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I. Introduction

Cyclopropenes are highly strained molecules and,
not surprisingly, seek to relieve that strain by reac-
tion with other species, through dimerization, or
through rearrangement. For cyclopropenes carrying
a hydrogen at C-3, the strain is often reduced through
dimerization by an ene reaction; in other cases the
cyclopropene forms an apparent [2+2] cycloadduct.
When there is no hydrogen at C-3 or in the gas phase
where the rate of dimerization is reduced, cyclopro-
penes often undergo ring opening on heating. Thus,
the thermolysis of tetramethylcyclopropene (1) at 490
or 260-298 °C leads to dimethylpenta-1,3-dienes 2
and 3,1,2 while the bicyclic cyclopropene 4 is converted
at 225 °C in a base-washed Pyrex sealed tube at low
pressure into the alkyne 5 together with a small
amount of diene 6. This latter reaction is in marked

contrast to the photochemical ring opening of 4,
which leads to the allene 7.3

This review will cover an analysis of such processes
occurring under thermal conditions. It will not in-
clude directly either photochemical examples or those
induced through catalysis by a metal-containing
species.4-6 It will also not include the rearrangement
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processes of arylcarbenes, which can occur through
cyclopropene intermediates.

The literature concerning routes to cyclopropenes7

contains examples of three types of carbene precur-
sors, vinylcarbenes 8, cyclopropylidenes 9, and me-
thylenecarbenes (vinylidenes) 10, or related car-
benoids (Scheme 1). By far the most common of these
reactions is the cyclization of a vinylcarbene, often
generated by thermolysis of the sodium salt of a
tosylhydrazone.8,9 There are very few examples of the
conversion of cyclopropylidenes into cyclopropenes,10

although 2-silyl systems 9 do rearrange in this way.11

The insertion of a vinylidene, 10, into an adjacent
C-H bond to produce a cyclopropene is also not
common in thermal reactions;12 when observed, it is
not usually a high-yield process, and generally com-
petes with other carbene reactions:13

In other cases, products apparently formed by
further reaction of a cyclopropene derived in this way
have been reported.14-16 The insertion is seen more
frequently in photochemical processes.17,18

Each of the general reactions in Scheme 1 has also
been observed in the reverse direction, leading to the
potential for a series of equilibria, illustrated below
for the parent system:

The intermediates or transition states in the reac-
tions involving vinylidenes and cyclopropylidenes
only require what may be regarded as second-order
changes in the geometry of the carbon skeleton. In
the case of singlet vinylcarbenes a monorotation is
necessary as shown below; indeed the product on the
singlet energy surface has been described as either
a vinylcarbene or a diradical, and the reality may
depend on the degree of planarity of the product.
Moreover, the presence of suitable substituents may
dramatically distort the charge distribution in the
vinylcarbene, leading to a planar (or indeed non-
planar) structure that can be described as a dipole.
The situation is further complicated by the possibility
of inversion or rotation at the carbene center, leading
to a stereoisomeric anti (trans) vinylcarbene.

This set of reactions has been extended to try to
explain the thermal racemization of allenes,19 and the
thermal interconversion of allenes and alkynes.
Indeed, the thermolysis of alkynes under FVP condi-
tions is well established to produce vinylidenes that
may again be trapped in a variety of intramolecular
processes,20 while thermolysis of allenes can lead to
vinylcarbenes which may be trapped in intramolecu-
lar processes:21

II. The C3H4 Energy Surface
Although it undergoes very rapid oligomerization

through an ene reaction at below ambient tempera-
ture,7 thermolysis of cyclopropene in the gas phase
and at high dilution occurs primarily through a
unimolecular isomerization to propyne (log A ) 13.1,
Eact ) 37.3 kcal/mol). A minor product is allene, which
appears to form by two pathways including a radical
one.22 The kinetic data for the isomerization of allene

Scheme 1
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to propyne have been interpreted in terms of cyclo-
propene as an intermediate,23 and deuterium labeling
studies produce relative rates that suggest that 50-
100% of allene derived from propyne is formed
through cyclopropene.24 Shock tube experiments at
800-1200 K and calculations have confirmed that
cyclopropene is an intermediate and produced revised
values for transition-state energies.25,26

Experimental and theoretical analysis of the struc-
ture of vinylmethylenes provided evidence for both
cis- and trans-isomers of ground-state triplets.27-31

Later calculations of the C3H4 energy surface showed
that both prop-1-en-1-ylidene and cyclopropylidene
have singlet ground states and suggested that the
two geometrical isomers of the ground-state triplet
vinylcarbene are degenerate. Vinylmethylene was
found to be a key intermediate in the various isomer-
izations on the surface, though the singlet diradical
form was found to be more stable than the vinylcar-
bene.32,33 Ab initio calculations predict that thermal
ring opening of cyclopropene itself will proceed
through the cleavage of a C-C single bond in a
process which retains the initial structure up to an
opening angle of 110° and finally involves synchro-
nous rotation and bond reorganization to give a stable
carbenic species. This recyclizes easily though not
spontaneously, and thus, competing reactions can
occur.34,35 Calculations using MCSCF and CI show
that the singlet vinylmethylene has four isoenergetic
energy minima, two cis and two trans, which are
allylic in nature with the terminal hydrogen some-
what above the plane of the three carbons in both
forms. The singlet species are all rather unstable
toward ring closure to cyclopropene with a barrier of
just 1.3 kcal/mol for the cis-form. A direct reaction
path exists from cyclopropene to the cis-form with
an energy barrier of 36.5 kcal/mol, while that to the
trans-form is 3.7 kcal/mol higher. The ring opening
of cyclopropene to prop-1-en-1-ylidene (the reverse of
the final reaction of Scheme 1) is predicted to be a
concerted reaction occurring by a 1,2-hydrogen mi-
gration with a barrier of 41.5 kcal/mol, and the
barrier for the reverse process is 20.5 kcal/mol; hence,
unlike the reactions involving vinylmethylene, the
process is product forming.36,37 The calculations con-
firm that cyclopropene is an intermediate and pro-
duce energy barriers in excellent agreement with
experiment.22 The thermal allene to propyne isomer-
ization proceeds in four steps, via vinylmethylene,
cyclopropene, prop-1-en-1-ylidene, and then propyne.
A direct pathway does not exist on the ground-state
energy surface, and cyclopropylidene is not in-
volved.38 The potential surfaces for the propyne-
cyclopropene-allene interconversion, a process
thought to be important in the initiation of soot
formation through the production of propargyl radi-
cals that go on to form C6 species, and for the
formation of cyclopropene from singlet methylene and
ethyne, have been modeled on the basis of rate
measurements using laser flash photolysis.39,40

III. Alkylcyclopropenes
The most common products of gas-phase thermo-

lysis of simple alkylcyclopropenes having a hydrogen

at either C-1 or C-2 are alkynes. Although these
reactions were initially formulated as diradical pro-
cesses,2,22,41 the calculations discussed above sug-
gested that prop-1-en-1-ylidene is involved in the
rearrangement of cyclopropene itself.37 In the case
of 3-alkyl- and 3,3-dialkylcyclopropenes, the corre-
sponding 1,2-hydrogen shift would lead to a vin-
ylidene, 11 , that would be expected to rearrange very
rapidly by a second 1,2-hydrogen shift to an alkynes
a hydrogen shift being known to occur much more
rapidly than an alkyl shift in such systems:12

Indeed, 3-methylcyclopropene2 and 3,3-dimethyl-
cyclopropene2,42 both rearrange on heating to 185-
225 °C, and the corresponding alkyne makes up over
90% of the product. The rates are similar to those
for cyclopropene itself:

In the case of 1-methylcyclopropene, the product
is again the corresponding alkyne, but-2-yne (91-
94%), together with small amounts of buta-1,3-diene
and buta-1,2-diene.41 In this case, however, the
vinylidene intermediate must rearrange by a shift of
one or the other methyl group:

