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1. Introduction

Although the first allene to be characterized, 1,2-
propadiene itself, was synthesized as early as 1888
by Gustavson and Demjanov,1,2 compounds contain-
ing one or several 1,2-diene moieties remained rela-
tively rare until the 1950s. However, from 1955 and
onward several rather general methods for the
synthesis of the 1,2-diene moiety were developed, and
as a result the allene functionality could gradually
be more easily incorporated even in rather complex
molecules. Within a couple of decades a large variety
of functionalized allene derivatives were readily
available in considerable quantities, and during the
past 40 years or so the allenyl group has developed

from almost a rarity to an important and versatile
synthon in organic synthesis. This development is
clearly reflected in the steady flow of books and
reviews dealing with the reactivity of this three-
carbon unit,3,4 and current literature reveals that the
allene moiety has become an established member of
the weaponry utilized in modern organic synthetic
chemistry.

The first seemingly general method for the syn-
thesis of allenes was published around 1960. Inspired
by the work of Doering and LaFlamme, who obtained
allenes in fair yields by treating 1,1-dihalocyclopro-
panes with pieces of sodium or magnesium metal at
elevated temperature,5 Moore and co-workers6 and
Skattebøl7 discovered, almost simultaneously, that
allenes were formed, generally in better yields, when
the same cyclopropanes were exposed to an alkyl-
lithium reagent at low temperature (-78 °C) instead.
The mechanism of the transformation, which was
coined the Doering-Moore-Skattebøl reaction, was
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gradually uncovered and proved to involve a carbene-
like intermediate (a carbenoid) or a free carbene
(cyclopropylidene), formed by more or less complete
collapse of the 1-halo-1-lithiocyclopropane generated
when a 1,1-dihalocyclopropane undergoes lithium-
halogen exchange.8 The ring opening of various
cyclopropylidenes has recently been described in
detail on the basis of density functional theory and
ab initio quantum-mechanical computations.8h,8i

The Doering-Moore-Skattebøl reaction was im-
mediately adopted and applied by organic chemists,
and over the years a large number of allenes have
been synthesized according to their protocol. How-
ever, due to the immediate focus on the reaction and
the considerable amount of research it generated, a
number of its limitations were uncovered fairly
quickly. Thus, Skattebøl discovered, for instance, that
addition of methyllithium to 1,1-dibromocyclopro-
panes with a vinyl group attached directly to the ring
furnished cyclopentadienes due to a deep-seated
rearrangement (later to be called the Skattebøl
rearrangement).8d,9 It also became clear that a num-
ber of cyclopropylidenes underwent C-H insertion
instead of allene formation.7b,8d,9a,9b,10 Furthermore,
it appeared that allene formation was hampered by
the presence of certain substituents, which, for
instance, were prone to complex with lithium, able
to react with a carbenoid with a partial negative
charge at the divalent carbon, or capable of inter-
cepting intermediate cyclopropylidenes before ring
opening to allene occurred.8d,11,12 Finally, functional
groups that react easily with alkyllithium reagents,
such as formyl and alkoxycarbonyl groups, often
complicate matters and give allenes in mediocre
yields, if any at all.8d As a result, application of the
Doering-Moore-Skattebøl reaction to incorporate an
allene moiety in multifunctionalized molecules di-
minished as new and milder alternative allene syn-
theses became available.

The discovery of the alkyllithium-induced conver-
sion of gem-dihalocyclopropanes to allenes generated
a lot of activity among experimental and theoretical
chemists alike, and a large number of studies were
initiated to uncover the chemical properties of halo-
genated and nonhalogenated cyclopropanes. All of
these efforts improved the utility and extended the
chemical potential of the cyclopropanes, and these
improvements also included the development of
alternative routes from cyclopropanes other than 1,1-
dihalocyclopropanes to allene derivatives. However,
as described and discussed in detail in several critical
reviews,8d,8f,8g many of the transformations that were
discovered were either impractical or so limited in
scope that they were barely used and made little
impact before they drifted out of focus. Cyclopropane
chemistry has therefore become less important for
the development and use of allene chemistry since
the last timely reviews of the chemical properties of
the cyclopropanes were published or prepared some
8-10 years ago.8 Consequently, the amount of mate-
rial to be covered in this contribution is rather
limited, as reflected by its length.

2. Synthesis of Allenes from Halogenated
Cyclopropanes

2.1. From Monohalocyclopropanes
It is well established that 1-halogeno-1-(1-haloal-

kenyl)cyclopropanes easily undergo elimination of
halogen and form allenes (alkenylidenecyclopro-
panes) when treated with methyllitium.13 In recent
years the method has been used only to convert
cyclopropanes 1a and 1b to the corresponding allenes
2a and 2b, which both were obtained in 98% yield
when the reaction was performed at -30 to 20 °C
(Scheme 1).14

The most recent procedure for the synthesis of
allenes from cyclopropanes that are lacking a gem-
dihalo moiety is based on Satoh’s method for the
preparation of magnesium carbanions by a sulfox-
ide-metal exchange.15 The procedure involves addi-
tion of a Grignard reagent to a 1-chlorocyclopropyl
phenyl sulfoxide (e.g. 3a), which can easily be pre-
pared in moderate to good overall yields from alkenes
by fairly straightforward chemistry [cyclopropanation
under phase-transfer conditions using triethylben-
zylammonium chloride (TEBACl) as catalyst, chlo-
rination with N-chlorosuccinimide (NCS), oxidation]
as illustrated in Scheme 2.16

The conversion of 1-chlorocyclopropyl phenyl sul-
foxides to the corresponding allenes 7 turned out to
be sensitive to both the Grignard reagent and the
temperature (Table 1).16 Thorough studies, which
included deuterium incorporation experiments and
temperature variation studies, revealed that EtMgCl
and i-PrMgCl were inferior to PhMgCl as reagent for

Scheme 1

Table 1. Treatment of 3a with 2.5 Equivalents of an
Alkylmetal under Various Conditions16

alkyl-
metal conditions

electro-
phile

products
(yield, %)

BuLi -78 °C, 5 min H2O complex mixture
EtMgCl -78 °C, 5 min H2O 8a, R′ ) H (82)
EtMgCl -78 °C, 5 min CD3OD 8a, R′ ) D (77)
i-PrMgCl -78 °C, 5 min H2O 8a, R′ ) H (79)
i-PrMgCl -78 °C, 1 h CD3OD 8a, R′ ) D (80)
PhMgCl -78 °C, 5 min H2O 3a (89)

8a, R′ ) H (trace)
PhMgCl -78 to -60 °C, 1 h H2O 3a (71)

8a, R′ ) H (23)
PhMgCl -78 to -50 °C, 1 h;

-50 °C, 3 h
CD3OD 7a (9)

8a, R′ ) D (85)
PhMgCl 0 °C, 10 min H2O 7a (82)
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the sulfoxide-metal exchange, which gives magne-
sium cyclopropyl anions (6) as the primary products
(Scheme 3). More importantly, however, it appeared
that if the reaction mixture was not allowed to warm
above -30 °C prior to hydrolysis, ring opening to
allene did barely take place; instead, the correspond-
ing desulfinylated cyclopropanes (8) were obtained
in good yields. This clearly indicates that magnesium
carbenoids are significantly more stable than the
corresponding lithium carbenoids, which rearrange
to give allenes even at -78 °C.6,7,8d Running the
reaction above -30 °C should therefore facilitate
allene formation from the magnesium carbenoids,
and that turned out to be the case; when three
substituted 1-chlorocyclopropyl phenyl sulfoxides
were reacted with an excess of PhMgCl at 0 °C for a
short time, the corresponding allenes were obtained
in excellent yields (Table 2). Consequently, Satoh’s
method for allene preparation16 looks very promising,
although it is obvious that the Grignard reagent
involved is bound to introduce significant limitations
for its use when the substrates are multifunctional-
ized.

