [1 + 4]-cyclization
and afforded good yields of hydroindolone products
(Scheme 58).535* This process was subsequently
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exploited as the key transformation in a total syn-
thesis of the alkaloid tazettine (Scheme 59).7”

The reactions between dialkoxycarbenes and aryl
isocyanates or benzoyl isocyanate followed the same
reaction pattern as that of aminooxycarbenes il-
lustrated in Schemes 33 and 34. Thus, dimethoxy-
carbenes added to two molecules of aryl isocyanates
affording 5,5-dimethoxy-1,3-diarylhydantoins 315 in
65—80% yields,”®7® while with benzoyl isocyanate,
dimethoxycarbene reacted to give 2-phenyl-4,4-
dimethoxyoxazolone 316 as the major product (Scheme
60).56

3.5.5. Addition to Cyclic Anhydrides

Dialkoxycarbenes® have been found to insert into
the carbon—oxygen bond of anhydrides 317, produc-
ing 2H-pyran-2,5-(6H)-diones 318 in moderate yields
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(Scheme 61). When unsymmetrical anhydrides were
used as carbene traps, the major products were those
in which the carbene attacked the more electron-
deficient carbonyl carbon of the anhydride. For
example, the bromine of bromomaleic anhydride is
inductively electron withdrawing from the adjacent
carbonyl group but conjugatively donating to the
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distant carbonyl group. The methyl group of meth-
ylmaleic anhydride is also conjugatively (by hyper-
conjugation) electron donating to the distant carbonyl
group.

3.6. Oxygen, Sulfur-Substituted Carbenes
3.6.1. Addition to Isocyanates

As described above, diamino-, aminoalkoxy-, or
dialkoxycarbenes form hydantoin analogues by ad-
dition to phenyl isocyanate. However, it was found
that the alkylthio- and phenylthiomethoxycarbenes,
generated from oxadiazolines 319, yield oxindoles 321
and 324 with phenyl isocyanate (Scheme 62).8! The

Scheme 62
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different outcome from these two types of reactions
can be explained by the different stability of the
dipolar intermediates. The less stable intermediate
preferred to undergo intramolecular cyclization rather
than intermolecular addition to another molecule of
isocyanate.

3.6.2. Addition to Cyclic Anhydrides

Thio-oxycarbenes react with dichloromaleic anhy-
dride in a similar way as dioxycarbenes, leading to
the pyran-2,5-diones 325 in high yields (Scheme 63).8!

Scheme 63
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3.7. Oxygen, Halogen-Substituted Carbenes

The reactivity of alkoxyhalocarbenes toward alk-
enes, alkynes, and alcohols has been studied experi-
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mentally and theoretically. It was found that the
alkoxychlorocarbene,®?8 chlorophenoxycarbene,? flu-
oromethoxycarbene,® and fluorophenoxycarbene®
were ambiphilic carbenes, which added to both
electron-rich and electronic-deficient double bonds to
form cyclopropanes. However, no useful examples of
the application of alkoxyhalocarbenes in construction
of heterocycles have yet appeared.

3.8. Disulfur-Substituted Carbene
3.8.1. Addition to Ketene

Dithiocarbenes and dioxycarbenes behave similarly
toward vinylketenes. When a mixture of bis(propy-
Ithio)oxadiazoline 326 and (trialkylsilyl)vinylketenes
116 was heated in benzene, bis(propylthio)cyclopen-
tenones 327 were formed in high yields (Scheme
64).40

Scheme 64
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3.8.2. Addition to Vinyl Isocyanates

The reactions of bis(propylthio)carbene or cyclic
dithiocarbenes®”#8 with vinyl isocyanates followed the
same style as the dimethoxycarbenes and yielded
dipropylthio-substituted hydroindolones 328—331 or
spiro dithiohydroindolones 335—342 in good to excel-
lent yields (Schemes 65 and 66). The compound 328
was reduced to N-methyl-2-hydroindolones 332 or
333, a motif found in many alkaloid targets such as
in the crinine and erythrina families. Interestingly,
when a large excess of oxadiazoline (10 equiv) was
heated with the vinyl isocyanate, the reaction fol-
lowed an unexpected pathway to deliver an alterna-
tive 2:1 adduct 343 or 344. These abnormal 2:1
adducts were believed to arise from the competitive
addition of a second equivalent of carbene to the
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initial dipolar 1:1 adduct prior to ring closure (Scheme
67).

