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I. Introduction

Over the last several decades, our understanding
of the reactivity of organotransition metal complexes
has improved tremendously. Many organotransition-
metal-based processes are now widely utilized in
connection with the total synthesis of structurally
complex natural products. Today it is rare to find a
completed total synthesis that does not use a transi-
tion-metal-based reaction to accomplish at least one
critical transformation. Transition-metal-based reac-
tions are often employed because they frequently
exhibit higher levels of chemo-, regio-, and stereose-
lectivity than more conventional methodologies. In
other situations they are advantageous because of
their capability to create several new bonds in one
reaction process.
The reactivity of alkylidene (carbene) complexes

has been extensively investigated and a number of
general and useful transformations have been re-
ported.1 Many transition metal carbene complexes
readily react with alkynes, generally resulting in the
formation of vinylcarbene complex intermediates (eq
1).

Carbene complexes also react with alkenes, often
via [2 + 2] cyclization to generate a metallacyclobu-
tane intermediate. Such an intermediate can un-
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dergo a variety of subsequent transformations, one
of which is reductive elimination to form a cyclopro-
pane ring (eq 2).

The feasibility of combining the reactivity of tran-
sition metal carbene complexes with alkynes with
their reactivity toward alkenes (Scheme 1) has at-

tracted the attention of a variety of investigators and
is the primary subject of this review. Initial reaction
of carbene complex 1 with an alkyne (2) leads to
vinylcarbene complex 3. Subsequent reaction of 3
with alkene 4 leads to vinylcyclopropane 5. This
three-component coupling reaction represents a rapid
approach to highly functionalized vinylcyclopropane
systems.
There are some obvious difficulties inherent in the

development of a three-component coupling reaction
of this type. Initially, reaction of complex 1 with
alkyne 2, leading to vinylcarbene complex 3, must
be favored over direct cyclopropanation of the alkene
(4) to give 6. Similarly, once vinylcarbene 3 has been
formed, reaction of 3 with 4 must be favored over
reaction of 3with additional equivalents of the alkyne
(2), leading to oligomer 7. In this review, the reactiv-
ity of carbene complexes with alkynes (eq 1) and
carbene complexes with alkenes (eq 2) will be dis-
cussed and examples of carbene-alkyne-alkene
three-component coupling reactions (Scheme 1) will
be presented. Additionally, some of the factors which
influence the viability of this termolecular pathway
will be analyzed.

II. Reactions of Carbene Complexes with
Alkynes
Carbene complexes are capable of reacting with

alkynes to form a diverse array of structurally
interesting compounds. The products produced have
been found to vary considerably depending on the
metal employed and the ancillary ligands that are
present. In some cases, alkyne polymerization oc-
curs, leading to the formation of polyacetylene sys-
tems. While in other cases, isolable alkyne addition
products are obtained. Frequently, when ancillary
carbon monoxide ligands are present, CO insertion

occurs, resulting in the formation of a vinylketene
intermediate, which leads to a variety of novel
structural classes.

Polymerization
Alkynes can be polymerized by a number of differ-

ent transition metal catalysts. Systems analogous
to olefin metathesis catalysts catalyze alkyne polym-
erization via a mechanism believed to involve direct
insertion of an alkyne into a vinylmetal intermedi-
ate.2 Schrock and co-workers have shown that
alkynes can also be polymerized by isolable alky-
lidene complexes such as 8a,b.3 Indirect evidence

suggests that these complexes catalyze alkyne po-
lymerization via an “alkylidene mechanism” wherein
the alkyne reacts with the MdC bond to form a
metallacyclobutene intermediate. Subsequent rear-
rangement results in the formation of a vinylalky-
lidene complex (Scheme 2).

Tungsten Fischer carbene complexes are also ca-
pable of catalyzing the polymerization of alkynes.4,5
In catalytic amounts, olefin-chelated Fischer carbene
complexes, such as 9, react with alkynes at room
temperature to give linear polyenes.6

Alkyne Insertion
In some cases, transition metal carbene complexes

react with alkynes to give discreet insertion products
without subsequent polymerization. For example,
diphenylacetylene reacts with tantalum carbene com-
plex 10 to give insertion product 127 (Scheme 3). This
reaction is thought to proceed through nonisolable
metallacyclobutene intermediate 11. The interme-

Scheme 1

Scheme 2
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diacy of metallacyclobutenes in this reaction is sup-
ported by the observation that isolable metallacy-
clobutenes are obtained upon treatment of diphenyl-
acetylene with Tebbe’s reagent (eq 4).8,9,10

Tungsten carbene complex 13 reacts with ethoxy-
acetylene to produce styrylethoxycarbene complex
1411 (Scheme 4). This reaction is also envisioned to
proceed through a metallacyclobutene intermediate.
Similarly, Dötz has shown that N,N-diethylamino-
propyne (17) will insert into the manganese-carbon
double bond of 15 to give vinylcarbene complex 16.12

Insertion of Alkynes and CO
Dötz described the reaction of arylmethoxycarbene

complexes with diphenylacetylene to give naphthols
and indenes in 197513,14 (Scheme 5). The key step of
this cyclization reaction is the formation of vinylcar-
bene intermediate 20. From 20 there is competition
between CO insertion, to form vinylketene complex

21, which subsequently cyclizes to hydroquinone
derivative 22, and direct cyclization to form indene
24, presumably via metallacyclohexadiene 23 with
subsequent reductive elimination and hydrogen mi-
gration.15 The synthetic utility of this reaction has
been amply demonstrated in connection with natural
products synthesis.16
The intermediacy of vinylcarbene complexes in this

reaction is supported by the isolation of vinylcarbene
complex 26 upon treatment of 25 with N,N-diethyl-
aminopropyne 17 (Scheme 6). Subsequent thermoly-
sis leads to the formation of indene-derived products
27 and 28.17
Wulff has investigated an all-intramolecular diyne

annulation in which the diyne is tethered to the
carbene complex (eq 5).18 An all intramolecular
annulation of an enediyne tethered tungsten carbene
complex has been adapted to give a steroid skeleton
(eq 6).18