As in the cases of 3,3-dimethyl- and 3-methylcy-
clopropenes and cyclopropene itself, this rearrange-
ment is characterized by a large negative entropy of
activation; this presumably corresponds to a highly
ordered transition state in the initial hydrogen
migration leading to the vinylidene. The methyl
group decreases the rate of ring opening. The rate of
alkyne formation is also unusually low for 1,3,3-
trimethylcyclopropene, about 0.1, compared to 3,3-
dimethylcyclopropene, and the reaction at 483-525
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K leads to a complex product mixture including just
22% of the alkyne 14:

This is taken as evidence against a diradical-type
intermediate and in favor of a route to the alkyne 14
via the carbene 16 (R ) Me). The second step, a
migration of one or the other alkyl group, is again
much slower than the corresponding migration of
hydrogen in 16 (R ) H), the intermediate formed
from 3,3-dimethylcyclopropene; carbene formation
being reversible, the alternative dienic products from
a vinylcarbene species are obtained in competition
with alkyne formation.43

The labeled cyclopropene 17 rearranges thermally
at 260 °C to give the alkyne 19 (together with dienes),
labeled equally at each alkyne carbon. This process
can be explained in terms of approximately equally
likely migrations of methyl and isopropyl groups in
18, but is not consistent with a diradical or vinylcar-
bene intermediate. Under the reaction conditions, the
alkyne itself does not undergo scrambling of the
label.44

The labeling study also shows that the first two
dienes shown above, 12 and 13, are formed through
cleavage of the more substituted ring bond of the
cyclopropene to give a formal diradical intermediate.
In an elegant extension of this experiment, thermoly-
sis of the deuterated cyclopropene 20 was shown to
lead to a small amount of exchange of the deuterium
and the 2-propyl hydrogen, confirming that the ring
opening of the cyclopropene to the methylenecarbene
is reversible:44

In the case of 1-tert-butyl-3,3-dimethylcyclopropene
(22), thermal rearrangement in benzene between 150

and 195 °C leads to a complex mixture:45

The first two products (13, 4%) arise by formal 1,4-
hydrogen shifts in the two alternative vinylcarbenes
28 and 29, a reaction that has been shown to occur
in related carbenes using deuterium labeling.46 Al-
though there may be alternative explanations for
these two products, the third product, 25 (26%), is
characteristic of an intramolecular insertion by the
carbene 29 into a C-H bond of one of the tert-butyl
methyl groups, while the final product 27 (35%) can
readily be explained by a 1,2-methyl shift in the
carbene 29.45 The alkyne 26 (22%) may, on the basis
of the evidence presented above, arise through a 1,3-
hydrogen shift in 22 to produce a vinylidene inter-
mediate, 30, followed by an alkyl shift. The overall
reaction, which shows a first-order decay of the
cyclopropene, has a large negative enthalpy of activa-
tion (-17.8 eu; activation energy 29.8 ( 1.1 kcal/mol),
which is not consistent with a simple ring opening
and may again suggest more highly structured
intermediates. Similar thermolyses of 1-alkyl-3,3-
dimethylcyclopropenes (ethyl, isopropyl, butyl, isoamyl)
occur by unimolecular processes. In the final two
cases they lead to cyclopentenes such as 33, formed
in 5.5% yield by thermolysis in a sealed deactivated
Pyrex tube (log A ) 13.4 ( 0.2, Eact ) 37.4 ( 0.6 kcal/
mol), demonstrating the involvement of vinylidene
intermediates such as 32. Substantial yields of 2,4-
alkadienes and dramatic rate increases for these
cyclopropenes relative to the 1-methyl compound are
explained in terms of vinylcarbene intermediates.47,48

The isolation of 2-5% of a second cyclopropene, 34,
in this reaction provided early evidence for cyclopro-
pene-cyclopropene rearrangements. An indication of
this possibility is also given by the thermal inter-
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conversion of 35 and 36, although in these cases the
intermediate is probably a vinylcarbene:49

The isolation of different diene products in each of
these thermal reactions of 35 and 36 suggests re-
markable stereospecificity in the ring-opening pro-
cesses and/or subsequent hydrogen shift, given the
temperatures involved and the likely barriers to
chair-chair interconversion. In each case the formal
pseudoaxial C-C bond of the cyclopropene breaks.
This could lead to the “planar” vinylcarbene 35a or
indeed to a nonplanar diradical such as 35b. It would
be interesting to know whether the hydrogen mi-
grates from the axial or the equatorial position. If
this same process leads to the interconversion of 35
and 36, the C-C bond of the cyclopropene must re-
form either by closure from a pseudoequatorial posi-
tion or by a sequence of cyclohexane chair-chair
interconversion, pseudoaxial C-C bond formation,
and then a second ring flip.

The above mechanisms involving vinylidene inter-
mediates may also explain the fact that 1,3-diethyl-
cyclopropene racemizes in the gas phase at 160-190
°C (Eact ) 32.6 kcal/mol) 9 times faster than it
rearranges,50 a process that has previously been
explained in terms of a vinylcarbene intermediate.
Again, one of the major products of this reaction is
an alkyne:

In support of this, thermal interconversion of 1,3-
dimethylcyclopropene and 1-ethylcyclopropene, a pro-
cess that can be explained by two alternative alkyl
migrations in an intermediate vinylidene, has been
found to occur in competition with the formation of
pent-2-yne. The rate of ring opening of each cyclo-
propene was estimated to be about twice the rate of
alkyne formation.51 By determining the various rates
for the sequence shown below in the thermolysis of
2-deuterio-1,3-dimethylcyclopropene, it has been pos-

sible to establish that there is a small primary isotope
effect for the hydrogen migration, suggesting this is
concerted with vinylidene formation.52

Using labeled 1,3-dimethylcyclopropene and 1,3,3-
trimethylcyclopropene, it has been shown that the
relative migratory aptitudes of alkyl groups in vin-
ylidenes are Me:Et:i-Pr ) 1:3.1:1.5. The sequence is
thought to result from a combination of an increased
rate due to electronic effects and a reduced rate due
to steric effects.52,53 Kinetic analysis also allows
relative rates of 1,3-insertion of dialkylvinylidenes
into C-H bonds to be determined as primary:sec-
ondary:tertiary ) 1:16.5:46.4.53 Also observed is a
marked increase in the rate of formation of diene
products from 1-alkylcyclopropenes, which can be
explained by either hyperconjugative stabilization of
vinylcarbene intermediates or their different rates
of 1,2-hydrogen shift.53 Calculations using density
functional theory have been used to analyze the
various intermediates involved in the reactions of
2-methylbut-1-en-1-ylidene and 2,3-dimethylbut-1-
en-1-ylidene. These show that, for the former at 298
K, the migration rates should be in the order methyl
migration < C-H insertion < ethyl migration,
whereas for the latter the order should be methyl
migration < isopropyl migration < C-H insertion.54

In contrast to the above cyclopropenes that all have
at least one alkene hydrogen, thermolysis of 1,2-
dimethylcyclopropene does not produce any alkyne;
instead it rearranges to isoprene with an activation
energy of 44 kcal/mol and ∆Sq ) +3.4 eu.55 The
positive entropy of activation suggests a mechanism
different from that involving the vinylidene interme-
diate above leading to alkynes; instead it may involve
the formation of a vinylcarbene or the corresponding
diradical. The fact that the reaction is 4 times slower
than the ring opening of 1-methylcyclopropene pre-
sumably simply reflects the fact that the hydrogen
shift to form a vinylidene intermediate is not avail-
able in this case. The effect may however arise
instead due to stabilization of the ground-state cy-
clopropene.2 Like the 1,2-dimethyl-compound, tet-
ramethylcyclopropene rearranges thermally to
give a mixture of dienes, and alkynes are not ob-
served.2

The kinetic data for the various rearrangements
of alkylcyclopropenes are collected in Table 1.

