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2,5-Dihydro-1,3,4-oxadiazoles with heteroatom substituents at C-2 (also known as corresponding A3-1,3,4-oxadiazo-
lines) are very useful materials for the thermal generation of acetoxy(alkoxy)-, dialkoxy-, alkoxy(aryloxy)-, diaryloxy-, alkoxy-
(alkylthio)-, bis(alkylthio)- and alkoxy(amino)-carbenes. Such carbenes are relatively nucleophilic and react with a variety of
electrophilic functional groups. This Account reviews our work to prepare 2,5-dihydro-1,3,4-oxadiazoles and apply them to
the synthesis of other target molecules.

Carbenes bearing alkoxy substituents at the carbene carbon can be looked upon as acetals of carbon monoxide. Their
reactions with electron-deficient alkenes or alkynes can afford acetals of cyclopropanones or cyclopropenones. Although such
products may be formed by concerted cycloaddition, initial formation of one bond to produce zwitterions is likely in some
cases. In addition, the reactions of these molecules with carbonyl compounds could involve acetals of a-lactones as inter-
mediates. Although we have isolated some acetals of cyclopropanones, we have not isolated the other intermediates. How-
ever, some of the products we observe probably resulted from these intermediates. For example, dimethoxycarbene reacts
with maleic anhydrides to generate six-membered rings by apparent carbonyl addition followed by an acyloxy group trans-
fer. Similarly, dimethoxycarbene reacts with thiocarbonyl compounds, such as xanthates, by apparent carbonyl addition and
transfer of the alkylthiyl group to the erstwhile carbene carbon. Reaction of ROC:(OR)' with an alcohol R"OH or a phenol
should generate chiral (racemic) orthoformates. Similarly, reaction of alkoxy(alkylthiyl) carbenes with alcohols could gen-
erate chiral (racemic) dialkyl thiyl orthoformates.

2,5-Dihydro-1,3,4-oxadiazoles are particularly useful for synthetic applications because they are easily prepared and rea-
sonably stable, thermal sources of bis(heteroatom)carbenes. Such carbenes react with a variety of electrophilic functional
groups, often with rearrangement of initial products. Those products, many of them new, could be used as starting mate-
rials toward other synthetic targets. Isolation of products from the reaction is relatively simple because the coproducts of
thermolysis of the oxadiazoles are primarily N, and a ketone, such as acetone. Thus, 2,5-dihydro-1,3,4-oxadiazoles should
be part of every synthesis chemist's toolbox.

Introduction

One of the first preparations of dimethoxycarbene

which illustrate interaction of oxygens” unshared
electron pairs with a vacancy (p-like orbital) at the

(DMC) by thermolysis of 7,7-dimethoxybicylo-
2,2,1-heptadiene derivatives,’ was published by
Hoffmann and Hauser who showed, soon after,
that the carbene is nucleophilic.?> Dimethoxycar-
bene has a singlet ground state, and it is nucleo-
philic as suggested by its contributing structures,
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carbene site, Scheme 1.

An alternative method for generating that car-
bene and others photochemically or thermally
from diazirines is very useful for the determina-
tion of lifetimes and spectra, for example, but less
useful for synthetic applications because most
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diazirines are explosive,® available only in dilute solutions of
hexane. 2,5-Dihydro-2,2-dialkoxy-5,5-disubstituted 1,3,4-oxa-
diazoles are the reagents of choice for many synthetic appli-
cations of dialkoxycarbenes, Scheme 2.

Synthesis

Synthesis of oxadiazole precursors of various dialkoxy car-
benes is relatively simple. Oxidation of the methyl ester of the
acetone derivative of hydrazine carboxylic acid (1) with lead
tetraacetate (LTA)* or iodobenzene diacetate® in methanol
leads to cyclization and formation of 2,5-dihydro-2,2-
dimethoxy-5,5-dimethyl-1,3,4-oxadiazole, 3, probably through
intermediate 2, Scheme 3. An acyclic, minor byproduct 4, that
is formed sometimes, is removed by saponification, and the
oxadiazole may be purified further by chromatography or dis-
tillation. Thermolysis at about 110 °C, usually in dry benzene
in a sealed tube, generates primarily dimethoxycarbene 5,
nitrogen, and acetone, Scheme 3.4% More recently, precur-
sors (6, 7) that thermolyze at about 50 °C were synthesized,
Scheme 4,°2 as well as a bicyclic oxadiazole.°® Compounds 6
and 7 must be generated and stored at low temperature to
prevent gradual thermolysis and formation of carbene dimer
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Scheme 3 could produce an analogue of 3, Scheme 5, and a
variety of di(oxygen-substituted)carbenes 11.”~° That is what
actually occurs, and very many oxadiazoles of that type have
been prepared, some of them diastereomeric.® LTA was used
most often as the oxidant, attacking hydrazones more rap-
idly than many other functional groups. Compounds such as
phenols are too sensitive to oxidants to survive, but aryloxy
groups can be placed at C-2 of the oxadiazole in one of two
ways. First, one can use an aryl ester of the hydrazone in a
nonoxidizable alcohol.'® Second, a substitution reaction, in
which a 2-acetoxy group in 12 is displaced by an aryloxy
group to form 13 under the influence of catalytic acid, Scheme
6, can be used after the oxidation s’cep.8 Some features of oxa-
diazole chemistry have been reviewed."'