Relatively minor modifications to the structure of
the carbene complex, the alkyne, or the reaction
conditions can dramatically alter the observed reac-
tion pathway. Since Dötz’s initial observations,
several groups have investigated reactions of group
VI carbene complexes with alkynes. In their exten-
sive studies of the reactions of alkylalkoxy chromium
carbene complexes, Wulff and colleagues observed
that when methylmethoxy chromium carbene com-
plex 29 is treated with simple alkynes in hexane,
cyclopentenones are produced (eq 7).19,20 Tethering
the alkyne to the alkyl substituent of the chromium
carbene complex leads to vinylcyclopentenediones (eq

Scheme 3

Scheme 4
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8).21 Herndon and co-workers have reported that
cyclopentenone products are obtained upon reaction
of cyclopropyl-substituted chromium complexes with
alkynes (eq 9).22,23 When the alkyne is tethered to
the carbene via the alkoxy substituent, intramolecu-
lar cyclization gives cyclopentenone-fused oxygen
heterocycles (eq 10).24 Katz has recently reported the
transformation of an alkynyl thioether into a disub-
stituted acetylene using a chromium carbene complex
(eq 11).25 Despite the presumed intermediacy of 30,
which is analogous to that accepted in the Dötz
reaction, it does not yield naphthol or indene prod-
ucts.

Effect of the Metal

The metal employed in the Fischer carbene com-
plex has been found to play a major role in determin-
ing which reaction pathway is followed.26 Tungsten
carbene complexes, such as 31, generally do not
incorporate CO upon reaction with alkynes under
thermal conditions as readily as do chromium car-
bene complexes. Instead vinyl ethers (32) and enones
(33) are produced.27 A related reaction has been
observed upon treatment of butylmethoxy molybde-
num carbene complex 35 with propargyl ethers (eq

13).28 This process was found to proceed smoothly
only with molybdenum carbene complexes.

The reactivity of phenylmethoxy Fischer carbene
complexes of group VI metals with alkynes has been
extensively investigated. When the metal is chro-
mium, hydroquinone formation is generally favored
over indene formation. When molybdenum or tung-
sten is employed in place of chromium, indene
formation is generally favored. The order of selectiv-
ity for the CO-insertion product is Cr > W > Mo,
which correlates with the metal-CO bond strengths
of the metal hexacarbonyls for chromium (∆HCr-CO
) 36.8 kcal/mol) and tungsten (∆HW-CO ) 46.0 kcal/
mol), but not for molybdenum (∆HMo-CO ) 40.5 kcal/
mol).29 This difference is attributed to the tendency
of molybdenum to undergo ligand substitution at a
faster rate than either chromium or tungsten.30
A greater proportion of hydroquinone to indene/

cyclopentadiene formation is seen when an alkenyl
substituent is used in place of the aryl group. As in
the phenyl case, hydroquinones are the major product
with chromium, with only trace amounts of cyclo-
pentadiene or cyclopentadiene-derived products ob-
served. With tungsten, again, hydroquinone deriva-
tives are obtained as the major products, however,
significant amounts of cyclopentadiene-derived prod-
ucts are also produced. With molybdenum, hydro-
quinone formation is the dominant pathway in
heptane and in concentrated (0.5 M) solutions of
THF, but substituted cyclopentadienes are the major
product when the THF solution is dilute (0.005 M)
or the solvent is acetonitrile. A greater proportion
of hydroquinone to indene is obtained when a termi-
nal alkyne is used in place of an internal alkyne.28

III. Reactions of Carbene Complexes with
Alkenes
Transition metal carbene complexes are capable of

reacting with alkenes in a number of different ways.
The two major reaction pathways that have been
reported are olefin metathesis and alkene cyclopro-
panation. As with the reaction of carbene complexes
with alkynes, in the presence of carbon monoxide, CO
insertion pathways often occur.

Olefin Metathesis
It has been amply demonstrated that a variety of

transition metal complexes are capable of catalyzing
olefin metathesis reactions.31,32 The general mech-
anism for this reaction involves [2+2] cyclization of
the alkene with the metal-carbon double bond to
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form ametallacyclobutane intermediate. Subsequent
retro [2+2] cyclization leads to a new alkene and a
new alkylidene complex (Scheme 7). When applied
to cycloalkenes, polymers are produced (eq 14).

Conversely, metathesis of 1,n-dienes (n ) 6-9) leads
to cycloalkenes (eq 15). Molybdenum carbene com-
plex 37 metathesizes olefins more rapidly than it
olefinates ketones and has proven to be effective in
synthesizing unsaturated five-, six-, and seven-
membered carbocycles and heterocycles from the
appropriate alkenones (eq 16). Ruthenium carbene
complex 38 expands the scope of the ring-closing
diene metathesis reaction. It has a high tolerance
to atmospheric oxygen and moisture and an increased
tolerance to most functional groups in comparison to
the molybdenum-based catalyst. The ruthenium
catalyst can cyclize dienes in the presence of air in
reagent-grade solvents to give five-, six-, seven-, and
some eight-membered ring systems (eq 17).

Cyclopropanation of Alkenes

The ability of metallocarbenoids, generally pro-
duced by treatment of R-diazocarbonyl compounds
with a variety of transition metal complexes, to
cyclopropanate alkenes has been extensively inves-
tigated, and the ability of such complexes to partici-
pate in cascade-type reactions has recently been
reviewed.33

Both chiral and achiral iron carbene complexes
have been found to readily react with alkenes to form

cyclopropanes. For example, chiral cationic iron
carbene complex 39 reacts with styrene to form

cyclopropanes 40 and 41.34 Similarly, sulfonium salt
42 is a stable, isolable reagent that cyclopropanates
alkenes in good to excellent yields (64-96%).35 The
reactive species is presumed to be iron carbene
complex 43, produced via dissociation of dimethyl
sulfide from 42.