2.2. From 1,1-Dihalocyclopropanes

Few new applications of the Doering-Moore-
Skattebøl procedure for allene synthesis have been
reported since the last extensive reviews of the
reaction.8 Most new examples involve 1,1-dibromocy-
clopropanes, which are neither tetrasubstituted nor

part of a bicyclic or polycyclic structure that is unable
to accommodate an allene moiety without significant
strain and, accordingly, should give the correspond-
ing allenes when treated with methyllithium. The
compounds appeared to behave in keeping with this
prediction and gave allenes in excellent yield when
treated with MeLi (Table 3).17

Over the years the Doering-Moore-Skattebøl
reaction has been used to prepare a range of cyclic
allenes that are difficult to isolate and characterize
due to secondary reactions.8,18 Recently Balci and co-
workers published the conversion of two gem-bro-
mofluorocyclopropanes, 9 and 10, to the correspond-
ing strained allenes (Scheme 4).19 When the reactions
were carried out at - 25 °C, in the presence of furan
as a trapping agent, the relatively stable Diels-Alder
products 11 and 12, respectively, were obtained in
fair yield (Scheme 4).19 A noteworthy related example
is the highly selective conversion of (1R,7S)-8,8-
dibromo-1-phenylbicyclo[5.1.0]octane to one enanti-
omer of 1-phenyl-1,2-cyclooctadiene (absolute config-
uration unknown), which dimerizes at room tempera-
ture (Scheme 5).20

Among the compounds reacted are also a couple of
7,7-dibromobicyclo[4.1.0]heptane derivatives, which

Scheme 2

Scheme 3

Table 2. Reaction of 1-Chloro-2R,3R′-Cyclopropyl
Phenyl Sulfoxides 3 with 2.5 Equivalents of PhMgCl
under Various Conditions16

sulfoxide 3 reaction conditions
allene 7

(yield, %)
chloride 8
(yield, %)

3a 0 °C, 10 min 7a (82)
3ba -78 to -30 °C, 70 min 7b (25) 8b (47)
3ba 0 °C, 10 min 7b (82) 8b (trace)
3c (R ) R′ ) Ph) -78 to -30 °C, 70 min 7c (26) 8c (65)
3c (R ) R′ ) Ph) 0 °C, 10 min 7c (89) 8c (trace)
3d (R ) H, R′ )

PhCH2CH2)
0 °C, 10 min 7d (89)

a 17-Chloro-8,8-ethylenedioxy-17-(phenylsulfinyl)bicyclo[14.1.0]-
heptadecane.

Table 3. Conversion of 2- and 3-Substituted
1,1-Dibromocyclopropanes to the Corresponding
Allenes by Reaction with MeLi

substituent at C-2 and C-3
yield of

allene (%) ref

R2 ) CH2SiMe3 only product 17a
R2 ) Me, R2 ) Me, R3 ) CH2SiMe3 only product 17a
a only product 17a
R2 ) 1-(tert-butyldimethylsilyloxy)cyclo-

propyl, R3 ) Ph (trans)
92 17b

R2 ) 1-(tert-butyldimethylsilyloxy)cyclo-
propyl,, R3 ) hexyl (trans)

90 17b

R2 ) R3 ) cyclopropyl (cis) 82 17c
a 1R,2R,8R-9,9-Dibromo-2-(trimethylsilyl)bicyclo[6.1.0]nonane.
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are not expected to give an allene moiety when
exposed to methyllithium, but rather tricyclohep-
tanes due to C-H insertion of an intermediate
cyclopropylidene.6a,21 Generally, C-H insertion in
such systems is not regiospecific,21 but Creary and
co-workers have shown that the reaction can become
so by introducing a trimethylsilyl substituent in
strategic positions in the molecule.17a Thus, treat-
ment of 1R,2R,6R-7,7-dibromo-2-(trimethylsilyl)bicyclo-
[4.1.0]heptane (13) with MeLi gave one product only,
2-(trimethylsilyl)tricyclo[4.1.0.02,7]heptane (14), in
79% yield (Scheme 6). When the same reaction is
performed with 7,7-dibromobicyclo[4.1.0]heptane, the
reaction is not regiospecific;21 obviously, the trimeth-
ylsilyl group causes the CH in the R position to be
oriented in such a way that an effective 1,3-C-H
insertion of the cyclopropylidene can occur. The same
influence is clearly observed when 2R-substituted
6,6-dibromobicyclo[3.1.0]hexane derivatives are treated
with MeLi; thus, bicyclobutane formation is not
observed when R ) H,22 but when R ) SiMe3,
1R,2R,5R-6,6-dibromo-2-(trimethylsilyl)bicyclo[3.1.0]-
hexane (15) gives the strained compound 1-(tri-
methylsilyl)tricyclo[3.1.0.02,6]hexane (16) under the
same conditions (Scheme 7).17a

The activating influence from the trimethylsilyl
group was also observed when 1,1-dibromo-2,3,3-
trimethyl-2-(trimethylsilylmethyl)cyclopropane (17)

was reacted with MeLi and 1,4,4-trimethyl-2-(tri-
methylsilyl)bicyclo[1.1.0]butane (18) was obtained
(Scheme 8); thus, C-H insertion of one of the two
methylene hydrogen-carbon bonds predominated
quite significantly over one of the nine methyl
hydrogen-carbon bonds.17a

Butyllithium has been used successfully to convert
the gem-dibromocyclopropyl group in a number of 3,3-
dialkyl-1,1-dibromo-2-(1-bisarylphosphinylethylidene)-
cyclopropanes (19) to an allene moiety, but the final
product after workup depends on the alkyl groups.23

When at least one cyclopropyl group is attached to
C-3 in the cyclopropane ring and both aryl groups
are phenyl, no secondary reaction takes place after
the allene formation is complete and the correspond-
ing butatrienes 20 are formed (albeit in moderate
yield) (Scheme 9). However, when both alkyl groups
are methyl, the butatrienes are attacked at the δ
carbon relative to the phosphinyl group by the
cyclopropyl anion generated initially, and the only

Scheme 4

Scheme 5

Scheme 6 Scheme 7

Scheme 8
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stable products isolated are the spiropentanes 21,
each isolated as a single stereoisomer (Scheme 10).23

The yields of the spiropentanes are surprisingly good
considering the complexity of the systems involved
(Table 4).