Alcohols and phenols are not the only substituents at C-2
that lead to bis(heteroatom-substituted)carbenes. Alkylthiyl
groups and the phenylthiyl group, along with methoxy, have
also been introduced at C-2 (15) by the substitution method
to generate the corresponding carbenes (16), Scheme 7.'2 Bis-
(alkylthiyl)carbenes have also been generated from appropri-
ate oxadiazoles.'? Spiro-fused amino(oxy)oxadiazoles (18)
have been prepared as well, as indicated in Scheme 8, by
intramolecular ring closure of a probable intermediate 17.'*
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Thermolysis of 18 affords cyclic amino(oxy)carbenes 19,
Scheme 8.'4°

Mechanism of Thermolysis

The mechanism of thermolysis of 2,2-dimethoxy-5,5-dimeth-
ylI-1,3,4-oxadiazole and of several other 1,3,4-oxadiazoles was
established on the basis of computation'> and experiment.'®
The first step is a 1,3-dipolar cycloreversion, with disrotatory
motion of the C-2 and C-5 groups, producing N, and a car-
bonyl ylide intermediate 20, Scheme 9. The ylide intermedi-
ate is short-lived, fragmenting to a ketone and dialkoxy
carbene over a barrier of only about 0.4 kcal mol~" at 110
°C.'>“ The low barrier suggests that other carbonyl ylides of
type 20 are not likely to pass over much higher barriers. For
example, the carbonyl ylide from the 2-acetoxy-2-methoxy
analogue (12) fragments to acetoxy(methoxy)carbene over a
barrier of about 2 kcal mol™" at 110 °C."> In a few cases, an
alternative cycloreversion to afford a diazoalkane and a car-
bonate has also been observed, Scheme 9.">2 Photolysis of
the oxadiazoles does not lead to carbonyl ylides but, instead,
primarily to a carbonate and a diazo compound.'”

The small barrier to fragmentation of such ylides means
that their trapping by intermolecular cycloaddition is not likely
to succeed, although other carbonyl ylides, such as those with
one phenyl substituent, have been intercepted by

SCHEME 10
MeO pAc o MeO
- ~C=0
N —— MeoCoCoH; —=  [C
N H,C”
22

Me Me

cycloaddition.'®'® A dialkoxy carbene, on the other hand, can
be trapped in both intramolecular and intermolecular pro-
cesses. For example, reaction with phenol or t-butyl alcohol
has often been used to indicate that a carbene intermediate
was present, and methoxy(propargyloxy)carbene, for exam-
ple, reacted intramolecularly. Details are provided below.

Structural, Kinetic, and Thermodynamic
Aspects

The UV and visible spectra of DMC at 77 K were reported in
1988,2° the photoelectron spectrum in 1998,%' and the infra-
red spectrum of DMC (matrix isolated) in 2006.2% Contribu-
tions of dipolar structures are manifested through the double-
bond character of the carbene-to-oxygen bonds,?? Scheme 1.
DMC is more stable in the w-conformation (21a) than in the
sickle form (21b).2' The heat of formation of DMC was esti-
mated as —61 kcal mol~'.2® The most stable conformations
of acetoxy(methoxy)carbene have also been assigned.?* Rate
constants for insertions of dimethoxycarbene into the H-bond
of ethanol are about 3.2 x 10*s~" at 20—25 °Cin 1 M EtOH/
CH5CN,22 the acidity of the conjugate acid in water was cal-
culated to be 15.5%° or 11,%° and the intrinsic barrier to
protonation has been estimated as 1—5 kcal mol~'.2°

