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ABSTRACT

Silver triflate was found to be an efficient catalyst for the cyclopropenation of internal alkynes using donor-/acceptor-substituted diazo
compounds as carbenoid precursors. Highly substituted cyclopropenes, which cannot be synthesized directly via rhodium(II)-catalyzed
carbenoid chemistry, can now be readily accessed.

Cyclopropenes continue to attract attention from
the synthetic community because of their versatility as
building blocks for an array of interesting reactions.1

These carbocycles are highly strained, which causes
them to undergo useful transformations that are
thermodynamically unfavorable for typical olefins.2 One
of the most general approaches for the synthesis of
cyclopropenes 4 involves the reaction of alkynes 3 with
metal carbenoids 2 generated from diazo compounds 1

(Scheme 1).3

Three major classes of carbenoids have been used in
cyclopropenation reactions; acceptor carbenoids, accep-
tor/acceptor carbenoids, and donor/acceptor carbenoids.3

The outcome of the reaction is dependent on whether the
alkyne is a terminal alkyne or a disubstituted alkyne.
Acceptor carbenoids, such as those derived from ethyl
diazoacetate, are very reactive and will cyclopropenate
both terminal and disubstituted alkynes. The early studies
with ethyl diazoacetate used copper(I) salts at elevated
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temperatures (90�140 �C),4,5 but the copper catalysts have
been largely supplanted by dirhodium catalysts, which
form the cyclopropenes under very mild conditions.6,7 In
recent years, several chiral dirhodium catalysts have been
developed for asymmetric cyclopropenation with acceptor
carbenoids.8

Effective cyclopropenation with acceptor/acceptor car-
benoids and donor/acceptor carbenoids is a more recent
development compared to the reactions with acceptor
carbenoids.9,10 Highly enantioselective cyclopropenation
of terminal alkynes has been achieved with cobalt,9a

iridium,9b and rhodium10a�c catalysts, but the reactions
fail with disubstituted alkynes.10a Computational studies
of dirhodium catalysts indicate that the alkyne has close to
an end-on approach to the carbenoid with a deviation of
18.2� that would cause a steric clash for a disubstituted
alkyne. Furthermore the terminal hydrogen of the alkyne
interacts with the carboxylate ligands in the transition state
for cyclopropenation with donor/acceptor carbenoids.
This may explain why donor/acceptor carbenoids do not
cyclopropenate internal alkynes.10c

A potential way to overcome this limitation would be to
use more reactive types of donor/acceptor carbenoids.
Studies have shown that silver catalysts result in effective
reactions with donor/acceptor carbenoids.11 These silver
carbenoids donot undergoWolff rearrangements,which is
a common outcome for the silver catalyzed reactions of
acceptor carbenoids.12,13 Moreover, silver catalysts will
induce cyclopropanation by donor/acceptor carbenoids of
highly substituted olefins which were unreactive under
rhodium-catalyzed conditions.11a In this paper, we de-
scribe that silver catalysis is an excellent approach for the
cyclopropenation of internal alkynes with donor/acceptor
carbenoids.
We commenced the study by investigating the use of

various readily available silver salts in the cyclopropena-
tion of 1-phenyl-1-propyne 3a with methyl phenyldiazoa-
cetate 5. Indeed, cyclopropene 4awas obtained in excellent

yields using 10 mol % of silver(I) salts having loosely
bound counterionswith silver triflate providing the highest
yield of 97% (Scheme 2). Only trace amounts of cyclopro-
pene product were obtained when silver(I) salts of more
tightly bound counterions (i.e., NO3

�, PO4
3�, CF3CO2

�,
CO3

2�, PhCO2
�, SO4

2�) were used as a catalyst. These
resultswere consistentwith the trendobserved in the silver-
catalyzed cyclopropanation of styrene with 5.11a

Acceptor- and acceptor-/acceptor-substituted diazo
compounds were also utilized as carbenoid precursors to
determine the effect of the carbenoid structure on the
silver-catalyzed reactions (Scheme 3). Ethyl diazoacetate
7 failed to undergo cyclopropenation with 3a. Instead
C�Cl insertion occurred into the solvent dichloro-
methane to produce the dichloro derivative 8 in 85%yield.
Similar reactivity has been reported for silver scorpionate
catalysts.14 Diazomalonate also did not afford the desired
cyclopropene products. The 1H NMR analysis of the crude
reactionmixture showed that thediazocompounds remained
unchanged. Silver complexes are known to be capable of
forming thermally stable complexes with diazo compounds