1,1-Dibromo-3,3-dimethyl-2-[(diphenylphosphinyl)-
methylidene]cyclopropane (22) was also reacted with
BuLi at low temperature, but in this case no allene
formation was observed at all. Instead, enyne 23 was
formed in 35% yield, conceivably because the initial
attack shifts from the dibromo moiety to the relative
acidic proton next to the phosphinyl group (Scheme
11).23

It should also be mentioned that if 1,1-dibromocy-
clopropanes are treated with either MeLi or BuLi at
low temperature (<-78 °C) and the resulting product
mixture is kept at this temperature for a period of
time, the stability of the corresponding 1-bromo-1-
lithiocyclopropanes formed initially may increase
enough to favor other reactions at the expense of
allene formation.8d-g This has been utilized by Ban-
well and co-workers to convert the tricyclic gem-
dibromocyclopropane 24 to the syn-cyclopropylidene

dimer 25, which, after addition of dichlorocarbene,
oxidation, and photolysis, affords the tube-like com-
pound 26 (Scheme 12).24 The yield of 25 was rather
low (only 11%) due to formation of a number of other
products, including its anti analogue.

Furthermore, if gem-dibromocyclopropanes are
treated with an alkyllithium reagent at -95 °C or
below and copper(II) chloride is added before or after
the lithium reagent has been introduced, a formal
carbene dimerization generally becomes much more
efficient and may in a number of cases completely
predominate.25 This is, for instance, the case when
2-benzyl-1,1-dibromocyclopropane (27) is reacted with
BuLi at -95 °C to afford 2,2′-dibenzyl-1,1′-bi(cyclo-
propylidene) (28) in 87% yield as a mixture of all
possible stereoisomers (Scheme 13).25a

It should also be mentioned that the Doering-
Moore-Skattebøl method has been used to convert
1,1-dibromo-2-phenyl-3,3-dimethylcyclopropane (29)
to 3,3-dimethyl-2-phenyl-1-trimethylsilylcyclopropene
(30),26 which gives an allene when irradiated under
the right conditions (see section 2.3). The synthesis
is summarized in Scheme 14.

It is well established that gem-dibromocyclopro-
panes react with Grignard reagents and as a rule give
an isomeric mixture of the corresponding monobro-
mocyclopropanes in fairly good yield.8f,8g,27 It was
therefore surprising when Oshima and co-workers
reported that the reaction of 1,1-dibromo-2-hexylcy-
clopropane with butylmagnesium bromide affords
1,2-nonadiene28a and that other gem-dibromocyclo-
propanes react with lithium tributylmagnesate and
give the corresponding allene as byproducts.28b On
this basis Baird and co-workers re-examined the
reaction of such cyclopropanes with Grignard re-
agents and found that under optimum conditions,
gem-dibromocyclopropanes which yield cyclopropyl-
idenes that can easily undergo ring opening, furnish
the corresponding allenes in very high yield.29 The
best results were obtained when the reaction was
performed at room temperature. At lower tempera-
ture stable 1-bromo-1-(bromomagnesio)cyclopropanes

Scheme 9

Scheme 10

Table 4. Conversion of 19 (R1 ) R2 ) Me) to 21 by
Treatment with Butyllithium23

Ar
yield of
21 (%) Ar

yield of
21 (%)

phenyl 52 4-bromophenyl 41
4-chlorophenyl 68 4-tert-butylphenyl 58

Scheme 11
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are formed and may be trapped by a number of
electrophiles, in accordance with the observation that
magnesium carbenoids are significantly more stable
than the corresponding lithium carbenoids (see sec-
tion 2.1). Thorough studies of the conversion of 1,1-
dibromo-2-methyl-2-phenylcyclopropane (31) to 3-
phenyl-1,2-butadiene (32), which usually gave a cis/
trans mixture of 1-bromo-2-methyl-2-phenylcyclo-
propane (33) as byproduct, revealed that ethylmag-
nesium bromide was the preferred reagent (Table 5)
and that 1.3-2.0 mol equiv of the reagent were
required to achieve complete conversion.29 Other gem-
dibromocyclopropanes were reacted under the same
conditions and, indeed, the corresponding allenes
were obtained in excellent yields (Table 6).29 Given
the advantages of ethylmagnesium bromide over any

alkyllithium reagent with respect to preparation,
stability, and reaction conditions, it is obvious that
Baird’s method may offer significant benefits in
allene synthesis.

2.3. From 1,1,2-Trihalocyclopropanes

It is well established that 1,1,2-trihalocyclopro-
panes do not give allenes but undergo dehalogenation
and furnish 1-halocyclopropenes when treated with

Scheme 12

Scheme 13

Scheme 14 Table 5. Reaction of 32 with Different Grignard
Reagentsa in THF under Identical Conditions at
Ambient Temperature29

product distributionb
Grignard
reagent 31 32 33

EtMgBr 3 97 tr
EtMgCl 81 18
i-PrMgBr 98 1
t-BuMgCl 33 16 48
PhCH2MgBr 16 82 tr
PhMgBr 92 1 2
MeMgCl 87 11 2

a An excess of the Grignard reagent was used, 2.0 mol equiv
of t-BuMgCl, 1.5 mol equiv of the others. tr, trace. b Product
distribution was determined by GLC analysis.

Table 6. Preparation of Allenes 32 from
gem-Dibromocyclopropanes 31 with Ethylmagnesium
Bromide in THF at Ambient Temperature29

starting
material

amount of
Grignard reagent

(mol equiv)
isolated yield

of 32 (%)

31a 1.7 96
31b 1.3 96
31c 1.3 92
31d 2.0 93
31e 1.7 91
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alkyllithium.30 Such cyclopropenes are rather un-
stable,30b,30c,30e but when an additional equivalent of
alkyllithium is added, the corresponding 1-lithiocy-
clopropenes may be formed and, if formed, can be
electrophilically substituted by means of several
reagents to give synthetically useful compounds. One
useful electrophilic reagent is trimethylsilyl chloride,
which furnishes the corresponding 1-(trimethylsilyl)-
cyclopropenes that are known to rearrange to allen-
ylsilanes upon direct photolysis.31

This strategy has recently been used to prepare a
selection of variously substituted allenes with 1,1-
dibromo-2-chloro-3,3-dimethylcyclopropane (34) as
starting material. Kirms and co-workers treated this
cyclopropane with 2 equiv of methyllithium followed
by chlorotrimethylsilane and obtained 1-trimethyl-
silyl-3,3-dimethylcyclopropene, which was used to
make cyclopropenes 35a-c for subsequent photoly-
sis.26 When these cyclopropenes were dissolved in
pentane and exposed to Pyrex-filtered light from a
medium-pressure mercury lamp, they were efficiently
consumed and gave in each case an allenylsilane (36)
as the main product in good yield (Scheme 15).
Compound 30 reacted in an analogous fashion and
gave the corresponding allene in 80% yield.26

Generally it is believed that cyclopropenes rear-
range via a vinylcarbene intermediate under both
photolytic and thermal conditions.32 However, when
cyclopropene 30 was photolyzed in methanol instead
of pentane to trap the conceivable transient vinyl-
carbene and isolate the expected methoxylated de-
rivative 37, none of the product was detected; the
only compound isolated and characterized was 3-meth-
yl-1-phenyl-1-(trimethylsilyl)buta-1,2-diene (36d),
which was obtained in quantitative yield (Scheme
16).26 It is therefore reasonable to believe that 1-(tri-
methylsilyl)cyclopropene derivatives are converted to
allenes via one or several noncarbenoid pathways.