IV. Halogenated Cyclopropenes

Gas-phase thermolysis of halogenated cycloprope-
nes has only been studied for a few examples. In the
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case of the halocyclopropenes 37 and 38, gas-phase
pyrolysis in a Vycor tube at 375-650 °C and 0.5-1
Torr is reported to lead to the corresponding allene
39 or 40, contaminated in the case of 37 (X ) Br) by
some propargyl bromide. In the same way, tetrachlo-
rocyclopropene rearranges to tetrachloroallene under
these conditions. No firm mechanism is indicated,
though the formation of a vinylcarbene followed by
a 1,2-halogen shift is favored. Given the well-known
trapping of tetrachloroprop-2-en-1-ylidene in the
thermolysis of the tetrachloride in the presence of
alkenes (vide infra), such a mechanism seems likely
at least in the case of this compound.58

A calculation of the pathway for the rearrangement
of 1,2-dichlorocyclopropene using QCISD(t)/6311G*/
B3LYP/6311G* gave the energies shown in Figure
1.

On this basis, it is clear that the favored ring
opening in this case also should be to the vinylcar-
bene, 1,2-dichloroprop-2-en-1-ylidene. The barrier to
this ring opening is calculated to be 30.3 kcal/mol,

while that for recyclization is just 10.2 kcal/mol.59 It
is interesting to note that similar calculations for the
ring opening of cyclopropene itself lead to corre-
sponding barriers of 35.8 and 4.5 kcal/mol. The
barrier to rearrangement of the dichlorovinylcarbene
to 1,1-dichloroallene, in contrast, is calculated to be
relatively high.59

Thermal ring opening of halogenated cyclopropenes
has been studied widely in solution, as discussed
later.

V. Tetrachlorocyclopropene

The thermal ring opening of tetrachlorocyclopro-
pene at 150-170 °C over a period of 15-20 h in the
presence of a wide range of alkenes leads to adducts
derived by apparent trapping of tetrachloroprop-2-
en-1-ylidene (41), which is in equilibrium with the
cyclopropene:9,60-63

The carbene adds to cis- and trans-alkenes with
retention of the alkene stereochemistry; although the
reaction occurs only in low yield with acrylonitriles,
addition to acrylates occurs efficiently.63 In general,
there is a moderate endo/exo-selectivity with both
electron-rich and electron-poor alkenes, though in
some cases this may be higher:60,63

Table 1. Gas-Phase Thermolysis of Alkylcyclopropenes

cyclopropene major product (%) log A Eact (kcal/ mol) ∆Sq (eu) ref

cyclopropene propyne (90-99) 13.3 37.5 -3.9 22, 23
35.2 2

1-methyl- but-2-yne (90-94) 12.9 38.1a -10.3 41
11.4 34.7 2, 56

1-ethyl- 13.4 38.4a,c 51
3-methyl- but-1-yne (90) 13.6 37.6 55

37.6 2
3,3-dimethyl- 3-methylbut-1-yne (90) 13.3 37.3 42, 57
1,2-dimethyl- isoprene (>96) 13.6 43.9 +3.4 55
1,3-dimethyl- complex 13.4 39.7b 51
1,3,3-trimethyl- 2-methylpenta-1,3-diene (complex mixture) 13.4 39.0 43

39.0 2
tetramethyl- isomeric dienes 12.5 39.9 2
1,3-diethyl- hept-3-yne 11.8 32.6 50
1-tert-butyl-3,3-dimethyl- 29.8 -17.8a

a Data are for the overall process. b For rearrangement to 1-ethylcyclopropene log A ) 12.3 and Eact ) 39.7 kcal/mol; for
rearrangement to 2-methylbut-1-ylidene log A ) 13.3 and Eact ) 38.6 kcal/mol. c For rearrangement to 1,3-dimethylcyclopropene
log A ) 12.3 and Eact ) 37.5 kcal/mol; for rearrangement to 2-methylbut-1-ylidene log A ) 12.9 and Eact ) 37.9 kcal/mol.

Figure 1. Calculated energies for species on the rear-
rangement path for 1,2-dichlorocyclopropene (kcal/mol).
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The carbene has a selectivity index toward alkenes
of ca. 0.38, corresponding to its being an electrophilic
species.64 The adducts with alkenes are intermediates
in a wide variety of transformations;63 for example,
they are readily converted by reaction with 2 or 3
molecular equivalents of an alkyllithium into the
mono- and dilithio species 42 and 43, and these can
be trapped by a range of electrophiles.

The carbene also inserts into C-H single bonds in
alkanes (e.g., into each C-H bond of hexane), into
the bridgehead bond of adamantane,62,63 into a C-H
bond R to oxygen in ethers,65 and into the methyl
group of tert-butyl methyl ketone.65

VI. 1,2-Dihalocyclopropenes
In the absence of an alkene or alkyne, the di-

chlorocyclopropene 44 decomposes in 18 h at 20 °C
in ether solution to give 47, a product characteristic
of insertion of a vinylcarbene, 45, into a C-H bond
adjacent to oxygen. The neat cyclopropene also
decomposes over a period of 18 h at 20 °C to give a
triene, 48; although this is the formal dimer of the
carbene 45, it is more likely to be produced by
reaction of the carbene 45 with the cyclopropene, for
example, to produce the adduct 49, which subse-
quently rearranges.66 Although the dichlorocyclopro-
pene 44 reacts only slowly at ambient temperature

under the above conditions, it is consumed much
more rapidly in the presence of an alkene, to give a
cyclopropane.67 This has been interpreted in terms
of an equilibrium between the cyclopropene and the
corresponding vinylcarbene 45 which is trapped in
the presence of an alkene. It is interesting to note
the calculations for the rearrangement of 1,2-di-
chlorocyclopropene described above which suggest a
lower barrier to ring opening to the corresponding
vinylcarbene than in the case of a simple alkylcyclo-
propene, a very low barrier to recyclization to the
cyclopropene, and a rather high barrier to rearrange-
ment to 1,1-dichloropropa-1,2-diene.59

In the case of the addition of 45 to simple alkyl-
substituted alkenes, the stereochemistry of these is
maintained in the product cyclopropane, suggesting
the addition of a singlet carbene derived by ring
opening of the cyclopropene; with cis-but-2-ene there
is a 5.5:1 selectivity for the cyclopropane with the
alkenyl group trans to the methyl substituents. In
the case of electron-poor alkenes, the substituent in
the product is apparently cis to the alkene group as
in 46, while, with dimethyl maleate, the stereochem-
istry about the alkene is partly lost in the addition.

Addition also occurs to dimethyl acetylenedicar-
boxylate, leading to cyclopropene 50, apparently de-
rived following a rearrangement of the initial adduct.66

The carbene is also trapped by addition to ketene-
alkyl silyl acetals:68

It is trapped by dienes to give dichlorocyclohepta-
1,4-dienes, after a Cope rearrangement of a mixture
of cis- and trans-divinylcyclopropanes:69,70
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The dichlorocyclopropene is also reported to react
with a nitrile oxide in an apparent three-center plus
three-center [4+2]cycloaddition:71

The introduction of a different substitutent onto
C-3 of the cyclopropene as in 51 can lead to a highly
stereoselective ring opening in which the products 52
and 53 of addition of the carbene 54 rather than 55
are obtained in the presence of appropriate alkenes,
again in reactions which occur over a few hours at
20 °C:72,73

Once again, the additions to cis- and trans-but-2-
enes lead to retention of alkene stereochemistry in
the product cyclopropane, but addition to dimethyl
maleate leads to partial loss of alkene stereochem-
istry. Even the cyclopropene 51 (X ) OCMe2OMe)
carrying a very large substituent ring opens at
ambient temperature, and the corresponding carbene
54 (X ) OCMe2OMe) is again trapped.74

The ring opening of cyclopropenes 51 (X ) C6H4Y)
occurs more rapidly when Y is an electron-releasing
group and the rate of cyclopropanation of 2,3-dim-
ethylbut-2-ene correlates with σI of the substituent
with a F-value of -0.8. A comparison of the relative
rates of addition of 54 (X ) H) and 54 (X ) OMe) to
a series of alkyl-substituted alkenes shows them to
be of about equal selectivity, but there is not a good
linear correlation with the relative selectivities of
dichlorocarbene. A good linear correlation is obtained
with the relative rates of addition of tetrachloropro-
pen-1-ylidene64 to alkenes.75

In the absence of an alkene trap, the cyclopropene
51 (X ) Ph) rearranges slowly to diene 56, a product
that can be explained either by an insertion of the
carbene 54 (X ) Ph) into a C-H bond of the benzyl
group to give a cyclobutene, which then ring-opens
to the diene or, more likely given that the reaction
occurs at 20 °C, by a 1,4-hydrogen shift in the
carbene.76,77 A similar reaction is observed for 51 (X
) OMe), though in this case the diene reacts further
with starting cyclopropene.72,77

The rearrangement of 51 has been analyzed using
quantitative SCF-MO calculations at the PM3 level
and the preference for the carbenes 54 rather than
55 explained in terms of stereoelectronic effects
between the cleaving σ-bond and the σ*-orbital of the
C-X bond.78 In contrast, cyclopropenes bearing bulky
nonpolar groups at C-3 are predicted to ring-open to
place these trans to the developing carbene center,
as seen experimentally below.