Fischer and Dötz described the first reactions of
chromium and tungsten arylalkoxycarbene com-
plexes with electron-rich and electron-deficient alk-
enes to produce substituted cyclopropanes.36 The
scope and limitations of these original observations
have since been further explored and it has been
found that a broad variety of substituted cyclopro-
panes are accessible by this approach.37 Monosub-
stituted alkenes bearing ester, amide, nitrile, phos-
phonic ester and sulfone functionality all react
smoothly to give substituted cyclopropanes in good
yield. It was also demonstrated that the carbene
complex need not be restricted to a phenyl substitu-
ent, as methylmethoxy chromium carbene complex
also participates in the cyclopropanation reaction. A
cyclopropyl substituted chromium carbene complex
was found to react with alkenes to produce dicyclo-
propanes.38

Casey has shown that diaryl tungsten carbene
complex 44 reacts with alkenes to give mixtures of
cyclopropane and olefin metathesis products, pre-
sumably through a metallacyclobutane intermedi-
ate39 (Scheme 8). In contrast, monoaryl tungsten
carbene complex 45, which is considerably more
electrophilic than 44, reacts with alkenes to give only
cyclopropanes and no olefin metathesis products.40
Both cis- and trans-2-butene react with complex 45

Scheme 7
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to give cyclopropanes with retention of alkene geom-
etry in high yield.11,41

In 1984, Casey41b and Rudler42 reported studies of
the reactivity of chelated alkenyl, alkenyloxy, and
alkenylamino tungsten carbene complexes. Ther-
molysis of these complexes led to the formation of
cyclopropanes (Scheme 9). Subsequent reports indi-
cated that in coordinating solvents, such as acetoni-
trile and THF, cis and trans tungsten carbene
complexes 46a,b were stereospecifically converted to
endo- and exo-cyclopropanes 47a,b in >95% yield. In
benzene, and other noncoordinating solvents, reduc-
tive elimination led to the nonstereospecific formation
of cyclopropanes 47a,b and to olefin metathesis
product 4841c (Scheme 10).
The absence of early examples of cyclopropanations

with molybdenum carbene complexes has been at-
tributed to their relative instability compared to

chromium and tungsten.43 The instability of the
methylmethoxy and phenylmethoxy molybdenum
carbene complexes was thought to make their syn-
thetic utility somewhat low.39 Harvey and Brown
investigated the viability of this process using a
molybdenum carbene complex and found that butyl-
methoxy molybdenum carbene complex 35 is consid-
erably more stable than the analogous methyl com-
plex and readily cyclopropanates electron-deficient
alkenes. Not only does it react in good yield, but the
reaction conditions are considerably milder than
those required for the corresponding chromium and
tungsten complexes43 (Scheme 11).

Cyclopropanation of 1,3-Dienes

The first cyclopropanation of a 1,3-diene by a
Fischer carbene complex was reported in 1988.44
Reaction of 1-methoxy-3-(trimethylsiloxy)-1,3-buta-
diene (Danishefsky’s diene) with phenylmethoxy
chromium (25) and tungsten (49) carbene complexes
in benzene gave a mixture of vinylcyclopropane 50
and cyclopropane 51.45 In the absence of a carbon

monoxide atmosphere, the chromium carbene com-
plex also produces a metathesis product, R-methoxy-
styrene, which is the result of retro [2+2] cycloaddi-
tion of the metallacyclobutane intermediate. No
metathesis products are observed when tungsten
carbene complex 49 is employed.
Reaction of dienes with vinyl-substituted chromium

carbene complexes, such as 53, has been reported to
regio- and stereoselectively produce cycloheptadiene
derivatives via in situ Cope rearrangement of a cis-
divinylcyclopropane intermediate46,47 (Scheme 12).
Cyclohexyl chromium carbene complexes (56) arising
from [4+2] cycloaddition of the electron-rich diene
with the electron-deficient alkene of the vinylcarbene
complex, are produced in low yield. Similarly, the
reaction of 57 with chromium carbene complexes 53

Scheme 8

Scheme 9

Scheme 10

Scheme 11
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and 58 stereoselectively leads to substituted 5H-6,7-
dihydroazepines (59).48

Cyclopropanation of electron-deficient 1,3-dienes
generally occurs with much higher regio- and stereo-
selectivity than does cyclopropanation of analogous
electron-deficient alkenes. Reissig has shown that
thermolysis of dienes with chromium carbene com-
plex 25 produces cyclopropanes 60a,b with the car-

bene carbon transferred to the more electron-rich
double bond and the diastereomer with the alkoxy
group cis to the olefinic moiety as the major product.49
Examples of the cyclopropanation of electronically

neutral 1,3-dienes are relatively limited. Herndon
reported that diene 61 can be cyclopropanated by
cyclopropyl chromium carbene complex 62 in 60%
yield.38,50,51

The reactivity of molybdenum complex 35 with
simple, substituted 1,3-dienes showed surprisingly
high levels of regio- and diastereoselectivity (eq 27).52

Cyclopropanation occurs preferentially at the least
sterically hindered double bond and, in all but one
case, only a single diastereomer is obtained. A high
level of chemoselectivity is also achieved. The E,E-
isomer of 2,4-hexadiene is readily cyclopropanated,
while the E,Z-isomer fails to react at either alkene
position.
It was concluded from these studies that dienes

with a readily accessible s-cis conformation are
capable of participating in this reaction. This hy-
pothesis is supported by the observation that 1,3-
cyclohexadiene (63), which is locked in an s-cis

conformation, is readily cyclopropanated in 67% yield
while methylenecyclohexene (64), which is locked in
an s-trans conformation, does not react. A mecha-
nism involving formation of an η1,η3-intermediate
accounts for these results.