Me\o/"\o,l\/le

21a

Me~o~™0

21p Me

Reactions of
Bis(oxygen-substituted)carbenes

1. Self-Reactions. Dimethoxycarbene does not rearrange
readily in solution but in the gas phase, at high temperatures,
analogous dialkoxycarbenes rearrange to esters.?” In benzene
solution, dimethoxycarbene and asymmetric analogues dimer-
ize to tetraalkoxy ethenes.'* Acetoxy(methoxy)carbene rear-
ranges, by acetyl migration to the carbene center, to methyl
pyruvate 22, Scheme 10,%4 but the rearrangement is not so
fast as to preclude some trapping.®® Fragmentations to diradi-
cals or radical pairs have also been observed, as in the case
of benzyloxy(methoxy)carbene (BMC), Scheme 11.2873° Ben-
zyl radicals from BMC were trapped with 2,2,6,6-tetrameth-
ylpiperidin-1-oxy radicals (TEMPO).

2. Reactions with Alkenes, Alkynes and Dienes. A sec-
ond review of some aspects of intra- and intermolecular chem-
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istry of di(oxygen-substituted)carbenes was published in
1998.3" As expected, the nucleophilic dialkoxy carbenes add
to CC multiple bonds that are electron-deficient or strained.
6,6-Dimethylfulvene was used to illustrate the nucleophilic-
ity of DMC, which added to the fulvene to afford 1,1-
dimethoxy-2,2-dimethylspiro[2.4]hepta-4,6-diene 23, an
acetal of a cyclopropanone, Scheme 12.32 Additions to
strained or electron-deficient C=C bonds that also afford the
dimethyl acetal of a cyclopropanone are illustrated in Schemes
13,7 14*3 and 15.34

Nucleophilic character gives heteroatom-substituted car-
benes, such as dimethoxycarbene, some interesting proper-
ties. They react much more slowly (k ~ 103 M~ s~ for
addition of dimethoxycarbene to acrylonitrile)2° than electro-
philic counterparts and fail altogether to add to simple alk-
enes such as cyclohexene.®> Dimethoxycarbene added
stereospecifically to g-deuteriostyrenes, suggesting that addi-
tion to styrene is concerted.>® However, highly electrophilic
alkenes may add nucleophilic carbenes by a stepwise mech-

0 ¢

’4 CN
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O OMe

88%
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anism or the first formed cyclopropanes may undergo ring-
opening and reclosure to isomeric cyclopropanes via
zwitterionic transition states.?” Zwitterionic intermediates 243®
can lead to more stable five-membered isomers of cyclopro-
panes,*® Scheme 16, although such compounds could also
arise by means of concerted 1,4-cycloaddition.
Intermolecular addition to an electron-poor alkyne suggests
that stepwise addition to form a zwitterion can occur, as sug-
gested in Scheme 16. Nair and co-workers have developed
three-component reactions in which DMC adds to dimethyl
acetylenedicarboxylate (DMAD) to afford a zwitterionic inter-
mediate (25) that subsequently adds to a site of unsaturation
to afford a five-membered ring.>° In a recent example, addi-
tion of DMC to a conjugated cyclobutane-1,2-dione led to a
cyclopentene-1,3-dione (26), which then reacted by carbonyl
addition with a zwitterion from DMC and dimethyl acetylene-
dicarboxylate (DMAD) to afford a novel product from a three-
component reaction, Scheme 17.%° Although the zwitterion
postulate fits, it is conceivable that a cyclopropene is equili-
brated with the zwitterion. Product 27, isolated from reaction
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of diphenoxycarbene with DMAD, suggests that a cyclopro-
pene is an intermediate in some cases, Scheme 18.*'

Another addition of a dialkoxycarbene to an alkyne indi-
cates that an electron-withdrawing group is not required for
intramolecular addition. In Scheme 19, which represents a
complex sequence of reactions in one pot, some intermedi-
ates were inferred from results of deuterium-labeling and
incorporation of key intermediates. Intermediate 28 could be
isolated.**

DMC adds to electron-deficient dienes in the 1,4-sense.*3
Addition also occurs to C60.%*

3. Reactions with Carbonyl Compounds. One of the
first reactions of a carbonyl compound with DMC that indi-
cated the latter’s nucleophilicity was its reaction with tropone.
The product, isolated in 41% yield, was that of 1,4-addition.*>
Intermolecular reactions of DMC have since been observed
with a variety of carbonyl compounds, Schemes 20%° and
21,° for example. Reaction with 9-fluorenone, Scheme 20,
was studied with "0 and deuterium labeling, which showed
that the ester (29) is formed from the oxirane by ring-open-
ing of the latter and intramolecular methoxy transfer.*® A sim-
ilar intramolecular (carboxylate) transfer was inferred from
reaction of DMC with anhydrides, Scheme 21.° Intramolecu-
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lar reactions with carbonyl groups*” (Scheme 2247") have
afforded some novel products, 30 and 31.