Reaction of the dichlorocyclopropenes 44 and 51
with a phosphaalkyne in ether solution at 25 °C leads
to a phosphirene, 58, the product of a 1,3-chlorine
shift in the initial adduct 57:79

Heating the phosphaalkyne with tetrachlorocyclo-
propene at 200 °C leads to a similar phosphirene,
albeit in low yield.79

The product 1-chloro-2-vinyl-1H-phosphirene re-
acts with an alkyllithium in two stages, first under-
going alkylation on phosphorus and then, with a
second equivalent, forming a phosphino-1,2,3-buta-
triene:80
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In another unusual reaction, the dichlorocyclopro-
pene 51 (X ) Cl) reacts with propanone to give 59,
the product of an apparent 1,6-hydrogen shift in an
intermediate ylide:81

The reaction of the cyclopropene with other ketones
and aldehydes leads to more complex products.

In the case of the alcohol 60, reaction with meth-
yllithium leads to an allene that has been explained
in terms of a complex series of reactions involving
the vinylcarbene 61:82

The corresponding 1,2-dibromide 62 also ring-
opens at 0-20 °C to the vinylcarbene 63; this again
may be trapped by addition to electron-rich alkenes
with retention of stereochemistry. It also adds to
electron-poor alkenes H2CdCHX to give cyclopro-
panes in which the dibromovinyl group and the X
group are cis. The corresponding substituted systems
64 (X ) OMe, Br) ring-open under similar conditions,
in each case to two isomeric vinylcarbenes 65 with
essentially no stereoselectivity, unlike the substituted
dichlorides described above.83

In the case of the dibromides 67 having a single
alkyl substituent at C-3, ring opening again occurs
in the presence of an electron-rich or an electron-poor
alkene to give the adducts 68 and 69 derived by
trapping of a vinylcarbene, though in these cases it
was the (Z)-carbene 70. The addition to cis-but-2-ene
again proceeds with retention of alkene stereochem-
istry. In the absence of an alkene trap the cyclopro-
pene rearranges in the reaction solution from the
tetrabromide 66 in ether to give the alkyne 71:84,85

Moreover, even the cyclopropene with no substitu-
ent at C-3, 1,2-dibromocyclopropene, is reported to
react with alkenes in solution at ambient tempera-
ture to produce vinylcyclopropanes 73, again appar-
ently by trapping of the ring-opened vinylcarbene
72:86

In the case of 1-bromo-2-chloro-3,3-dimethylcyclo-
propene 74 (X ) Br), ring opening again occurs at
ambient temperature and leads to a ca. 1:1 mixture
of isomeric vinylcarbenes 75 and 76 which are
trapped by an added alkene.87 However, 1-fluoro-2-
chlorocyclopropene 74 (X ) F) ring-opens highly
selectively, and only 1-chloro-2-fluoro-3-methylbut-
2-en-1-ylidene 77 is trapped by an added alkene. This
may be explained by the strong effect of fluorine in
stabilizing an anion at the â-carbon in the transition
state, leading to the dipolar resonance form of the
carbene or in weakening of the opposite C-C bond
of the cyclopropene.88

VII. Monohalocyclopropenes

Monocyclic monohalocyclopropenes are also rather
labile, but in general they rearrange to alkynes. Thus,
the labeled monochloride 78 rearranges slowly in
ether-CDCl3 at 20 °C to give C-2-labeled alkyne 79,
while the bromide 80 again rearranges regio-
selectively:89-91
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Although these reactions can be explained in terms
of a 1,2-halogen shift in an intermediate vinylcar-
bene, there is no evidence of trapping of these by an
added alkene. At first sight, the alkynes may also
again arise through a methylenecarbene such as 81
from 78, in this case derived by a 1,3-halogen shift,
followed by a 1,2-alkyl, hydrogen, or trimethylsilyl
shift; however, the labeling pattern in 79 is not
consistent with this as the favored 1,2-hydrogen shift
in such an intermediate carbene would lead to an
alkyne labeled at the CH carbon. It is also possible
that ionic processes are occurring, catalyzed by halide
ion, or in some cases that the reactions are promoted
by lithium ion present in the solution used to gener-
ate the cyclopropene.91,92 The reactions do proceed,
albeit more slowly when the cyclopropene has been
distilled, but addition of lithium bromide to a solution
of 80 in CDCl3 leads to a rate that is very similar to
that for distilled material. Vinylcarbenes have also
been implicated as intermediates in the formation of
by-products in the reactions of 1,1,2-trihalocyclopro-
panes with base.67,93,94

It is interesting to note that 3-ethoxy-1-chloro-
cyclopropene 82, generated by the halodesilylation
of 1,1-dichloro-2-trimethylsilyl-3-ethoxycyclopropane,
is trapped in situ by diphenylisobenzofuran, though
when 82 is generated by dehydrochlorination of the
dichloride with KO-t-Bu in tetrahydrofuran in the
presence of the furan, a most unusual allene, 83, is
isolated:95

Although a mechanism can be written involving
ring opening of 82 to a vinylcarbene and trapping of
this, it seems more likely that the cyclopropene
undergoes [4+2] cycloaddition to the furan and that

further dehydrochlorination under the reaction con-
ditions then leads to a second cyclopropene, 84, which
ring-opens to a vinylcarbene, 85, and rearranges
through a 1,2-alkyl shift.

Calculations on 1-fluorocyclopropene using DFT,
CCSD, CCSD(T) methods show that it can undergo
automerization involving a 180° rotation of its me-
thylene group through a carbene-like transition
state but without an intermediate carbene or diradi-
cal.96

The rearrangement of fluoroallene to singlet
fluorovinylmethylene has also been examined by ab
initio calculations which show that 1,2-fluorine mi-
gration is less favorable than 1,2-hydrogen migra-
tion.97

VIII. 3-Arylcyclopropenes

It has been known since 1967 that the thermolysis
of molten tetraphenylcyclopropene 86 (R ) H) at
235-240 °C leads to the formation of triphenylindene
88 in a reaction that shows first-order kinetics in
diphenyl ether-quinoline with Eact ) 40 ( 1 kcal/
mol and log A ) 14.0 ( 0.5. The process, which is
sensitive to traces of acid or oxygen, was rationalized
in terms of a diradical intermediate, 87 (R ) H), or
the related carbene which can formally insert into a
C-H bond, although an electrocyclic closure followed
by a hydrogen migration seems more likely, particu-
larly in view of the formation of 89 as one product
from the mesityl system 86 (R ) Me):98

3,3-Diphenylcyclopropene also rearranges at 200
°C, giving phenylindene in 80% yield.99 In the case
of 3-methyl-3-phenylcyclopropene, thermolysis at 180
°C leads to the formation of the indene 91, again
explained in terms of the intramolecular cyclization
of the ring-opened vinylcarbene 90. In the presence
of a very large excess of 2,3-dimethylbut-2-ene,
this may indeed be trapped as the cyclopropane
92.100 There is some evidence that the carbene
may also be trapped by electron-poor alkenes such
as ethyl crotonate. It is interesting to note that
there is no evidence in these systems of the 1,2-
hydrogen shift from C-1 to C-3 of the cyclopro-
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pene leading to a vinylidene and then an alkyne as
seen, e.g., in the case of 3,3-dimethylcyclopropene
above.