Cyclopropane 34 was also used by de Meijere and
co-workers to prepare two 1,2-disilylated 3,3-dimeth-
ylcyclopropenes for mechanistic studies;33 the syn-
theses are shown in Scheme 17. Treatment with 2
equiv of MeLi followed by the addition of allylchlo-
rodimethylsilane or but-3-enyl(methylsulfonyloxy)-
dimethylsilane gave the monosilylated cyclopropenes
38a and 38b. Both compounds were then deproto-
nated with lithium diisopropylamide (LDA) at -78
to 20 °C and subsequently substituted with the
appropriate alkenylchlorodimethylsilane reagents in
the same temperature range to give the correspond-
ing bisilylated cyclopropenes 39a and 39b in 45 and
40% yields, respectively. (The 1-propenyl group at-
tached to one of the silicon atoms in 39a was formed

from an allyl moiety by a base-catalyzed double-bond
shift.33) Subsequent irradiation of both compounds
in pentane with a low-pressure mercury lamp (λ )
254 nm) resulted in complete conversion of both
cyclopropenes to the corresponding allenes 40a and
40b (Scheme 18).33 In neither case were even traces
of the expected34 trapping product 41 detected, which
supports the theory that 1-silylated cyclopropenes are
converted to allenes via noncarbenoid pathways.

It should also be mentioned that de Meijere and
co-workers have synthesized three 3-alkenyl-1,2,3-
tris(trimethylsilyl)cyclopropenes (42) [from tris(tri-
methylsilyl)cyclopropenylium hexachloroantimonate33],
which were photolyzed (with light from a low-pres-
sure mercury lamp) and thermolyzed separately.33 In
all experiments except one the corresponding allene
(43) was formed in good or excellent yield (Scheme
19); the exception was 3-(but-3-enyl)-1,2,3-tris(tri-
methylsilyl)cyclopropene (42b), which furnished nor-
car-3-ene derivative 44 when heated in toluene at 210
°C (Scheme 20). The only reasonable mechanism to
account for the formation of 44 would be an inter-

Scheme 15 Scheme 16

Scheme 17
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molecular ene reaction, which proceeds as indicated
in Scheme 20 and the involvement of which is
supported by the absence of spiropentane 45. The
spiropentane would most likely have been formed if
a cyclopropylidene intermediate had been involved.9a,34

3. Allenes from Nonhalogenated Cyclopropanes
with No Allene Moiety

The literature contains a number of examples of
modified cyclopropane reactivity caused by substit-
uents attached directly to the ring. One group that
can induce reactivity changes is the ethynyl group,
particularly in combination with other substituents;
ethynylcyclopropanes have therefore gained interest
as synthetic building blocks over the past decade or
so.35 One such derivative, trans-1-ethoxy-2-ethynyl-
cyclopropane (46),36 appears to be an excellent start-
ing material for the synthesis of the 3,4-pentadienal
moiety with a protected aldehyde functionality.37 The
reagent facilitating this transformation is the binu-
clear ruthenium precatalyst [Ru(O2CH)(CO)2(PPh3)]2,
which is known to promote selective Markovnikov-
type addition of carboxylic acids to terminal alkynes,
including cyclopropylethyne, without rearrange-
ments.38

When a mixture of 46 and a carboxylic acid in
benzene is treated with this ruthenium complex at
elevated temperature (70-75 °C), regioselective ring
opening of the cyclopropane ring takes place to
furnish the corresponding 1-acyloxy-1-ethoxypenta-
3,4-diene (47), a derivative of penta-3,4-dienal, which
suffers polymerization easily unless the aldehyde
group is protected. The yield is generally >90% when
the acid exhibits minimal steric bulk, but with
sterically more demanding compounds, such as piv-
alic acid, concomitant formation of the corresponding
trans-1-(1-acyloxyethenyl)-2-ethoxycyclopropane (48)
generally takes place (Scheme 21) (Table 7).37

Two interesting observations are relevant for an
understanding of the mechanism of this formal 1,4-
addition of carboxylic acids to 46.31 First, enol ben-
zoate 48f is unchanged after extensive heating in the
presence of the ruthenium catalyst; consequently,

Scheme 18

Scheme 19

Scheme 20
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compounds 47 do not result from a rearrangement
of 48 once the latter are formed. Second, experiments
proved that 46 is unreactive when treated with the
precatalyst at elevated temperature in the absence
of a carboxylic acid. On this basis the reaction has
been described as a multistep process starting with
electrophilic attack of the ruthenium complex on the
triple bond to give η2-coordination compound 49
(Scheme 22). Because the allene formation is strongly
associated with the ethoxy group, it is conceivable
that the decreased electron density at the triple bond,
caused by the metal coordination, favors the opening

of the ring to give the zwitterionic intermediate 50.
The positive charge, stabilized by the oxygen atom,
is then attacked by the carboxylate to give the
σ-allenylruthenium complex 51, which affords 47
upon protonolysis.

An ethynylcyclopropane moiety is also believed to
be involved when 7-ethynyl-1,3,5-cycloheptatrienes
(52) rearrange to the corresponding arylallenes (53)
at 60 °C in THF containing trifluoroacetic acid (TFA)
(Scheme 23).39 Valence tautomerism converts the
cycloheptatriene to the norcaradiene form, and sub-
sequent protonation of the triple bond gives a vinyl
cation, which facilitates cleavage of the cyclopropane
ring and, eventually, formation of 53. Both 52a and
52b were formed in quantitative yield, but the latter
reacted >300 times more rapidly than the former,
probably because bulky substituents shift the cyclo-
heptatriene-norcaradiene equilibrium toward nor-
caradiene.39

4. Allenes from Cyclopropanes with an Allene
Moiety

Certain allenes, particularly aryl-substituted ones,
have also been prepared by photolysis and thermoly-
sis of 1-ethenylidenecyclopropanes substituted at the
2- and 3-positions of the three-membered ring and
at the 2′-carbon of the ethenylidene moiety. Such
cyclopropanes, which can be prepared according to
various procedures,40 including the reaction of 1,1-
dibromocyclopropanes with NaOH under phase-
transfer conditions in the presence of an alkene and
tetrabutylammonium hydrogensulfate,41 may be con-
verted to other allenes in reactions that may or may
not involve cleavage of the cyclopropane ring.

4.1. With Temporary Cleavage of the
Cyclopropane Ring

Some 1-(2′,2′-diarylethenylidene)-cis-2,3-dimethyl-
cyclopropanes (54a-e) and 1-(2′-methyl-2′-phenyleth-
enylidene)-cis-2,3-dimethylcyclopropane (54f) have
been converted to the corresponding trans isomers
55 by irradiation under various conditions.42,43 Ir-
respective of the reaction conditions during the
photolysis, the isomerization is in no case complete,
because the trans isomers also react and regenerate
the corresponding cis isomers (Scheme 24). Conse-
quently, a reaction mixture with a cis/trans ratio that
does not change, a so-called photostationary state
(PSS), is achieved after some time. The time it takes
to reach the PSS is sensitive to the structure of the
compound and the mode by which the excited state
of the ethenylidenecyclopropane moiety is achieved.