4. Reactions with Thiocarbonyl Compounds. Thiocar-
bonyl groups*® also react with DMC, Schemes 2348 and
24.8¢ Isolation of 32, a 2:1 adduct, Scheme 23, was surpris-
ing and suggested the operation of a polar effect to enhance
the electrophilicity of the thiocarbonyl carbon that reacted to
form it. Ring expansion (Scheme 23) or insertion of DMC
(Scheme 24) is most easily understood in terms of a zwitteri-
onic intermediate in which migration of a neighboring group
to the positive site of the zwitterion (C*(OMe),) occurs.

5. Reactions with Imines and Cumulenes. DMC reacts
with iminyl double bonds in the 1,2-sense (with subsequent
rearrangement),*® as well as in the 1,4-sense.>® Reactions of
similar carbenes with isocyanates®' are illustrated in Schemes
25,1 26°' and 27.5'¢ In Schemes 25—27, for example, a
possible intermediate is an a-lactam that reacts with another
mole of isocyanate (or carbene). The mechanisms remain to
be investigated. Scheme 27 is particularly intriguing because
formation of a four-membered ring could indicate reaction of
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a zwitterionic intermediate (or a dimethoxy-o-lactam) with
DMC, Scheme 28.%'¢ A similar product was not reported in a
study of the reaction of phenyl isocyanate with DMC from the
bicyclic precursor of Scheme 2,'? suggesting that reactions of
DMC may be very dependent on reaction conditions.

Acetoxy(methoxy)carbene also reacts with isocyanates,
Scheme 29.% The mechanism, Scheme 30, probably involves
26 as an intermediate that appears to be set up for acetyl
transfer by a nucleophilic substitution mechanism. Although
that mechanism fits the products, the intermediate that fol-
lows next (27) is not necessarily stabilized sufficiently in ben-
zene. The mechanism remains to be established. DMC was
also shown to react with some bisketenes.>2

6. Reaction with Alcohols and Phenols. {-Butyl alcohol
or phenols have been used to demonstrate that a nucleophilic
210 = ACCOUNTS OF CHEMICAL RESEARCH

205-212 = January 2009 = Vol. 42, No. 1

SCHEME 31
MeQ, MeQ . _ MeQ, H
>:+ HOC(Me), H  OC(Me);
MeO MeO 28 MeOQ  OC(Me),
SCHEME 32
o} O
Ph 0 Ph
Je0°g + other products
Ph&NQ PhH Ph><:N P
N, OHO H O
N Me o
Me 53%
SCHEME 33
MeO
F MeO F CO,H
NO, o NO, H.O NO,
(MeO),C: + %HC» 2,
H+

carbene is formed by thermolysis of an oxadiazole.®'*? Alco-
hols and phenols presumably protonate the nucleophilic car-
bene to afford an ion-pair intermediate®3 (28, for example)
that collapses to an orthoformate, Scheme 31. An intramo-
lecular analogue has been reported, Scheme 32.'4P

7. Miscellaneous. Substitution, characteristic of nucleo-
philes, has been observed with Sanger’s reagent as substrate,
Scheme 33.%*

The schemes above are only a few examples of heteroat-
om-substituted carbene reactions. Readers looking for other
reactions should consult the references cited or could use a
search engine, such as Scifinder, to search under information,
structures, or authors” names. Some preparations have not
been published in detail, and many mechanisms have not
been established, but the application procedure is generally
very simple.

Summary and Outlook

Although many reactions and properties of heteroatom-sub-
stituted carbenes, derived primarily through thermolysis of
appropriate oxadiazoles, have been studied, it is clear that
only the surface is scratched and that many more uses of
those versatile reagents will be forthcoming. The author hopes
that this Account will inspire chemists worldwide to think of
and to try new applications.

The efforts of many of Warkentin’s skilled co-workers, whose
names appear in some of the references, are gratefully acknowl-
edged. Financial support was provided by the Natural Sciences
and Engineering Research Council of Canada.
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