In the case of unsymmetrically 1,2-substituted cy-
clopropenes, selective formation of single indenes
may occur as shown below. Cyclization also occurs
into heterocycles at the 3-position of the cyclopro-
pene:98,101-104

In other cases, the intermediate may react further,
in the following example by an ene reaction:101

Similar reactions have also been reported for
3-ferrocenyl-3-phenylcyclopropenes.105-107 It is notice-

able that, in almost all cases, the cyclopropenes
described above are tetrasubstituted. The less
substituted systems have not been widely studied
or react in different ways; 1,3-diphenylcyclopropene,
for example, undergoes rapid dimerization through
an ene reaction even at below ambient tempera-
ture.108

Similar cyclizations leading to indenes are observed
when 3-aryl-1,1,2,2-tetrachlorocyclopropanes are
treated with methyllithium at ambient temperature
and below, apparently through rearrangement of the
derived 3-aryl-1,2-dichlorocyclopropenes, although
these may not be isolated:109

In the case of 93 (X ) H), carrying out the reaction
in the presence of a large excess of 2,3-dimethylbut-
2-ene leads to a small amount of the cyclopropane
derived by addition of 94 (X ) H) to the alkene.

When there is an isoxazole at position 3 of the
cyclopropene as in 95, ylide formation followed by
fragmentation is observed:110

In the case of the 2-oxa-3-azabicyclo[3.1.0]hex-3-
enes 96 and 98, fragmentation to pyrroles or meth-
ylenepyrroles occurs, apparently by cyclization of the
vinylcarbene intermediate to give a pyrrole such as
99, followed in the latter case by rearrangement to
100; the equivalent intermediate in the case of 96
presumably undergoes tautomerism to give the ob-
served product.110

Cyclopropane−Carbene Rearrangements Chemical Reviews, 2003, Vol. 103, No. 4 1281



IX. Vinylcyclopropenes

In a reaction similar to that above of 3-arylcyclo-
propenes, 3-vinylcyclopropene rearranges cleanly to
cyclopentadiene on flash vacuum pyrolysis at 250
°C.111 In contrast, 3-ethynylcyclopropene is stable to
FVP at this temperature, though it does rearrange
at above 500 °C to a 5:1 mixture of penta-1,4-diyne
and penta-1,2-dien-4-yne.

The barriers for ring opening of 1-vinylcyclopropene
to penta-1,4-dien-3-ylidene and to 2-vinylprop-2-en-
1-ylidene have been found by MINDO/3 semiempiri-
cal calculations to be 41.2 and 52.3 kcal/mol, respec-
tively.112 Given these barriers, it is not surprising
that 1-vinylcyclopropenes usually undergo other re-
actions to relieve their strain.71,111,113,114 The former
process has however been implicated in the photoly-
sis of the cyclopropene.113 It is interesting that this
process could in principle lead to a cyclopropene-
cyclopropene interconversion; although a suitable
system to study this has been reported, no evidence
for the isomerization is presented:115

X. Cyclopropenecarboxylates and Related
Systems

The ester 101 undergoes dimerization at 0-20 °C
over a period of several days to produce the bicy-
clobutane 102 which itself rearranges to triene 103.
Although the bicyclobutane can reasonably be ex-
plained in terms of the addition of the ring-opened
carbene 104 to the starting cyclopropene, the carbene

could not be intercepted by the addition of a large
excess of 2,3-dimethylbut-2-ene.116

At a pressure of 8 kbar, 101 reacts at 20 °C to give
a mixture of triene 103 and the epimer of 102 at
C-4.117

Trienes are also obtained from the thermolysis of
the corresponding 2-phenylcyclopropene, though in
this case the opposite regiochemistry is observed:118

The activation energy for the thermal isomerization
of esters of 2,3,3-triphenylcyclopropenecarboxylic
acid, which leads to 2,3-diphenyl-1-indenecarboxy-
lates, has been found to be 25 ( 1 kcal/mol, with an
entropy of activation of -22.4 eu in tetrachloroeth-
ylene at 160 °C. The reaction is not greatly acceler-
ated by a polar solvent (though the rate does increase
considerably in trifluoracetic acid, possibly due to
reaction through a cation). Although the reaction may
occur through the formation of a vinylcarbene, the
large negative entropy of activation is more consis-
tent with a concerted mechanism involving ring
opening and rotation of C-3 of the cyclopropene
through 90°.119,120 It is interesting to note that in this
process the bond to the ester substituent is cleaved
whereas in the corresponding photochemical process
the other σ-bond breaks.

The diesters 105 (R ) Me, CH2Ph) rearrange in
d6-benzene at 154 and 138 °C, respectively, with first-
order rates of 4 × 10-4 and 3.6 × 10-5 s-1, leading in
each case to a diene, 106. The isomeric esters 107
(R ) Me, CH2Ph) are both stable at these tempera-
tures but rearrange to complex mixtures at 190 °C.121

Experimental parameters have been determined
for the unimolecular isomerization of 1,2-dicar-
bomethoxy-3,3-dimethylcyclopropene, and calcula-
tions have been carried out at the ab initio level
using 1-methoxycarbonyl-3-methylcyclopropene as a
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model.122 The dibenzoyl system 108 rearranges at
room temperature to give a diketone and an R-
pyran:123

The activation parameters for the rearrangement
are ∆Hq 18.4 ( 0.6 kcal/mol and ∆Sq -24.7 eu in
toluene. They are relatively similar in nitrobenzene,
although this has a very different dielectric constant;
the reaction rate is only increased by a factor of 1.4
in the latter at 100 °C. Given these data it seems
likely that this reaction does not proceed through a
carbene intermediate but that a concerted retro ene
reaction as in 109 may be involved.

There are few examples of the ring opening of
simple cyclopropene-3-carboxylates. In one, a most
unusual cycloheptatriene is isolated, but this is most
likely derived by formal reaction of ethoxycarbonyl-
carbene with the solvent:124

XI. Alkoxy Substituents
The 3-alkoxycyclopropene 110 ring-opens only un-

der vigorous conditions, and the only products ob-
served are those apparently derived from the ther-
modynamically more stable carbene 111:95

There seem to be no examples of ring opening to
carbenes in simpler alkoxy-substituted cyclopro-
penes.

XII. Cyclopropenone Acetals
Cyclopropenone acetals ring-open readily at be-

tween 20 and 80 °C to give species that can be
described as planar delocalized vinylcarbenes or as
the dipolar form, e.g., 112. This can be seen in the
[3+2] trapping by a ketone to give 113, or by pyrones
substituted with electron-withdrawing groups:125-128

These “carbenes”, which are formed reversibly, are
nucleophilic and add readily to a wide range of
electron-poor alkenes to give cyclopropanes, though
when the alkene carries two electron-withdrawing
groups, a formal [3+2] dipolar cycloaddition is ob-
served.126,128,129 Mechanistic studies indicate that
[3+2] additions may proceed with partial loss of
alkene stereochemistry in a process for which both
the rate and stereoselectivity are solvent indepen-
dent. Triplet carbene traps and radical traps do not
react. These studies rule out a concerted [π2a+π2s]
cycloaddition, a stepwise addition-cyclization involv-
ing a singlet delocalized vinylcarbene and a zwitter-
ionic intermediate, and an addition involving a triplet
vinylcarbene or rearrangement of an unobserved
initial [1+2] carbene adduct. However, they are
consistent with a [3+2] process that proceeds by a
mechanism involving single electron transfer from an
electron-rich π-delocalized singlet vinylcarbene to the
electron-poor alkene.129

However, reaction with 2-cyclopropylmethylene-
malononitrile, an alkene designed to undergo ex-
tremely rapid rearrangement should a cyclopropyl-
methyl radical center be generated in this way, led
to no rearrangement.