Direct irradiation42 gave in most cases a PSS
mixture close to 1:1 in both benzene and more polar
solvents. Furthermore, the photoisomerization was
not quenched by typical triplet quenchers such as
oxygen, isoprene, and cyclohexa-1,3-diene; this is
indicative of a singlet mechanism for the process.

The photoisomerization occurs even more quickly
in the presence of triplet sensitizers such as ac-
etophenone, benzophenone, and Michler’s ketone
(MK) to give a cis/trans PSS mixture close to 3:7
(Table 8).42 Pyrene, however, did not sensitize the

Scheme 21

Table 7. Conversion of 46, with
[Ru(O2CH)(CO)2(PPh3)]2 and RCOOH in Benzene
at 70-75 °C, to 47 and 4837

R

amount of
catalyst
(mol %)

reaction
time (h)

yield of
47 (%)

yield of
48 (%)

Me 1.0 3 a; 96
Bu 0.2 6 b; 84
CH2dCH(CH2)8 0.4 6 c; 92
cyclopropyl 0.4 4 d; 93
t-Bu 0.4 6 e; 62 e; 29
Ph 0.4 6 f; 58 f; 27
5-methyl-2-thienyl 0.4 6 g; 53 g; 21
2-iodophenyl 0.4 6 h; 68 h; 18
2-acetylphenyl 0.4 6 i; 58 i; 10

Scheme 22
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reaction; it is therefore conclusive that the triplet
energy of the ethenylidenecyclopropanes is larger
than that of pyrene (203 kJ/mol).42 It is also interest-
ing to note that the ratios obtained after PSS has
been achieved in both direct and triplet-sensitized
irradiations do not depend on the substituents on the
phenyl ring, only on the multiplicity of the excited
state.

The cis/trans photoisomerization can also be per-
formed by 9,10-dicyanoanthracene (DCA) sensitiza-
tion, which involves an electron-transfer chain pro-
cess.42,43 The isomerization of 1-[2′,2′-bis(4-methoxy-
phenyl)ethenylidene]-cis-2,3-dimethylcyclopropane
(54d) has been studied particularly thoroughly, and
the studies revealed that its efficiency is very de-
pendent on the solvent used as well as additives
utilized to accelerate the reactions. The effects are
clear from the data compiled in Tables 9 and 10.
Photolyses performed with Mg(ClO4)2 added were
particularly efficient, as reflected by the high quan-

tum yield, but the cis/trans ratio remained the same
as that obtained with an ordinary triplet sensitizer,
namely, 3:7.43 The mechanism is thoroughly dis-
cussed in the literature.43

4.2. With Permanent Cleavage of the
Cyclopropane Ring

4.2.1. By [3 + 2] Photocycloadditions
A triplet-sensitized [3 + 2] cycloaddition takes

place when a mixture of acrylonitrile or methacry-
lonitrile, one of the 1-(2′,2′-diarylethenylidene)cyclo-
propane derivatives 56, and Michler’s ketone (MK)

Scheme 23

Scheme 24

Table 8. Direct and Sensitized cis-trans
Isomerization of 54 and 5542

substrate

direct irradiation
(54:55 ratio

on PSS)

sensitization
(54:55 ratio

on PSS) sensitizer

54a 50:50 30:70 Michler’s ketone
55a 50:50 30:70 Michler’s ketone
54a 30:70 acetophenone
54a 27:73 benzophenone
54b 50:50 27:73 Michler’s ketone
54c 54:46 27:73 Michler’s ketone
54d 46:54 29:71 Michler’s ketone
54e 25:75 27:73 Michler’s ketone
55f 45:55 25:75 Michler’s ketone

Table 9. Photoisomerization of 54 to 55 in the
Presence of 9,10-Dicyanoanthracene (DCA)43

substrate solvent atmosphere
quantum
yielda (Φ)

54a acetonitrile aerated 0.009
54b acetonitrile aerated 0.01
54d acetonitrile aerated 0.67
54d acetonitrile degassed 0.17
54d acetonitrile argon 0.23
54d dichloromethane aerated 0.25
54d benzene aerated 0.017

a Values at >400 nm irradiation with [DCA] ) 5 × 10-4

mol‚dm-3, [54] ) 1 × 10-2 mol‚dm-3.

Table 10. Effects of Sensitizers and Additives on the
Photoisomerization of 54d to 55d in Aerated
Acetonitrile Solution43

sensitizer
additive

(concn, M)
quantum
yielda (Φ)

9,10-dicyanoanthracene
(DCA)

0.67

DCA LiClO4 (5 × 10-3) 2.57
DCA Mg(ClO4)2 (2.5 × 10-3) 4.65
DCA Mg(ClO4)2 (5 × 10-3) 13.7
DCA biphenyl (1.5 × 10-3) 1.32
DCA biphenyl (1 × 10-2) 1.87
DCA phenanthrene (1 × 10-2) 3.33
chloranil (CHL) 0.80
CHL Mg(ClO4)2 (2.5 × 10-3) 2.14

a Values at >400 nm irradiation with [DCA] ) 5 × 10-4

mol‚dm-3, [CHL] ) 5 × 10-4 mol‚dm-3, [54d] ) 1 × 10-2

mol‚dm-3.
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is dissolved in benzene and irradiated under ar-
gon.42,44 In each case the almost exclusive product is
the corresponding 1-(2′,2′-diarylethenylidene)cyclo-
pentane-2-carbonitrile (57) (Scheme 25), but the yield
varies with the structure of both the nitrile and the
allene (Table 11). It is noteworthy that 2,2,3,3-
tetramethyl-1-(2′,2′-diphenylethenylidene)cyclopro-
pane (56a) gives no cycloadduct when irradiated in
the presence of crotononitrile.42 The reaction is
believed to involve a diradical intermediate.42,45

An interesting feature of the MK-sensitized cy-
cloadditions of 56 with acrylonitrile and methacry-
lonitrile is the absence of products due to any reaction
with the cyano group. This is obviously due to the
presence of the C-C double bond in these nitriles,
because when mixtures of 1-[2′,2′-bis(4-methoxyphen-
yl)ethenylidene]-2,2,3,3-tetramethylcyclopropane (58a)
or 1-[2′,2′-bis(4-methoxyphenyl)ethenylidene]-2,2,3-
trimethylcyclopropane (58b) and a saturated nitrile
or benzonitrile are photolyzed in the presence of
9,10-dicyanoanthracene (DCA), a [3 + 2] cycloaddi-
tion across the cyano group takes place.42b The
products, the corresponding 2-alkyl- or 2-phenyl-
substituted 1-pyrrolines (59) (Scheme 26), were formed
in low yields, but when the photolyses were repeated
after the addition of Mg(ClO4)2, 59 was obtained in
good to excellent yields (Table 12). The crucial step
in the reaction is the electron transfer from 58 to
DCA to give 58•+, which reacts with the cyano group
to afford the products.42b

The photoinduced reactivity of 56a toward some
other alkenes under triplet-sensitized conditions

(Michler’s ketone) has also been explored. The studies
revealed that products were obtained in moderate
yield (32%) with ethyl acrylate and methyl meth-
acrylate, whereas no cycloaddition took place with
styrene and 2-cyclohexenone.42