Reactions of Carbenes with Alkenes and CO
Photolysis of chromium carbene complexes in the

presence of simple olefins produces cyclobutanones
in a stereoselective and regioselective fashion (eq
30).45a Intramolecular versions of this reaction have

also been reported (eq 31).45a The photochemically
generated ketene complex can be trapped by other

Scheme 12
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ketenophiles. For example, with imines, â-lactams
are generated in a stereoselective fashion (eq 32).53,54

IV. Carbene−Alkyne −Alkene Reactions
As outlined in sections II and III, reactions of

carbene complexes with both alkynes and alkenes are
well-precedented. In order for the desired carbene
to vinylcarbene to vinylcyclopropane reaction path-
way to occur (Scheme 1), many of the other reaction
pathways described above, such as olefin metathesis
and CO insertion, must be avoided. By tethering the
various components of this three-component coupling
reaction in different ways, entropy constraints allow
the desired reaction pathway to occur.

Carbene Tethered to Alkene
Rudler and co-workers were the first to demon-

strate that alkynes would react with alkenylcarbene
complexes to produce bicyclo[4.1.0]heptane deriva-
tives (Scheme 13).55 The high reactivity of these

complexes is ascribed to the presence of a coordinated
double bond in the γ-position with respect to the
carbene carbon.56 When treated with an alkyne, the
intramolecularly coordinated alkene dissociates and
the carbene complex reacts with the alkyne to form
a vinylcarbene intermediate. Subsequent intramo-
lecular cyclopropanation of the tethered alkene leads
to 66 and 68.57 Direct intramolecular cyclopropana-
tion of the tethered alkene of 65 and 67 is not likely
to occur since a highly strained substituted bicyclo-
[2.1.0]pentane ring system would be produced.
Hoye and Vyvyan have reported the reaction of

alkene-containing Fischer carbene complexes with
alkynes to be an efficient and stereoselective route
to functionalized bicyclo[4.1.0]heptane derivatives.58

They have demonstrated the synthetic utility of this

cyclization reaction in a formal synthesis of (()-
carabrone (Scheme 14).

Carbene Tethered to Alkyne
Studies by Harvey and Brown have demonstrated

that, by tethering the alkyne to the carbene, cyclo-
pentenylcyclopropanes are readily generated.59 The
presumed reaction pathway involves initial exchange
of the tethered alkyne for carbon monoxide to form
alkyne coordination complex 71 (Scheme 15). In-

tramolecular cyclization and ring opening generates
vinylcarbene complex 72. Subsequent intermolecular
cyclopropanation of the alkene by the vinylcarbene
complex, presumably via metallacyclobutane forma-
tion and reductive elimination, leads to cyclopropa-
nation product 70.
Mild thermolysis of carbene complex 73 in the

presence of methyl acrylate led to a mixture of
vinylcyclopropane stereoisomers 74a,b in 71% yield.

The stereoselectivity observed in this process is
similar to that seen in previous cyclopropanation
studies.60 Several other electron-deficient alkenes
also readily participate in this process. Reaction of
carbene complex 73 with acrylonitrile, dimethyl
vinylphosphonate, and methyl methacrylate all lead
to cyclopropanation products as mixtures of diaster-
eomers.
Thermolysis of the analogous tungsten carbene

complex (76a) in the presence of methyl acrylate
requires higher temperatures for reaction to occur
(110 °C versus 65 °C) and produces vinylcyclopro-

Scheme 13

Scheme 14

Scheme 15
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panes in considerably lower yield (27%, 3:1). Analo-
gous thermolysis of chromium carbene complex 76b
led to a complex mixture of products.

The success of this cyclization was found to be
dependent upon the length and composition of the
tether between the alkyne and the carbene complex.
When carbene complex 78, which has a shorter

ethylene tether, was heated in the presence of methyl
acrylate, it did not give the desired cyclopropanation
product, or any identifiable products derived there-
from. Instead, the only identifiable product was
cyclopropane 79, isolated as a 3:1 mixture of diaster-
eomers in only 6% yield. Cyclopropane 79 is the
result of direct cyclopropanation of the alkene by the
carbene complex without initial reaction with the
alkyne. Thermolysis of carbene complex 80, which

has a longer four-carbon tether, in the presence of
methyl acrylate was found to give the desired cyclo-
hexenylcyclopropane (81), albeit in only 6% yield.
This was the only identifiable product isolated from
this reaction.
In-situ-generated vinylcarbene complexes can also

be trapped intermolecularly by another equivalent
of alkyne.15,61,62 The proposed mechanism for this
intraintermolecular two-alkyne annulation is similar
to that believed to be operative for normal carbene-
mediated benzannulation reactions. Initial alkyne
for CO ligand exchange and subsequent intramolecu-
lar cyclization lead to complex 82 (Scheme 16).
Repetition of this process in an intermolecular fash-
ion with phenylacetylene generates a dienylcarbene

complex (83) from which, after CO insertion to form
84 and in situ reduction and elimination, hydro-
quinone 85 is produced.
The alkyne can also be tethered to the carbene via

the alkoxy substituent of the Fischer carbene com-
plex.63 Thermolysis of molybdenum carbene complex
86, with excess methyl acrylate, generates a 1:1
mixture of dihydrofurans 87 (eq 39).59 Under similar

conditions, the analogous chromium and tungsten
carbene complexes also produce dihydrofurans, but
in significantly lower yield. Dihydropyranylcyclo-
propanes are also prepared in this fashion (eq 40).