In general, the major [1+2] cycloadduct with alk-
enes having a single electron-withdrawing group
often has this group and the ketene acetal group
cis,130-133 though ratios do depend on the alkene
substituents, reaction solvent, and nature of the
substituents on the cyclopropenone acetal.126 This
effect apparently arises through an attractive inter-
action between the electron-withdrawing substituent
and the cationic end of the dipolar singlet vinylcar-
bene.
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With R-pyrones, a four-center plus three-center
dipolar addition can occur:126,129,133,134

This has been applied in a key step in a formal
synthesis of colchicine:134,135

Addition to carbonyl groups leads to butenolide
ortho esters, the products of a formal three-carbon
plus two-carbon cycloaddition. These are hydrolyzed
in the presence of acid:126,127

The carbenes 114 are also trapped by the addition
of alcohols, leading to ortho esters.136 Related species
also apparently “insert” into the C-H bond of a
terminal alkyne, although both of these reactions are
rather different from a normal carbene insertion,
when both bonds are formed to the same atom:126

If the alcohol is replaced by water, the product is
an acrylate ester; by using 25 M D2O in acetonitrile,
it can be shown that the hydrogen added is entirely
cis to the ester. At lower D2O concentrations, the
stereoselectivity is lower, apparently due to isomer-
ization of the vinylcarbene to the anti-form 115.137

This indicates a relatively low barrier for inter-
conversion of the two forms, which have been calcu-
lated to be of nearly equal energy.133

The addition of substituents onto the cyclopropene
double bond has a marked effect on the ring opening
in the presence of water. While an ethyl substituent
slows the reaction and leads to complex products, and
a phenyl group leads to cleavage of both the cyclo-
propene σ-bonds with only low selectivity, SPh and
COOR substituents lead to reactions at room tem-
perature and with high regioselectivity:137

The introduction of substituents onto the cyclopro-
pene double bond also controls the regioselectivity of
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the addition process with alkenes carrying one elec-
tron-withdrawing substituent:131,137

It is noteworthy that the ring opening is highly
regioselective, placing aryl, silyl, phenylthio, and
ester groups selectively at the carbene carbon; once
again, it is also highly stereoselective, placing the
substituent X and the derived ester cis. However, as
the alkene concentration is increased, the regiose-
lectivity drops. This has been interpreted in terms
of the formation of regioisomeric vinylcarbenes de-
rived by cleavage of both cyclopropene σ-bonds, and
selective trapping of the more reactive carbene.

Again, with an alkene having two geminal electron-
withdrawing substituents such as 117, a cyclopen-
tene 118 is formed (Table 2).137 When one of X or Y
is hydrogen, the products derived by cleavage of the
more substituted cyclopropene σ-bond are formed
exclusively, except in the case of 116 (X ) H, Y )
Et, Z ) Ph).

With disubstituted systems, the bond carrying SPh
or ester substituents is cleaved preferentially. Al-
though the lower reaction temperatures observed
may reflect selective ring opening of the cyclopropene
to a single carbene, it is again possible that the two
regioisomeric carbenes are both formed in equilibri-
um with the cyclopropene and that only one of them
is trapped.137 Although an SET process is not for-
mally discussed in this case, it must as in earlier
examples be a possibility.

3,3-Dimethoxycyclopropene reacts with triazines in
toluene solution at 50 °C over a period of about 6 h
to give the products of a three-center plus two-center
cycloaddition, 119 when R2 * H and 120 when R2 )

H.138 The formation of 121 and 122 suggests that the
addition occurs at whichever C-N bond bears a
hydrogen on carbon.

Among the alkenes that trap vinylcarbenes derived
from cyclopropenone acetals are C60. A [1+2] adduct
is formed at 80 °C, but at above 140 °C, the predomi-
nant products are derived by [3+2] cycloaddition.139,140

XIII. Silicon Substituents
The section above covering alkylcyclopropenes (sec-

tion III) shows that those carrying a hydrogen on the
1-position of the double bond rearrange thermally to
alkynes by a 1,3-hydrogen shift to produce a vin-
ylidene, with subsequent rearrangement by a 1,2-
hydrogen or -alkyl shift. Calculations of the isomer-
ization of silylallene using ab initio molecular orbital
theory show that the silyl group is expected to
migrate more easily than a hydrogen in the parent
allene; in particular, the 1,3-silyl-migration that
would interconvert silylallene and silylpropyne has
barriers for the forward and backward reactions that
are about half the migration barriers in allene itself.
Silylcyclopropene 123 is predicted to rearrange with
the lowest activation barrier by a shift of silicon from
C-1 to C-3 to give 124; the next lowest activation
energy (QCISD(T)) is for a 1,3-hydrogen shift to
produce 125 (Scheme 2).141

The cyclopropene 126 rearranges in the gas phase
almost exclusively to the alkyne 128. The activation
energy is found to be 37.2 kcal/mol,42 very close to
that for 3,3-dimethylcyclopropene and to that calcu-
lated for path D in Scheme 2. A very low log A value
is also consistent with an ordered transition state
with migration of the alkene hydrogen to C-3 to
produce a vinylidene, 127.42 The reaction does, how-
ever, occur more slowly than that of 3,3-dimethyl-

Table 2. Typical Reactions of Cyclopropenone Acetals
116 with Dinitriles 117

X Y Z solvent temp (°C) time (h) yield (%)

H Et Ph toluene 150 82a

Ph H Ph benzene 75 15 76
SiMe3 H Ph toluene 100 7 62
SPh Et Ph THF 15 5 64
SPh Ph Ph THF 0 5 63
COO-i-Pr Ph Ph THF 25 14 64

a In a 71:29 ratio with 118 (X ) Et, Y ) H, Z ) Ph).
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cyclopropene itself. There seems to be no product
derived from a silyl shift from C-1 to C-3 of the
cyclopropene (path C in Scheme 2); perhaps in this
case this is disfavored over a hydrogen shift on steric
grounds.

The three silyl-substituted cyclopropenes 129-131
rearrange thermally as shown with activation ener-
gies of 45.9 (log A ) 13.4), 44.1 (log A ) 13.5), and
29.8 (log A ) 12.2) kcal/mol, respectively, and in each
case the corresponding allene is the major prod-
uct.142,143

In the first case, the allene appears to be derived
by a silyl shift in the ring-opened vinylcarbene 132
or diradical 132a. The second example, 130, is
characterized as reacting through a 1,2-silicon shift
to generate the corresponding cyclopropylidene 133.
Although 1,2-shifts in cyclopropylidenes or related
carbenoids are not common, the reverse of the silyl

shift converting 120 into 133 does occur efficiently,11

as predicted in Scheme 2, path B, above:

The third reaction above, leading to the allene from
131, has been explained in terms of a vinylcarbene
intermediate, 134. The ester 135 also rearranges
cleanly to allene.142

The introduction of a silyl group onto one of the
methyl substituents as in 136 leads to a marked rate
increase compared to that of 3,3-dimethylcyclopro-
pene and provides evidence of a 1,4-trimethylsilyl
migration in an intermediate formulated as a biradi-
cal 137, leading to the cis-silyl diene 138. A second
product, 139, formed in about equal yield, apparently
arises by a 1,4-hydrogen shift in the same diradical.
In the case of 140, the rate is about 400 times that
for the rearrangement of 1,3,3-trimethylcyclopropene
and the major product apparently arises by a 1,2-
silicon shift in the diradical 141. The radicals are
thought to be stabilized by the â-effect of silicon.144

The 3-vinylcyclopropenes 142 (X ) Si, Ge) rear-
range in hexane in a high-pressure Schlenk tube to
give mixtures of alkynes and allenes:

The allene is thought to arise by a 1,2-shift of XMe3
in a diradical or vinylcarbene intermediate. It is,
however, difficult to rule out an intermediate cyclo-
propylidene, especially by analogy with the reaction
of 130. The alkyne apparently results from a similar
shift in a vinylidene.145

Scheme 2
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The tetrasilylcyclopropene 143 rearranges quan-
titatively at 200-252 °C in d8-toluene to allene 144.
Kinetic studies indicate a first-order reaction with
an activation energy of 37.5 kcal/mol (log A ) 11.75).
The activation energy is 6.8 kcal/mol lower than that
for 3,3-dimethyl-1,2-bis(trimethylsilyl)cyclopropene.