containing two electron-withdrawing groups,15,16 and this
may explain the lack of reactivity with these systems.
Ethyl-2-diazopropanoate 10 was converted to ethyl
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acrylate 11, the product of a β-hydride elimination in 69%
yield, although, under rhodium catalysis, effective cyclo-
propenation can be achieved with 10.17 These results are
consistent with the hypothesis that silver carbenoids be-
have as more reactive intermediates than the rhodium
carbenoids,11a and it is only in the case of donor/acceptor
carbenoids that the carbenoid is sufficiently stabilized for
effective cyclopropenation to occur.
The generality of the silver-catalyzed cyclopropenation

was investigatedwith a range of disubstituted alkynes, and
the cyclopropene products were obtained in good to
excellent yields (Table 1). The structure of cyclopropene
4b was confirmed by X-ray crystallography.18 1,2-Diaryl
alkynes (entries 12�15) were effectively cyclopropenated
(64�98%). Cyclopropenation of alkyne with a boronic
ester functionality was achieved, as in the case of entry 14.
Monocyclopropenation of 1,3-diyne was also a viable
process affording the alkynyl cyclopropene 4p. It is also
interesting to note that the cyclopropenation reaction is
very chemoselective as C�H insertion at the benzylic site
(entries 7, 9�11) as well as themethylene site next to siloxy
groups (entries 8 and 17) was not observed. Terminal
alkynes such as phenylacetylene and 1-TMS-phenylacety-
lene (entries 18 and 19) did not afford the desired cyclo-
propenes. The reactions with these substrates resulted in
the formation of precipitates. It is well-known that term-
inal alkynes react with silver salts to form insoluble silver
acetylides,19 and this may be the reason for unproductive
cyclopropenation of the terminal alkyne.
Several substrates were tested to further determine the

chemoselectivity of the AgOTf-catalyzed reaction in more
functionalized systems (Table 2). Substrates that contain
both alkyne and alkene moieties were tested to determine
whether cyclopropenation would be more favored over
cyclopropanation. In the case of entry 1, only the cyclopro-
panation product 13was obtained as a single diastereomer.
The relative configurationof13wasassignedbasedonNOE
analysis. Interestingly, when the olefin is more highly sub-
stituted, the reaction favors the formation of the cyclopro-
pene 15 in 85%yield. In the case of entry 3, cyclopropene 17
was isolated in excellent yield (86%).Onlya trace amountof
the product from the cyclopropanation of the electronically
neutral and unsubstituted olefin was observed.
The scope of the AgOTf-catalyzed cyclopropenation

was further examined by utilizing various donor-/accep-
tor-substituted diazo compounds with 1-phenyl-1-pro-
pyne 3a as the representative alkyne trap (Table 3).
Excellent yields of the cyclopropene were obtained using
both electron-poor and relatively electron-rich aryldiazoa-
cetates. However, cyclopropenation was not observed in
the case of p-methoxyphenyl diazoacetate (entry 12) reflect-
ing the low reactivity of the p-methoxyphenyl carbenoid

Table 1. Silver-CatalyzedCyclopropenation ofVariousAlkynes
with Methyl Phenyldiazoacetate 5a

aReaction conditions: 1 mmol of 3 used in 10 mL of solvent, 0.5
mmol of 5 used. b Isolated yield. c p-Br phenyldiazoacetate used.
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even at refluxing conditions. Reaction with sterically de-
mandingdiazo compound such as in the case of entry 4with
the substituted ortho positions was also a viable process.
Varying the electron-withdrawing group on the carbenoid
was also possible as the trifluoromethyl-, phosphonate-, and
cyano-substituted cyclopropenes were formed in excellent
yields (84�98%, entries 9�11). Although methyl styryldia-
zoacetate has been shown to be an effective carbenoid pre-
cursor for Ag(I)-catalyzed cyclopropanation reactions,11a it
failed to afford the desired cyclopropene product (entry 13).
This failure is probably due to product instability.9a,b

In summary,wehave demonstrated that silver triflate is an
effective catalyst for cyclopropenation of disubstituted al-
kynes using donor-/acceptor-substituted diazo compounds.
Highly substituted cyclopropenes that have not been synthe-
sized before are now readily accessible. These studies demon-
strate that silver catalysis has advantages in certain cases over
rhodium catalysis. Further studies are ongoing to develop
suitable chiral silver catalysts, in order to achieve enantiose-
lective variants of the cyclopropenation reactions.
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Table 2. Chemoselectivity Studies: Cyclopropenation vs Cyclo-
propanationa

aReaction conditions: 1 mmol of substrate and 0.5mmol of 5 used in
10 mL of solvent. b Isolated yield. cProduct 13 formed with>20:1% dr.

Table 3. AgOTf-Catalyzed Cyclopropenation of 3a and Various
Diazoacetatesa

aReaction conditions: 1 mmol of 3a used in 10 mL of solvent, 0.5
mmol of aryldiazo used. b Isolated yield. c 1H NMR analysis of the crude
reaction mixture showed formation of carbene dimers.