Alkyne Tethered to Alkene
Several groups have investigated the reactivity of

1,6- and 1,7-enynes with group VI Fischer carbene
complexes. Wulff and Kaesler initially demonstrated
that thermolysis of 6-hepten-1-yne and methyl-
methoxy chromium carbene complex 29 in acetoni-

Scheme 16
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trile produced cyclobutanone 88 as a mixture of enol
ether isomers in 45% yield.64 When THF was used
as the solvent, a complex mixture of products, includ-
ing cyclobutanone 88 (13%) and furan 89 (10%), was
produced. The reaction failed when the correspond-
ing tungsten carbene complex was employed. Both
88 and 89 result from reaction of the carbene complex
with the alkyne to form a vinylcarbene complex
followed by CO insertion to form the corresponding
vinyl ketene complex. Intramolecular [2+2] alkene/
ketene cyclization leads to cyclobutanone 88 while
metal-mediated rearrangement of the vinylketene
complex produces furan 89.64
Hoye and co-workers demonstrated that cyclization

reactions of chromium carbene complexes with enyne
substrates proceeds smoothly when gem-carbomethoxy
groups are situated on the tether between the alkyne
and the alkene (Scheme 17).65 As the substitution
pattern on the alkene is varied, cyclobutanones (95),

furans (96), and 1,3-dienes (94) are also obtained.
Enynes can also be cyclopropanated by chromium
carbene complex 29 in a solid phase reaction via
adsorption on silica gel.66 Silica gel-catalyzed hy-
drolysis of the enol ether leads to the ketone 98.
Hoye and Rehberg have investigated the reactivity

of manganese carbene complexes with enynes.67
Treatment of manganese complex 99 with a series
of enyne diesters gave alkoxy-substituted bicyclic
vinylcyclopropanes which hydrolyzed to the corre-

sponding ketones upon standing (Scheme 18). Unlike
the chromium carbene complex, no evidence of cy-
clobutanone, furan, or metathesis products was de-
tected.
Studies by Harvey and co-workers have demon-

strated that molybdenum carbene complexes react
smoothly with a variety of enynes to form vinylcy-
clopropane products. For example, treatment of
enyne 100 with molybdenum carbene complex 35 led

to cyclopropanation product 101 as a 10:1 mixture
of enol ether isomers in 76% yield.68 The analogous
chromium carbene complex produced a 4:1 mixture
of the cyclopropanated products in significantly lower
yield (34%). When enyne 100 was treated with
methylmethoxy chromium carbene complex 29, as
used previously by Wulff, Hoye, and Katz, a 3:1
mixture of vinylcyclopropanes was produced in 33%
yield. Careful examination of each of these cycliza-
tions revealed no evidence of CO insertion or olefin
metathesis products. Since both the butyl and meth-
yl chromium complexes behaved similarly, the dra-
matic improvement in yield with molybdenum com-
plex 35 is attributed to the metal rather than to the
alkyl substituent.
The success of this type of cyclization reaction was

found to be highly dependent on the length and
composition of the tether between the alkyne and the
alkene. Thermolysis of enyne 103, containing a
longer 4-atom tether, with molybdenum carbene
complex 35 gave a mixture of vinylcyclopropane enol
ether isomers which were hydrolyzed directly to the
corresponding ketone (Scheme 19). The lower yield
of 104 compared to 101 was attributed to the slower
rate of olefin coordination with the longer tether.
When enyne 103was treated with chromium carbene
complex 102, none of the desired cyclopropanation
products were obtained. Instead, only aldehyde 105,
resulting from CO insertion into the intermediate
vinylcarbene complex followed by 1,5-hyrogen shift,

Scheme 17 Scheme 18
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was produced in 16% yield. The three-atom tether
was shown to produce the best results, and any
increase or decrease in the tether length generally
resulted in reduction of the efficacy of this reaction.
6-Hepten-1-yne, lacking the electron-withdrawing

group on the alkene, failed to give any cyclization
product. Instead, only intractable material, likely the
result of oligomerization/polymerization of the alkyne,
was produced. It therefore appeared that in the
absence of substituents on the tether, successful
reaction with the alkene component required that an
electron-withdrawing group be present on the alkene
so that metal coordination to the coordinatively
unsaturated vinylcarbene complex intermediate, which
is likely to involve considerable d-π* back-bonding,
would be more favorable. Alkene activation with the
electron-withdrawing group as part of the tether
(106) also led to vinylcyclopropane products (107 in

24% yield) upon thermolysis with molybdenum car-
bene complex 35. Treatment of 106 with chromium
carbene complexes gave the expected cyclopropana-
tion products in lower yields, as well as significant
quantities of olefin metathesis product 108 and diene
ester 109. Diene 109 appears to be the result of
rearrangement of the in-situ-generated vinyl carbene
complex.
The feasibility of incorporating heteroatom func-

tionality on the tether between the alkene and the
alkyne was also investigated. Treatment of allyl
propargyl ether with molybdenum carbene complex
35 produced vinylcyclopropane 110 in excellent yield.69
Unlike the ester linked enyne, no CO insertion or
metathesis products were obtained even when the
solvent was changed from benzene to THF or aceto-
nitrile. The analogous chromium carbene complexes
also produced exclusively cyclopropanation products,
though in reduced yield. Subsequently, Katz and

Yang showed that allyl propargyl ether is cyclopro-
panated by methylmethoxy chromium carbene com-
plex 29 to produce ketone 111 in 85% yield when the
thermolysis is carried out on a solid support.70