The reaction was formulated as occurring via either
a cyclopropylidene or a vinylcarbene. To try to trap
an intermediate cyclopropylidene, the trisilyl species
145 have been prepared and their thermal reactions
studiedsin the hope of observing an intramolecular
addition of the carbene intermediate to the alkene.
In the cases of 145 (n ) 1 or 3), only the products of
apparent cyclopropylidene-allene rearrangement,
146, were isolated; with 145 (n ) 2), the product was
147, derived by an intramolecular ene reaction of the
cyclopropene. There was no evidence of intramolecu-
lar trapping of an intermediate cyclopropylidene by
the vinyl group, even though such a reaction is
known for other cyclopropylidenes.146

In a similar attempt to trap a cyclopropylidene by
intramolecular addition to an alkene, the photolysis
of cyclopropenes 148 and 149 has been examined.
Again, only allenes were isolated.146

Quantum mechanical ab initio calculations for
1-silylcyclopropenes show that for the 1-trimethylsi-
lyl-3,3-dimethyl compound there is good agreement
between observed and predicted product distribution
and activation energies and confirm that alkyne
formation occurs through a vinylidene intermediate
derived by an initial 1,3-hydrogen shift. A comparison
between the calculations for this silane and for
1-silyl-3,3-dimethylcyclopropene shows that the latter
is not a good model for trimethylsilyl substituents
in these systems. For the tetrasilyl cyclopropene,
calculations on the desmethyl model 150 suggest a
concerted ring opening via a vinylidene-like transi-
tion state but predict an activation barrier that is not
consistent with experiment. However, steric effects
in the methylated version may explain the differ-
ences. The calculations indicate that the polysilylated
systems should rearrange through vinylcarbenes and
that cyclopropylidenes can be excluded as intermedi-
ates.146

Some relative rates of rearrangement are collected
in Table 3.

XIV. Sulfur Substituents
Ring opening to a vinylcarbene, apparently in an

equilibrium process, and trapping by furan have also
been observed for a cyclopropene-1-sulfoxide, 151
(R ) H), even at -20 to +20 °C, though the methyl-
substituted analogue 151 (R ) Me) does not trap
alkenes even at 80 °C:147

In the absence of furan the cyclopropene rear-
ranges at 20 °C to the diene 152.117 The correspond-

Table 3. Relative Rates of Selected Cyclopropene Rearrangements at 500 K

cyclopropene product
rate

constant (10-4 s-1)
krel/

degeneracya ref

3,3-dimethyl- 3-methylbut-1-yne 9.5 58.4 42
1,3,3-trimethyl- 4-methylpent-2-yne 0.52 6.4 43
3-methyl-3-(trimethylsilyl)methyl- cis1-trimethylsilyl-3-methylbuta-1,3-diene 43.0 265 144
3-methyl-3-(trimethylsilyl)methyl- 1-trimethylsilyl-2-methylbuta-1,3-diene 40.6 125 144
3,3-dimethyl-1-(trimethylsilyl)methyl- 2-trimethylsilyl-4-methylpenta-1,3-diene 306 3774 144
3,3-dimethyl-1-trimethylsilyl- 1-trimethylsilyl-3-methylbut-1-yne 3.5 42.8 42

a Relative to cyclopropene.
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ing sulfone also ring-opens to the vinylcarbene at
room temperature, and this can be trapped by fu-
ran.148 In contrast, the corresponding thioether is too
unstable to isolate and rearranges to 3-methylbuta-
1,3-dienyl ethyl thioether, derived by an apparent
1,4-hydrogen shift in an intermediate carbene, 153,
and 2,7-dimethyl-4,5-ethylthioocta-2,4,6-triene, a for-
mal dimer of the carbene.117,149

As indicated above, thioether 131 rearranges in 10
h at 150 °C to allene either by ring opening to the
vinylcarbene 134 followed by a silyl shift or by a 1,2-
silyl shift to give the cyclopropylidene, and then
rearrangement to the allene 154. It is not possible
to trap either intermediate by intermolecular addi-
tion to an alkene, and the activation energy for the
process is about 4 kcal/mol higher than that observed
for 3-isopropyl-1-methylthio-2,3-diphenylcyclopro-
pene.142

The thioether 155 rearranges under relatively mild
conditions by cleavage of the σ-bond to the carbon
bearing the sulfur substituent, and products are
observed from both stereoisomeric vinylcarbenes:95

In related systems, the rearrangement in refluxing
benzene leads to the more stable sulfur-substituted
carbene 157 rather than 158. It is interesting to note
that the isomeric cyclopropene 159 does not rear-
range under these conditions. In the case of 3-iso-
propyl-2,3-diphenyl-1-thiopropylcyclopropene, the rate
of rearrangement is only slightly changed in different
solvents; the activation energy for the rearrangement
in methanol has been determined to be 23.6 kcal/
mol.150,151

Cyclopropenes such as 160 carrying a second
heteroatom substituent also rearrange to indenes 161
under similar conditions, again provided the thio-

alkyl group is on C-1 s compound 162 being unreac-
tive:152

In other cases, the intermediacy of a carbene is only
implied from the products. Thus, trapping of tri-2-
propylthiocyclopropenium ion (163) by sodium aryl-
sulfinates in dry acetonitrile or benzene at reflux
leads to products 164 and 165, consistent with
vinylcarbene intermediates:

The allene 165 can be explained in terms of a
1,2-shift in the carbene 166, derived from an
initially formed cyclopropene (which can be isolated
if the reaction is carried out at room tempera-
ture). Cyclization of the carbene as shown,
followed by fragmentation, would lead to the enone
164.153 The cyclopropenium ion also reacts with

R R′Z Eact (kcal/mol) ∆S‡ (eu)
Me 4-ClC6H4O 21.5 ( 05 -10.1 ( 1.3 (CCl4)
Me 4-ClC6H4S 21.5 ( 0.1 -10.1 ( 0.1
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naphthylamines in refluxing acetonitrile or dimeth-
ylformamide at 85 °C to give the tricycle 168. This
is apparently derived by initial formation of a 3-
aminocyclopropene, ring opening to the corres-
ponding vinylcarbene 167, and then insertion of this
into the R-CH bond of the remote ring, followed by
loss of one molecule of thiol. In a similar way, the
anion of pyrrole reacts with the cyclopropenium ion
in dimethyl sulfoxide at 25 °C over 1.5-2 h to give
169.154

XV. Aminocyclopropenes
If the alkylthio group in cyclopropenes such as 155

and 156 is replaced by an amino substituent, amino-
indenes are isolated on heating in benzene. These are
again derived by cleavage of the heteroatom-substi-
tuted σ-bond. In other solvents, however, carbenium
ion rearrangements are observed leading to isomeric
indenes 170:155

The bicyclic cyclopropene 171 carrying a 3-amide
substituent rearranges in benzene in 4 h at 154 °C in
a sealed tube, giving a low yield of 172, apparently

derived by intramolecular trapping of a vinylcar-
bene:156

XVI. Nitrocyclopropenes
1-Nitro-2-phenyl-3,3-dimethylcyclopropene under-

goes an unusual cycloaddition to furan, leading to the
bicycle 173, apparently derived by addition of the
vinylcarbene 174 to the alkene:157

It is not clear, however, whether all the products
are actually derived from thermal reactions of the
cyclopropene.