4.2.2. By Photorearrangements
Ethenylidenecyclopropanes have been proven to

undergo photoinduced rearrangements if properly
substituted and to afford allenes after cleavage of the
cyclopropane ring. Irradiation of two exo-3-(2′,2′-
diarylethenylidene)tricyclo[3.2.1.02,4]oct-6-enes (60)
in benzene, either directly or by benzophenone or
Michler’s ketone sensitization, gave the correspond-
ing 4-(2′,2′-diarylethenylidene)tricyclo[3.2.1]octa-2,6-
dienes (61) in reactions, probably involving biradical
intermediates (Scheme 27).45 The dimethyl analogue
to 60a, tricyclooctene 60c, did also react when irra-
diated with light of shorter wavelengths, but the
corresponding product 61c was obtained in low yield.
The rearrangement, therefore, seems to lack general-
ity, and this proved to be the case by the observation

Scheme 25

Table 11. [3 + 2] Photocycloaddition of 56 with
Acrylonitrile Derivatives (R2CHdCR1CN) under
Michler’s Ketone Sensitization42b

cyclopropane acrylonitrile
isolated yield

of 57 (%)
recovered

56 (%)

56a R1 ) R2 ) H 85 >5
56a R1 ) H, R2 ) Me 0 >95
56a R1 ) Me, R2 ) H 44 56
56b R1 ) R2 ) H 71 >5
56b R1 ) Me, R2 ) H 88 >5
56c R1 ) Me, R2 ) H 32 62

Scheme 26

Table 12. [3 + 2] Photocycloaddition of 58 with
Organic Carbonitriles under 9,10-Dicyanoanthracene
Sensitization in the Presence of Magnesium
Perchlorate42b

ethenylidenecyclo-
propane

organic
carbonitrile

isolated yield
of 59 (%)

58a MeCN 86
58a EtCN 88
58a n-PrCN 68
58a n-C5H11CN 67
58a i-PrCN 69
58a t-BuCN 64
58a PhCN 90
58b MeCN 89

Scheme 27
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that when two 7-(2′,2′-diarylethenylidene)bicyclo-
[4.1.0]hept-2-enes (62) were irradiated just like 60,
no allenes, but completely different products, namely,
the corresponding 8-(2′,2′-diarylmethenylidene)tricyclo-
[3.2.1.04,6]oct-2-enes (63), were obtained (Scheme
28).45

A different rearrangement occurred when some
1-(2′,2′-diarylethenylidene)cyclopropanes were dis-
solved in benzene and irradiated through Pyrex
under argon atmosphere. When selected 1-(2′,2′-di-
arylethenylidene)-2,2,3,3-tetramethylcyclopropanes
(64) were exposed to these conditions, the corre-
sponding 1,1-diaryl-4,5,5-trimethyl-1,2,3-hexatriene
(65) was obtained as the only product (Scheme 29).46

The same photorearrangement took place when the
bicyclic ethenylidenecyclopropanes 66a and 66b were
irradiated under the same conditions (Scheme 30).46

Mechanistic studies showed that the rearrangement
was neither sensitized by triplet sensitizers nor
quenched by isoprene or molecular oxygen, observa-
tions which are indicative of a transformation involv-
ing one or several singlet biradical intermediates.46

A similar allene, cis-2,3-dimethyl-1-(2′,2′-diphenyl-
ethenylidene)cyclopropane (67), behaved differently
upon irradiation through Pyrex in various other
solvents.42b In methanol, no product was isolated,
but when the reaction was performed in ethyl vinyl

ether, 2-ethoxy-1-(2′,2′-diphenylethenylidene)cyclo-
propane (68) was obtained in 25% yield. Most likely
diphenylethenylidenecarbene is involved as an in-
termediate, but the species is unstable and is trapped
by the ether (Scheme 31). An analogous reaction
occurs when the reaction is run in cyclohexene, but
the yield of the corresponding ethenylidenecyclopro-
pane is low.42b

On the basis of the results of the photolyses of
ethenylidenecyclopropanes 64 and 67 the mechanism
outlined in Scheme 32 has been proposed for the
formation of butatriene derivatives and the genera-
tion of ethenylidene carbenes.46 Butatriene formation
is envisaged to involve a biradical, which, however,
can also collapse to the corresponding diarylethen-
ylidenecarbene required to give ethenylidenecyclo-
propane derivatives.

4.2.3. By Thermal Rearrangements

The rearrangement of vinylcyclopropanes to cyclo-
pentenes is a useful method for the synthesis of
substituted five-membered ring systems, although
the reaction usually requires heating above 180 °C
to work.47 However, when the vinylcyclopropane has
a 2′,2′-diphenylethenylidene substituent attached to
the ring as well, as in 69, the reaction proceeds at a
much lower temperature, as low as 100 °C, and
furnishes the corresponding 4-(2′,2′-diphenylethen-
ylidene)cyclopent-1-ene (70) (Scheme 33) in essen-
tially quantitative yield in the best cases (Table 13).48

Despite the good yields, the reaction rate varies
considerably; this is clearly reflected in the half-life
and thermodynamic values compiled in Table 14. The
data are compatible with a radical mechanism in-
volving a biradical formed in a facile fashion by
cleavage of the cyclopropane ring.47 This explains
why the trans isomer of 1-(2′,2′-diphenylethenylidene)-
3-methyl-2-(1E-propenyl)cyclopropane (71) gives a
cis/trans mixture of 4-(2′,2′-diphenylethenylidene)-
3,5-dimethylcyclopent-1-ene (72) upon thermolysis
(Scheme 34).

Two compounds deviate from the general reactivity
pattern summarized above. One is 1-(2′-methylpro-
penylidene)-2-methyl-2-ethenylcyclopropane, which
is unreactive even above 120 °C. Because 69c reacts
under these conditions (Scheme 33; Table 13), it is
clear that cleavage of the cyclopropane ring in 69 is
facilitated by the phenyl groups. Furthermore, ther-
molysis of 2,2-dimethyl-1-(2′,2′-diphenylethenylidene)-
3-(2′-methylprop-1′-enyl)cyclopropane (73) at 100 °C
did not give the expected cyclopentene 74; instead,
the 1,2-dimethylene-3-ethenylcyclopropane derivative

Scheme 28

Scheme 29

Scheme 30

Scheme 31
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75 was obtained in 67% yield (Scheme 35), conceiv-
ably because the ring bond opposite C-1 was cleaved
instead of that next to it.48

5. Reactions with Cyclopropylallenes
The proximity of the cyclopropane ring and allene

moiety in the cyclopropylallene group allows interac-
tion between two chemical entities with rather dif-

ferent chemical properties. It is therefore reasonable
to believe that this interaction mutually modifies the
chemical reactivity of the groups and facilitates
chemical reactions that are otherwise difficult to
achieve. Recent publications indicate that such in-
teractions have chemical consequences which are
about to be uncovered; some of this chemistry is
therefore presented here.