Harvey and Sigano have shown that treatment of
allylpropargyl amine derivatives with both molyb-
denum and chromium carbene complexes does not
give cyclopropyl derivatives. Under a variety of

conditions, thermolysis gave only a mixture of nonisol-
able products, possibly the result of alkyne oligomer-
ization/polymerization.71 The power of the solid
phase conditions developed by Katz is amply dem-
onstrated in this case, as amine derivative 112
produced cyclopropane 113 when treated with chro-
mium complex 29.70
In contrast to allylpropargyl amines, allylpropargyl

amide derivatives, such as 114, readily react with

complex 35 to give cyclopropanation products in good
to excellent yield.71 The 4-nitro derivative was found
to give a somewhat better yield than the correspond-
ing unsubstituted and 4-methoxy derivatives. Allyl-
propargyl carbamate derivative 116 can also be
smoothly cyclopropanated by molybdenum carbene
complex 117 in 38% yield.72 Mori andWatanuki have
demonstrated that allylpropargyl sulfonamide 119 in

Scheme 19
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acetonitrile readily reacts with chromium carbene
complex 120 to give cyclopropane derivative 121 in
91% yield after treatment with [FeCl4][FeCl2(dmf)3].73
When THF is used in place of acetonitrile, a bicyclic
cyclopentenone derivative (122) is obtained in 18%
yield along with 121 in 47% yield.

These studies, carried out by three independent
groups, clearly show that relatively minor changes
in the substrate, the carbene complex, or the reaction
conditions can have a dramatic impact on whether
CO insertion, olefin metathesis, or cyclopropanation
products are produced.

Alkyne Tethered to 1,3-Diene
On the basis of the observed reactivity of enynes,

it was anticipated that treatment of dienynes, such
as 123, with carbene complexes would lead to divi-
nylcyclopropane products which, under the reaction
conditions, would be expected to undergo [3,3] sig-
matropic rearrangement to produce a hexahydro-
azulene ring system (Scheme 20). The feasibility of
such a process was first demonstrated by Harvey and
Lund.74 Thermolysis of dienyne 123a with molyb-
denum complex 35 (R ) Bu, M ) Mo) produced
hexahydroazulenes 125a (1:4.8 ratio) in 87% overall
yield. The corresponding divinylcyclopropanes, 124,
were not detected. When dienyne 123a was treated

with chromium carbene complexes, hexahydroazu-
lenes 125a,b were produced in much lower yield.

Thermolysis of dienyne 126, lacking an electron-
withdrawing group on the diene and any substituents
on the tether, failed to give any of the anticipated
hexahydroazulenes with either molybdenum or chro-
mium carbene complexes. The only isolable product

obtained with this substrate was cyclopentenone 127
from treatment of 126 with methylmethoxy chro-
mium carbene complex 29.74 The failure of dienyne
126 to participate in the cyclopropanation pathway
was attributed to the absence of an electron-with-
drawing group on the 1,3-diene.
Hoye et al. have shown that when gem-car-

bomethoxy substituents are situated on the tether
between the alkene and the alkyne, cyclopropanation
products are readily generated.65 Additionally, ther-
molysis of dienynes containing gem-carbomethoxy
groups on the tether gives exclusively hexahydro-
azulenes, provided that an electron-withdrawing
group is attached to the diene.74 Thermolysis of 123b
in the presence of molybdenum complex 35 proceeds
smoothly to give hexahydroazulenes 125c in 81%
yield. When the dienyne lacks the activating electron-

withdrawing group (123c) and only possesses the
gem-carbomethoxy groups on the tether, hexahydroa-
zulenes (125d) are produced, but they are accompa-
nied by olefin metathesis product 128. When dienyne
123c is treated with molybdenum complex 35 in
benzene at lower temperature (40 °C), divinylcyclo-
propanes 129 are isolated along with metathesis
product 128 (Scheme 21). Divinylcyclopropanes 129
smoothly rearrange to the corresponding cyclohep-
tadienes upon thermolysis at slightly higher temper-
ature. The electron-withdrawing substituent on the
diene appears to both activate the alkene component
toward coordination to the coordinatively unsatur-
ated metal, as well as cause the cyclopropanation
pathway to be preferred over olefin metathesis.

Scheme 20
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The influence of additional olefinic functionality on
this reaction has been investigated.75 Thermolysis
of trienyne 130 in the presence of complex 35

produces hexahydroazulene 131 in 66% yield as a
single diastereomer. The analogous butylmethoxy
chromium complex gives a mixture of CO insertion
products that includes dienal 132 (17%) and cyclo-
pentenones 133 (14%) and 134 (10%).
Replacement of the butyl group with a phenyl

substituent leads to formation of hexahydroazulene
136 in 50% yield as a 2:1 mixture of isomers (Scheme
22). The analogous chromium complex follows the
Dötz reaction pathway to give, after oxidation, ben-
zoquinone 135 in 25% yield. Similar results are
obtained using a furylmethoxy molybdenum carbene
complex. Hexahydroazulene 137 is produced as a
single diastereomer in 42% yield, and no CO insertion
products are isolated. The analogous chromium
complex gives benzofuran 139 in 52% yield and
hexadydroazulene 138 in 10% yield. Replacement of
the aryl group with a vinyl substituent dramatically
changes the reaction pathway. Only trace amounts
(3%) of cyclopropane-derived products are produced.
When (trimethylsilyl)ethenyl-, cyclohexenyl-, dihy-
dropyranyl-, or 1,4-dioxenyl-substituted chromium
carbene complexes are employed, hydroquinone de-
rivatives are produced instead.
Upon treatment of 130 with cyclohexenyl, dihy-

dropyranyl, and dioxenyl molybdenum carbene com-
plexes, cyclopentadiene-derived products 144, 145
and 146 are generated (Scheme 23). Cyclization
product 146 is the result of intramolecular Diels-
Alder reaction of an initial substituted cyclopenta-
diene product.76

Two general conclusions were made from these
studies. First, though aryl- or alkylcarbene com-
plexes give cyclopropanation products, alkenyl sub-
stituents at this position cause the cyclopropanation
pathway to be disfavored and hydroquinone or cy-
clopentadiene formation to occur instead. Second,
the ratio of hydroquinone to cyclopentadiene products
appears to be a function of the electronic nature of
the substituents on the alkene, with electron-donat-
ing substituents causing cyclopentadiene products to
be favored while less electron-donating substituents
cause CO insertion pathways to be preferred.