Simple 3-nitrocyclopropenes are relatively rare.
The parent is too unstable to isolate, though it is not
clear to what it decomposes, while 3-cyano-3-nitro-
cyclopropene and silylated analogues are relatively
stable and can undergo [4+2] cycloaddition to cyclo-
pentadiene rather than ring opening or oligomeriza-
tion.158,159

XVII. Bicyclic Systems
The ring opening of cyclopropenes to vinylcarbenes

also occurs in bicyclic systems; such processes have
been reviewed.160 Thus, the 1,2-elimination of halo-
gen from bicyclic trihalocyclopropanes such as 175
(n ) 3, 4) often leads to the isolation of a relatively
stable cyclopropene, but in the bicyclo[3.1.0] ring
system 175 (n ) 1), only the product of trapping of a
ring-opened carbene by furan can be isolated:161,162
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The stereochemistry assigned to related compounds
on the basis of NOE experiments (see below) suggests
that that assigned to the adduct above may need to
be reversed, i.e. that it is actually 181 (X ) CH2).
The cyclopropene 176 can also be generated by
dehalosilylation of 178 or by dehydrochlorination of
179 (X ) CH2) and the derived carbene 177 trapped
as above by furan and by insertion into the C-H bond
R to oxygen in tetrahydrofuran.163

In the same way, reaction of 179 (X ) O) with
potassium tert-butoxide leads to elimination to cy-
clopropene 180 (X ) O), which may be trapped as a
[4+2] cycloadduct with diphenylisobenzofuran but in
the presence of furan undergoes ring opening and is
trapped as 181. The corresponding cyclopropene 180
(X ) S) does not ring-open to carbene and is trapped
in [4+2] cycloadditions.161,164

The tetrahalide 182 reacts with methyllithium by
two rather different routes. One of these involves a
1,2-dehalogenation leading to the cyclopropene 183.
Ring opening produces the vinylcarbene 184 which
inserts into the solvent, ether, to give a pair of
diastereomeric ethers 185:165

This pathway is favored at low temperature. It is
interesting to note that no product of a 1,2-hydrogen
shift in the carbene is observed.

The highly strained cyclopropenes 186 are only
kinetically stabilized by a low barrier and have also
been shown to isomerize thermally even in an argon
matrix at 10 K to carbenes 187.166-168 The cyclopro-
pene is transformed directly into triplet carbene, and
intersystem crossing is rate determining; at low

temperature the rates are independent of tempera-
ture, indicating a quantum mechanical tunneling
process. In contrast, 4,4-dimethylcyclohexa-2,5-di-
enylidene undergoes an irreversible cyclization to 4,4-
dimethylbicyclo[3.1.0]hexa-1(6),2-diene in an argon
matrix at 10 K.169

It is interesting to note that the silicon species 4,4-
dimethyl-4-silacyclohexa-1,4-dien-6-ylidene ring-
contracts to the cyclopropene 188,170,171 while 189
ring-opens to the corresponding indenonylcar-
bene.171

In the bicyclo[4.1.0]heptene series, 190 is reported
to form 2-chlorocyclohepta-1,3-diene when generated
by a dehalosilylation in a vacuum gas-solid system;
the reaction is thought to involve ring opening to the
carbene 191,172 a process that apparently occurs even
at -90 °C.173 However, a later study, in which the
cyclopropene was generated from 1-trimethylsilyl-7,7-
dichlorobicyclo[4.1.0]heptane and tetrabutylammo-
nium fluoride in solution, leads to the formation of
the dichloride 195, apparently derived from the
alternative vinylcarbene 194. Since the diene ob-
tained on dehydrochlorination of 195 shows proper-
ties identical to those reported for the diene 192, the
earlier interpretation may not be correct.163

Ring expansion is also reported for the bicyclo-
[6.1.0]nonene 196. Reaction with water leads to (E)-
2-chloromethylenecyclooctanol and cycloocten-1-car-
boxaldehyde, a process claimed to involve the trapping
of cyclooctenylchlorocarbene; reaction with oxygen is
reported to lead to 2-chlorocyclonon-2-enone, a pro-
cess reported to involve 2-chlorocyclonon-2-en-1-
ylidene.174 However, no trapping of the carbenes by
alkenes is reported, and there are alternative non-
carbene processes that may lead to the observed
products.

Cyclopropenes have also been proposed as nonisol-
able intermediates in the generation of vinylcar-
benes in polycyclic systems. Thus, although
the cyclopropene 197 does not ring-open at -110 °C
to produce anthracenylcarbene,175 reaction of
198 with base leads to 199; cleavage of the exter-
nal σ-bond leads to a carbene which inserts into the
C-H bonds adjacent to oxygen in tetrahydro-
furan:176,177
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No products derived by cleavage of the internal
σ-bond of the cyclopropene are observed.

When a suitable substituent is present at the
9-position of the phenanthrene ring, intramolecular
trapping of the carbene is observed leading to furans
or cyclopentadienes:178,179

There is some evidence that vinylcarbenes are
formed from a number of related bicyclo[4.1.0]-
heptanes, though in most cases these are trapped as
ethers by reaction with the base.

XVIII. Dicyclopropenes
Thermolysis of the dicyclopropene 200 leads to

benzocyclobutene, tetralin, and styrene as the major
products. These have been explained in terms of the
formation and trapping of a vinylcarbene, 201, though
there is little direct evidence to support this.180

XIX. Conclusion
The thermal ring opening of cyclopropenes provides

a template for the examination of the core reactions

of vinylidenes and vinylcarbenes and, to a rather
lesser extent, of cyclopropylidenes. In the case of
cyclopropene itself and of alkylcyclopropenes, these
ring-opening reactions occur only at relatively high
temperatures, generally above 200 °C. When the
cyclopropene has hydrogens at C-1 and C-2, the
predominant reaction is a hydrogen shift from C-1
to C-3 of the cyclopropene, leading to a vinylidene
(methylenecarbene), 202, which rapidly rearranges
to an alkyne through a 1,2-hydrogen shift. With a
single hydrogen on the double bond, a similar 1,3-
hydrogen shift occurs, but the derived vinylidene 203
now rearranges by a slower process, a 1,2-alkyl shift,
and alternative products derived from a vinylcarbene
are observed in competition with alkyne. Those
alkylcyclopropenes with no alkene hydrogens ring-
open to vinylcarbenes 204, which usually undergo
hydrogen shifts. Although intramolecular trapping
of these intermediates can readily be observed,
intermolecular trapping is not.

The introduction of a range of substituents can
dramatically reduce the temperature at which ring
opening occurs. Thus, simple 3,3-dialkoxycyclopro-
penes ring-open at about 80 °C, and the addition of
selected substituents leads to reaction even at 0 °C,
while 1,2-dihalocyclopropenes react at 0-20 °C. In
both these reactions, the formal vinylcarbene inter-
mediates may be trapped in a variety of useful
intermolecular processes. Cyclopropene-1-carboxy-
lates, cyclopropene 1-thioethers, 1-sulfoxides, and
sulfones can also ring-open to vinylcarbenes at ambi-
ent temperature, although there are far fewer ex-
amples.

Alkyl- or aryl-substituted 3-arylcyclopropenes gen-
erally rearrange at temperatures of 170-200 °C and
lead to indenes by apparent cyclization of a vinyl-
carbene intermediate, which in some cases can be
trapped in intramolecular processes. Substituents
such as thioether groups at C-1 dramatically reduce
the reaction temperature. The corresponding 1,2-
dichloro-3-arylcyclopropenes undergo a similar cy-
clization and cannot be isolated under the conditions
of their generation at below ambient temperature.
These reactions can be applied to the synthesis of a
variety of polycyclic frameworks.

Despite the number of publications in this area of
cyclopropene chemistry, there are still many sub-
stituent patterns for which there is no information
on thermal reactions (see Table 4). It seems likely
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that within these there will be additional opportuni-
ties for generating carbenes that have useful syn-
thetic potential as well as providing fuller informa-
tion on the factors that control the various ring-
opening processes.

It is also possible that the introduction of additional
strain into polycyclic cyclopropenes will lead to rear-
rangements under very mild conditions and novel
reactions of derived vinylcarbenes. One example is
seen in the possible intermediacy of a vinylcarbene
into generation of an anti-Bredt olefin which is
subsequently trapped by diphenylisobenzofuran:
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