5.1. Metal-Catalyzed Ring Expansion
5.1.1. With Cobalt Carbonyl

Around 1990 Iwasawa and co-workers discovered
that when 1-(1-alkynyl)cyclopropanols were treated
with dicobaltoctacarbonyl [Co2(CO)8], complexation
followed by ring opening and subsequent condensa-
tion occurred to give 2-cyclopentenones in good yields
(Scheme 36).49 This observation, combined with Co2-
(CO)8-mediated transformations of allenes reported
previously,50 led to the development of a new 1,4-
hydroquinone synthesis based on treatment of 1-(1-
allenyl)cyclopropanols with Co2(CO)8. Two of the

Scheme 32

Scheme 33

Table 13. Formation of 70 by Thermolysisa of 6948

substrate R1, R2
isolated yield

of 70 (%)

69a H, H 95
69b H, Me 82
69c Me, H 90
69d Me, Me 88
69e -(CH2)4- 92

a All of the reactions except one were run at 373 K; the
exception is the thermolysis of 59d, which was run at 323 K.
b 7-(2′,2′-Diphenylethenylidene)bicyclo[4.1.0]hept-2-ene reacts
similarly to 69 and gives 7-(2′,2′-diphenylethenylidene)bicyclo-
[2.2.1]hept-2-ene in 69% yield.

Table 14. Activation Parameters for the Thermal
Conversion of 69 to 7048

substrate
τ1/2 (s) at

363 K
∆H#

(kJ mol-1)
∆S#

(J mol-1 K-1)

69a 301 116 22
69b 1227 122 27
69c 37 95 -19
69d 138 105 -2
69e 49 98 -13
69f 563 98 -33
69g 2123 132 30

Scheme 34

Scheme 35
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cyclopropylallenes used were obtained by ring open-
ing of the corresponding tert-butyldimethylsilyl-
protected gem-dibromocyclopropanes (see section 2.2).51

Exploratory experiments using 1-(1-phenylallenyl)-
cyclopropanol revealed that the reaction was sensi-
tive to several parameters including the reaction
atmosphere, the solvent, the amount of catalyst and
its concentration, and the workup procedure.51 Analy-
sis of the results showed that the outcome was best
when the reaction was run in THF or ethyl acetate
with 1.1 equiv of Co2(CO)8 at low concentration and
when byproduct formation was suppressed by adding
acetic anhydride to trap the intermediate hydro-
quinone. Under these conditions a selection of cyclo-
propanols 76 with a substituent at the 1- or 3-position
of the propadienyl moiety were reacted with 1.1
molar amounts of Co2(CO)8 in either THF or AcOEt
to give 2-substituted or 2,3-disubstituted 1,4-hydro-
quinone diacetates (77) in good to excellent yield
(Scheme 37) (Table 15).

When reactions with some of the cyclopropanols
were followed by TLC analysis, it turned out that an
intermediate was formed, which gradually disap-
peared as the hydroquinone was formed. Isolation of
this transient species was successful when 1-(1-tert-
butyldimethylsilylallenyl)cyclopropanol (76d) was
used. Careful workup by silica gel column chroma-
tography gave 2-tert-butyldimethylsilyl-3-methylcy-
clohex-2-en-1,4-dione (78), which was converted quan-
titatively to the corresponding hydroquinone diacetate
by treatment with acetic anhydride and triethyl-
amine (Scheme 38). On this basis a plausible mech-
anism for the reaction has been proposed.51

5.1.2. With an Iridium Complex

Several studies have shown that vinylallenes readily
bind to metals and form complexes,52 which may
engage in both [4 + 1]53 and [4 + 2] cycloaddition54

reactions. A natural extension of these investigations
would be to study the interaction of the same metal
complexes with cyclopropylallene derivatives. The
first studies were carried out with rhodium(I) com-
plexes, both neutral, for example, RhCl(CO)(PPh3)2,
and cationic ones (which are potent catalysts for the
[4 + 1] cycloaddition of vinylallene with carbon
monoxide),52d but no carbonylation took place, only
isomerization to methylenecyclopentene derivatives.55

However, application of similar complexes involving
other transition metals revealed that IrCl(CO)(PPh3)2
is a powerful catalyst, which facilitates a [5 + 1]
cycloaddition reaction with CO.56 When the substi-
tuted cyclopropylallene 79a was exposed to CO under
the conditions specified in Scheme 39, the R,â-
unsaturated ketone 80a was obtained in 81% yield.
The formation of this ketone conceivably involves
several intermediate iridium complexes due to the

Scheme 36

Scheme 37

Table 15. Formation of 77 by Treating 76 with
Co2(CO)8 Followed by Acetic Anhydride and
Triethylamine in THF or AcOEt51

substrate R1 R2
reaction

conditions
yield of
77 (%)

76a Ph H rt, 4 h 78
76b n-C6H13 H rt, 1 h 60
76c Me3Si H rt, 1 h 90a

76d t-BuMe2Si H rt, 2 days 87
76e H Ph 0 °C, 2 days 56
76f H n-C6H13 rt, 2 h 51

a A mixture of 77c (47%) and the corresponding desilylated
compound, 2-methyl-1,4-hydroquinone diacetate (43%).

Scheme 38

Scheme 39
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following series of events.56 Initial coordination of the
allenyl group brings the metal close to the cyclopro-
pane ring, which interacts with and is opened by the
metal to form the six-membered metallacycle 81a.
Subsequent insertion of CO into the Ir-Csp2 bond
followed by reductive elimination gives 80a, which
formally is a [5 + 1] cycloaddition product.

Several other substituted allenylcyclopropanes were
reacted with CO under iridium catalysis under the
same conditions and afforded the corresponding
2-methylenecyclohex-3-en-1-ones in variable yields
(Table 16). The product formation was particularly
sensitive to the structural features at the terminus
of the allene group. Thus, substrates with a disub-
stituted allene terminus gave 80 in good yield and
compounds with a monosubstituted terminus in low
yield, whereas allenylcyclopropanes without substit-
uents at the terminus gave no 80 at all. The results
can be understood on the basis of site preference for
complexation of the allene moiety in the coordination
process.56

5.1.3. With a Rhodium Complex
If the structure similarities between vinylcyclopro-

panes and the corresponding allenylcyclopropanes
are reflected in their reactivity, it is reasonable to
believe that allenylcyclopropanes should undergo a
transition metal-mediated reaction analogous to the
vinylcyclopropane-cyclopentene rearrangement. The
idea was realized in 1998 when Saigo and co-workers
managed to convert allenylcyclopropane 82a to the
corresponding methylenecyclopentene 83a in an RhCl-
(PPh3)3-catalyzed process in excellent yield (Scheme
40).57 The same group also tried to achieve the
allenylcyclopropane-cyclopentene rearrangement with
several other catalysts,57 based on work by Wender
et al., who reported that cationic rhodium complexes
catalyze the [5 + 2] cycloaddition of vinylcyclopro-
panes with alkynes more quickly than a neutral
rhodium complex.58 It appeared that the ionic alter-

natives were slightly better than RhCl(PPh3)3, but
the reaction time required to obtain good yields had
to be extended in several cases.