All-Intramolecular Cyclizations

On the basis of some of the initial studies in this
area, it was envisioned that attachment of an ap-
propriately functionalized enyne or dienyne to a
carbene complex would provide direct access to
polycyclic frameworks via an all-intramolecular cy-
clization reaction. To date, a relatively limited
number of examples of this type of cyclization have
been reported. Hoye and co-workers initially dem-
onstrated the feasibility of such a process by tether-

Scheme 21 Scheme 22
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ing a methoxy chromium carbene complex to an
enyne (147).65c Preliminary studies showed that,

upon warming, two diastereomeric ketones were
formed of undetermined relative stereochemistry.
Unsubstituted chromium carbene complex 149 was
also prepared and, upon warming in benzene, gave
the tricyclic enol ether 150.77
Harvey and Brown explored all-intramolecular

versions of this reaction with molybdenum carbene
complexes wherein the enyne or dienyne component
was tethered through the alkoxy substituent.78 Ther-
molysis of complex 151 gave vinylcyclopropane 152

as the only isolable product in 51% yield. As with
Hoye’s unsubstituted chromium carbene complex
149, the success of this cyclization was somewhat
surprising since earlier studies had suggested that
appropriate substitution on the olefin is required for
activation toward this type of cyclization.
Since allylic ethers had been found to function well

as the alkene component of this type of cycliza-
tion,68,69 molybdenum carbene complex 153 was
prepared and its reactivity investigated (Scheme 24).
Thermolysis of 153 produced the highly functional-

ized vinylcyclopropane system 154 in 39% yield, as
well as triene 155 in 3% yield. Triene 155 is thought
to be the product of a 1,3-hydrogen shift from
vinylcarbene intermediate 156, followed by reductive
elimination. This reaction was later found to be
fairly general and readily occur in good yield with a
variety of propargyl ethers.30 In the case at hand,
intramolecular cyclopropanation of the allyl group is
favored over rearrangement and reductive elimina-
tion to form the conjugated diene framework.
Ester substituents have been found to activate 1,3-

dienes toward cyclopropanation.68,69 Accordingly,
thermolysis of ester-activated dienyne complex 157
produced tricyclic product 158 in 55% yield as a
single diastereomer (Scheme 25). This product is
believed to be produced via in situ generation of
vinylcarbene complex 159, followed by cyclopropa-
nation to form 160, and [3,3] sigmatropic rearrange-
ment to give 158.

Scheme 23

Scheme 24

Scheme 25
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V. Factors Influencing the
Carbene−Alkyne −Alkene Cyclization Reaction
The variety of studies described above have dem-

onstrated that the carbene-alkyne-alkene cycliza-
tion approach to vinylcyclopropanes, and products
derived therefrom, is quite feasible. However, in
many cases, other reaction pathways have been
documented to be competitive with the desired reac-
tion pathway. The factors which influence whether
the desired reaction pathway or competing reaction
pathways occur can be grouped into three catego-
ries: (1) steric effects associated with substituents
on the tether between the alkyne and the alkene
component, (2) electronic effects due to functionality
in the vicinity of the alkene, and (3) coordination
effects due to functionality in the vicinity of the
vinylcarbene intermediate.

Steric Effects
The ability of substituents on the tether between

two reactive functionality to influence the rate of an
intramolecular reaction is well-documented.79 A
variety of explanations for this effect have been
advanced. Thorpe and Ingold initially proposed that
alkyl substituents cause a compression of the internal
angle of the carbon chain, thus causing the reactive
centers to be closer together.80 Bruice and Pandit
described the increased reactivity as a “reactive
rotamer effect”.81 Other rationalizations have also
been advanced.82 In the context of the studies
summarized herein, this effect plays a role in the
success of several cyclizations. For example, hept-
6-en-1-yne fails to give any isolable cyclization prod-
ucts while closely related substrates studied by Hoye
and co-workers cyclize smoothly (Scheme 17), though
both cyclopropanation and olefin metathesis products
are generated.

Electronic Effects
Electron-withdrawing substituents on the alkene

increase the reactivity of the alkene component
toward cyclopropanation quite significantly. Coor-
dination of the alkene to the metal of the coordina-
tively unsaturated vinylcarbene complex intermedi-
ate has a large d-π* back-bonding component.
Electron-withdrawing substituents on the alkene will
strengthen this interaction.
Strongly electron-withdrawing groups, such as

ester, aldehyde, sulfoxide, and nitro substituents,
were found to sufficiently activate the alkene toward
metal coordination for it to participate in the car-
bene-alkyne-alkene cyclization reaction.83 Sub-
strates with weaker electron-withdrawing substitu-
ents in the vicinity of the alkene, such as allylicly
situated alkoxy- and acylamino substituents (see eqs
45-51), were also found to cyclize well.
With a longer four-atom tether between the alkene

and the alkyne, positioning the oxygen at the allylic/
homopropargylic position, as in 161, leads to a
mixture of products derived from cyclopropanation
of the alkene (162) and insertion of CO into the
vinylcarbene complex (163 and 164). In contrast,
positioning the oxygen at the homoallylic/propargylic
position gives exclusively 1,4-dialkoxy-1,3-butadiene

derivative 166.30 With the oxygen positioned as it is

in 165, it is not able to activate the alkene toward
cyclopropanation since it is homoallylic rather than
allylic. Additionally, since only propargyl ethers have
been found to consistently react with carbene com-
plexes to form butadiene derivatives, the propargylic
positioning of the oxygen is believed to activate the
propargylic hydrogens toward hydrogen migration at
the vinylcarbene intermediate stage, rendering con-
version to the 1,3-diene favored over intramolecular
cyclopropanation of the alkene.
When the allylic oxygen is positioned outside of the