Scheme 66
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The cis-3a-aryloctahydroindole nucleus is a struc-
tural feature found in the amaryllidaceae and scele-
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tium alkaloids. The [4 + 1]-cycloaddition of bis-
(alkylthio)carbenes with vinyl isocyanates provided
a efficient method to generate this skeleton and
therefore has been used in the total synthesis of (£)-
mesembrine (Scheme 68).8°

Scheme 68

O NaH, (MeO),CO ot
. Nan, e
o [ JrmmmeOge, [T
&o 2. NaH/ Tf,0 &o CO,Me
345 346

OMe OMe
OMe OMe

(PhO),P(O)N3
o) | 0 |

Q O ar CO,H

I SPr 1. Ra-NIE1OH O
o l N

SPr Me
349 PrsS

Sml,/HMPA
—>
t-BuOH-THF

OMe OMe

MeO MeO
1. (CHyOH),, H*

H 2. LIAIH4/THF :

o =°N o =N

H Me H Me
351 (+) - mesembrine

3.9. Phosphorus, Silicon-Substituted Carbenes

Photolysis of the phosphinosilyldiazo derivative
352 afforded the stable intermediate 353, whose
carbene character has been exemplified by its inser-
tion into a carbon—nitrogen bond to form a mixture
of four diastereoisomers of azaphospholidines 354 in
90% vyield (Scheme 69).%°

Further evidence for its carbene character was the
formation of an oxirane with carbonyl groups and
cyclopropanation with alkenes. Carbene 353 did not
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Scheme 69
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react with acetone but readily added to benzaldehyde
and cinnamaldehyde, affording oxiranes 356, which
were isolated as 357 after treatment with elemental
sulfur in 80—82% yields. The nucleophilicity of car-
bene 353 was shown in its reaction with alkenes. The
carbene 353 did not add to alkyl-substituted alkenes
but readily added to electrophilic olefins (Scheme
70).%1
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The stable (phosphino)(silyl)carbene,® [bis(dicyclo-
hexylamino)phosphino]trimethylsilylcarbene 360, re-
acted with benzonitrile leading to the corresponding
2-phosphino-2H-azirine 362 in 85% yield (Scheme
71). A stepwise mechanism, involving the initial
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nucleophilic attack of the carbene at the carbon atom
of the nitrile leading to a 1,3-dipole, or a concerted
[1 + 2]-cycloaddition of carbene to the nitrile could
be a reasonable pathway to the azirine. The azirine
is a useful building block and formed various het-
erocycles 367—370 by treatment with different Lewis
acids (Scheme 72).
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The photolysis of [bis(diisopropylamino)phosphino]-
(trimethylsilyl)diazomethane 352 in the presence of
tert-butylphosphaalkyne afforded the 145,243-diphos-
phete 371 in 90% vyield.®® It was shown that the
precursor of the diphosphete 371 was 2-phosphino-
2H-phosphirene 374, by reaction of 13-phosphinocar-
bene 353 with phosphaalkyne at lower temperature.
The 2-phosphino-2H-phosphirene 374 rearranged
into 115,243-diphosphete 371 quantitatively at room
temperature (Scheme 73).%4
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On thermal treatment, the bis(diazomethyl)phos-
phanes 377 (prepared by lithiation of diazo(trimeth-
ylsilyl)methane 375 followed by coupling with dichlo-
rophosphanes 376) eliminated nitrogen and were
converted into the highly air-sensitive 4H-1,1,4-
diazaphospholes 379. Phosphinocarbenes 378 were
assumed to be responsible for the ring closure. At
lower temperature, the P-phenyl-substituted bis-
(diazomethyl)phosphanes 377 underwent a double,
regiospecific [3 + 2]-cycloaddition with phosphaalkyne
and a subsequent [1,5]-sigmatropic TMS shift to give
rise to the bis(diazaphopholyl)phosphane 380. The
latter compound 380 was condensed with dichloro-
phosphane or tetrachlorosilane resulting in the novel
tricyclic compound 381 or the spiro compound 382,
respectively (Scheme 74).%