When 82 are 2-substituted 1-allenylcyclopropanes,
the rearrangement can lead to two products because
two different ring bonds can be broken. Cleavage of
bond a will afford cyclopentene 83, whereas rupture
of bond b will give regioisomer 84 (Scheme 41).
Generally, both cleavages are observed if both options
are available, but the 83:84 ratio proved to depend
on the catalyst as well as the nature of the substit-
uent(s) attached to the ring. Thus, alkyl substitution
at C-2 facilitates mainly a-bond rupture and forma-
tion of 83, irrespective of the catalyst. 2-Phenyl-
substituted substrates, on the other hand, were much
more sensitive to the catalyst; thus, when 82c was
reacted, complete reversal of the regiochemistry was
observed when the catalyst was changed from
[Rh(PPh3)3]+BF4

- to [Rh(cod)2]+BF4
- (Table 17). A

similar, but less dramatic, change was observed when
72d was reacted under comparable conditions (Table
17).57

The mechanism for this special version of the
vinylcyclopropane-cyclopentene rearrangement has
yet to be elucidated, but a mechanistic proposal has
been put forward by Saigo and co-workers.57

5.2. Ring Opening by Heck Reactions
Palladium-catalyzed addition of aryl and vinyl

carbanions to olefins is a most useful catalytic reac-

Table 16. Iridium-Catalyzed [5 + 1] Cycloaddition of
79 with Carbon Monoxide to Give 8056

substrate R1 R2 R3 R4 R5
yield of
80 (%)

79a Et Et H H H 81
79b Me Me H EtO H 74
79c Me Ph H H H 83
79d Me Me Ph H H 81
79e Me Me H H Ph 63
79f H Ph H H H 28

Scheme 40

Scheme 41

Table 17. Rhodium(I)-Catalyzed Rearrangement in
Refluxing Benzene of 82 to Mixtures of 83 with 8457

substrate R1 R2 catalysta
time
(h)

83:84
ratio

combined
yield of

83 and 84
(%)

82a H COOBu A 1.5 88
82a H COOBu B 3 88
82b Pr COOBu A 1 88:12 89
82b Pr COOBu C 3 >99:1 98
82b Pr COOBu B 10 >99:1 89
82c Ph COOMe A 3 69:31 99
82c Ph COOMe C 0.8 92:8 98
82c Ph COOMe B 14 5:95 95
82d Ph H A 12 56:44 73
82d Ph H D 12 15:85 79
82d Ph H B 12 3:97 78

a The following catalysts were used: A, RhCl(PPh3)3; B,
[Rh(cod)2]+BF4

-; C, [Rh(PPh3)3]+BF4
-; D, [Rh(cod)(PPh3)2]+BF4

-;
cod, 1,5-cyclooctadiene.
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tion in organic synthesis.59 The reaction can be
performed under a variety of conditions and with
various reagents, which have given rise to a number
of named Pd-based reactions including the Heck
reaction,59a,60 the Suzuki coupling,61 the Stille cou-
pling,62 and the Sonogashira coupling.63

Pd catalysis has also been used to facilitate reac-
tions with allenes, and it appears that the method is
suitable to apply for introduction of carbon and
heteroatom nucleophiles in specific positions in com-
plex molecules.64 Recently, de Meijere and co-workers
extended the scope of the reaction by performing
Heck reactions with 1,3-dicyclopropylallene (85) and
aryl iodides, which gave 2-aryl-1-cyclopropylhexa-
1,3,5-triene (86) as the principal volatile product
(Scheme 42).17c Triene 86 appeared to be extremely
prone to polymerization, but this undesired reaction
could be suppressed by avoiding acidic conditions and
prevent radical reactions from occurring by the
addition of a small amount of hydroquinone.17c

Trienes 86 contain two diene systems, which both
in principle can undergo Diels-Alder reactions with
dienophiles. However, it appeared that the reaction
with a variety of dienophiles was regioselective and
furnished the cycloadduct resulting from attack of the
monosubstituted diene. The best results were ob-
tained when the trienes were prepared from 85, as
described above, in the presence of the dienophile (a
so-called Domino-Heck-Diels-Alder reaction). An
excellent example is cyclohexene 87a, which was
obtained in 86% yield from 85 and iodobenzene in
such a synthesis (Scheme 43), but in general the
cycloadducts were obtained in significantly lower
yields (Table 18).17c

5.3. Myers−Saito Cyclization
The Myers-Saito cyclization is exhibited by com-

pounds containing a (Z)-1,2,4-heptatrien-6-yne moi-
ety, an enyne-allene group that is able to cyclize and
afford R,3-didehydrotoluenes under mild thermal
conditions.65 Simple enyne-allenes cyclize at room
temperature and even below, but the reaction rate
is sensitive to the substituents on both the alkyne

and allene groups. Dopico and Finn66 have studied a
large number of 1-ethynyl-2-allenylbenzene deriva-
tives with substituents attached to the end of both
the allenyl and ethynyl groups. Among the com-
pounds investigated were four derivatives with a
cyclopropyl group or a 2-phenylcyclopropyl group on
the allenyl substituent (88), which were thermolyzed
under a variety of conditions. The results clearly
show that the course of the reaction depends on the
reaction conditions. When 88a-c were heated in the
presence of 1,4-cyclohexadiene, naphthalene deriva-
tives 89a-c were obtained in 35% yield via, as
expected,65 a diradical intermediate, which undergoes
ring opening like cyclopropylmethyl radicals do
(Scheme 44).67 In addition, 88a and 88b, both with
a tert-butyl group on the alkyne, gave small amounts
of allene dimers, but the amount of these byproducts
could be minimized by running the reaction in diluted
solutions.

Allene enynes 88 were also heated in methanol,
and under these conditions they appeared to react
very differently. Allene 88a produced an intractable
product mixture, which was not worked up, whereas
88c and 88d gave methyl ether 90c and 90d,
respectively, as the main product (Scheme 45). The
formation of 90 conceivably involved a benzylic cation
formed by ring opening of a zwitterionic intermediate,
the transient existence of which is supported by the
isolation of methyl ether 91, in which the cyclopropyl
ring remains intact, when 88b is solvolyzed (Scheme
45).66

Dopico and Finn also performed thorough kinetic
studies, which clearly reveal that allene enynes 88
react much more slowly than analogues with a
phenyl or aryl group attached to the allenyl group.66

It can therefore be concluded that the Myers-Saito
cyclization does not benefit from a cyclopropyl or
phenylcyclopropyl group on the allene moiety. The
same is true when R1 in 88 is an aryl group; such
compounds afford benzofulvenes instead of naphtha-
lenes whether a cyclopropyl group is attached to the
allene moiety or not.68

Scheme 42

Scheme 43

Table 18. Conversion of 85 to Cycloadducts 87 by a
Domino-Heck-Diels-Alder Reaction Involving ArI
and Selected Dienophiles17c

Ar dienophile
yield of
87 (%)

diastereo-
meric
ratio

Ph dimethyl maleate 86 4:1
Ph dimethyl fumarate 44 3.3:1
Ph N-phenylmaleimide 35
Ph 2-chloroacrylonitrile 58 1:4.3a

Ph p-benzoquinone 13b

Ph diisopropyl azodicarb-
oxylate

6

Ph N-phenyl-1,2,4-triazolin-
3,5-dione

0

1-naphthyl dimethyl maleate 26 2.1:1
2-pyridyl dimethyl maleate 35 4.9:1
3,5-(i-Pr)2C6H3 dimethyl maleate 49 2.5:1
2,4,6-Me3C6H2 dimethyl maleate 59 2.1:1
2,4,6-(i-Pr)3C6H2 dimethyl maleate 0

a The ratio between the ortho cycloadduct and the meta
cycloadduct. b Oxidized to the corresponding naphthoquinone
by excess benzoquinone.
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