tether, as in 167, cyclopropanation product 168 is
obtained in 45% yield, after hydrolysis of the corre-
sponding enol ether.84 No olefin metathesis or CO
insertion products were detected. Treatment of 167
with the analogous chromium carbene complex did
not give any cyclopropanation products. Instead, a
CO insertion product, aldehyde 169, is isolated in
14% yield (Scheme 26). In contrast with the all-
carbon tethered enynes, the allylic ether, located
either in the tether or as a substituent on the olefin,
significantly increases the tendency of the alkene to
participate in the cyclopropanation event. The σ-elec-
tron-withdrawing ability of the oxygen is thought to
be responsible for this effect.
N-Benzyl-N-allyl-N-propargylamine derivatives do

not readily participate in this reaction.71 The only
case where an allyl propargyl amine derivative has
successfully participated in a carbene-alkyne-alk-
ene cyclization reaction was reported by Katz with
the reaction carried out on a solid support.70 In
solution, even with an additional 4-nitro group on the

Scheme 26
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benzyl substituent, thermolysis with complex 35
gives only a complex mixture of nonisolable prod-
ucts.71 The reduced activity of these systems may
be attributed to the lower electronegativity of nitro-
gen in comparison to oxygen. When the amine is
functionalized with stronger electron-withdrawing
groups, such as amides,71 carbamates,72 and sulfona-
mides,73 intramolecular cyclopropanation occurs
smoothly (see eqs 49-51).

Coordination Effects
It appears that the critical step that determines

whether the carbene-alkyne-alkene cyclization path-
way will occur, is coordination of the alkene compo-
nent, 4, to vinylcarbene complex intermediate 3 to
form complex 170 (see Scheme 27). Coordination of

other ligands to intermediate 170 will interfere with
coordination of the preferred alkene and inhibit the
desired cyclization reaction. Several examples of this
coordinative inhibition effect have been documented.
Both alkyl- and aryl-substituted carbene complexes

give alkene cyclopropanation products. However,
vinyl-substituted carbene complexes give a variety
of products, none of which are the result of intramo-
lecular reaction with the tethered alkene. Generally,
when electron-donating groups are situated on the
carbene vinyl substituent, cyclopentadiene-derived
products are produced, while in the absence of such
groups CO insertion occurs, leading to hydroquinone
formation.75 This has been suggested to be caused
by coordination of the additional vinyl substituent,
as in 172, competing with coordination of the teth-
ered alkene substituent, as in 173.

It has also been documented that coordination of
alkoxy groups can dramatically effect the reactivity
of in-situ-generated vinylcarbene complexes. For
example, treatment of complex 86b with methyl
acrylate gave dihydropyranyl derivative 87b in 59%
yield85 while complex 80 produced methoxycyclohex-
ene derivative 81 in only 6% yield61 (Schemes 28 and
29). This difference in reactivity is attributed to the
different modes of coordination available at the
vinylcarbene complex stage. Complex 175, resulting

from intramolecular reaction of complex 80 with the
pendant alkyne, can exist in a coordinatively unsat-
urated η1,η1-form (175), in the coordinatively satu-
rated η1,η3-form (175′), or in the oxygen-bound coor-
dinatively saturated η1,η1,η1-form (175′′). Coordination
to methyl acrylate gives 175-L, which leads to the
observed products. Because of the ability of the
oxygen to coordinate as in 175′′, 175 is expected to
be considerable more stable than 174 and less likely
to coordinate to the electron-deficient alkene of
methyl acrylate. When the alkyne is tethered through
the alkoxy-substituent of the carbene complex, ether
coordination is not possible and the vinylcarbene
intermediate 174 is expected to be considerably more
reactive. Similar enol ether coordination has been
suggested to be responsible for the high stereoselec-
tivity obtained in the synthesis of 1,4-dialkoxy-1,3-
butadienes (Scheme 30).
In connection with the application of this reaction

to natural product synthesis, the reactivity of di-
enynes bearing alkoxy-substituents on the tether

Scheme 27

Scheme 28

Scheme 29
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between the alkyne and the 1,3-diene was investi-
gated.86 Initial studies demonstrated that acetate
and acetonide derivatives both failed to give the
anticipated bicyclic ring system. Instead, substituted

furan products, resulting from insertion of carbon
monoxide into the vinylcarbene intermediate, are
obtained. Only when the vicinal diol is protected as
the bis-TBDPS ether is the cyclization successful,
giving 181 in 72% yield. The failure of the acetate
and acetonide derivatives to react is attributed to the
ability of the alkoxyl substituents to coordinate to the
coordinatively unsaturated metal of vinylcarbene
intermediate 182 and thus inhibit coordination of the
desired alkene. With the siloxyl substituents, the
siloxyl oxygen is both sterically and electronically
incapable of coordinating to the coordinatively un-
saturated metal. Additionally, it is believed that
coordination of the alkoxyl group induces CO inser-
tion and, thus, furan formation since alkynes lacking
alkoxyl substituents failed to give analogous CO-
insertion-derived products.

VI. Conclusions
As the examples presented in this review demon-

strate, the three-component carbene-alkyne-alkene
approach to vinylcyclopropanes allows access to a
wide variety of highly functionalized bi- and tricyclic

ring systems. Studies completed to date have dem-
onstrated that this reaction is capable of smoothly
occurring in a variety of scenarios, though in some
cases coordination of additional functionality to the
in-situ-generated vinylcarbene intermediate has been
shown to inhibit the cyclopropanation step and cause
other reaction pathways to be favored.
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hedron Lett. 1992, 33, 927-930.

(46) Barluenga, J.; Aznar, F.; Martı́n, A.; Garcı́a-Granda, S.; Salvadó,
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