3.10. Phosphorus, Sulfur-Substituted Carbenes

Diazo derivatives are classical precursors of car-
benes. The bis(diisopropylamino)phosphanyl](tri-
methylsilyl)diazomethane 352 has been shown to
react with an acyl chloride with elimination of
trimethylchlorosilane to form the corresponding sub-
stituted diazo compound.®® In an attempt to prepare
[bis(diisopropylamino)phosphanyl](p-tolylsulfinyl)-
diazomethane 383 by treatment of the silylated diazo
compound 352 with p-toluenesulfinyl chloride, the
evolution of nitrogen was observed and the 2-oxo-
1,2/5-azaphosphetane 387 was obtained in 85% yield
along with a quantitative amount of trimethylchlo-
rosilane after workup. The same product was also
obtained from the reaction of 352 and p-toluenesulfo-
nyl chloride in 80% yield. Similarly, the reaction
between the [bis(diisopropylamino)thioxophosphor-
anyl](trimethylsilyl)diazomethane 388 and p-tolu-
enesulfanyl chloride yielded 2-thioxo-1,245-azaphos-
phetane 391 in 86% yield (Scheme 75).9” The struc-
ture of 391 was finally determined by X-ray crystallog-
raphy. The formation of azaphosphetane 387 or 391
was proposed, derived from the insertion of (phos-
phoranyl)(sulfanyl)carbene 386 or 390 into the C—H
bond of an isopropyl substituent.

3.11. Diphosphorus-Substituted Carbenes

In 1986, the Regitz®® group reported a simple one-
pot reaction of silver diazo compounds 392 with
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chlorophosphines 393, from which the 15-1,3-diphos-
phetes 399 were isolated as high-melting crystals. In
the first step of this one-pot reaction, the phosphi-
nodiazo compounds 394 were formed and then de-
composed spontaneously forming the phosphinocar-
bene 395, which can also be represented by a A°-
phosphaalkyne 396. Instead of [2 + 2]-cycloaddition
leading to the A%-1,3-diphosphetes 397 or carbene
dimerization to olefins, the phosphaalkynes dimer-
ized to give 15-1,3-diphosphetes 399 in which endocy-
clic and exocyclic phosphorus atoms have apparently
interchanged their substituents. The structure of 399
(R! = N(i-Pr),, R? = R® = Ph) was ascertained beyond
doubt by X-ray crystallography (Scheme 76).

Scheme 76
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Although the synthesis and spectroscopic charac-
terization of the (phosphino)(P-chlorophosphonio)-
carbene 400 had been achieved in solution, isolation
of this compound was unsuccessful. To isolate the
carbene—DBN adduct, an excess of DBN was added
to a dichloromethane solution of 400 at —78 °C.
Surprisingly, a novel tricyclic carbodiphosphorane
compound 405 was obtained in 50% vyield after
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purification of the crude reaction mixture. The prod-
uct was apparently formed from the 1,3-dinucleo-
philic attack of DBN on the (phosphino)(phosphonio)-
carbene (Scheme 77).%° The X-ray diffraction study

Scheme 77
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showed that there is a weak interaction of the triflate
anion with the methylene proton but not with either
of the phosphorus centers.

4. Conclusion

Compared to the chemistry of typical carbon- or
halogen-substituted carbenes, which have been ex-
tensively investigated, the chemistry of heteroatom-
substituted carbenes is considerably more diverse
and complex. Although much of the work is new and
has been attracting considerable attention in recent
years, there remains much to be explored in this
fascinating area. No doubt, heteroatom-substituted
carbenes will become increasingly important building
blocks in constructing novel heterocycles in coming
years.
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