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Introduction

Metal-catalyzed cleavage of carbon�carbon bonds is a field
of major interest since it can lead to the design of new, se-
lective and efficient processes for the functionalization of
non-reactive hydrocarbons.[1] Following the original activa-
tion of C�C single bonds of cyclopropylcarbinyl Grignard
reagents[2] and metal-promoted carbon�carbon activation of
strained alkanes,[3] the carbon�carbon activation of methyle-
necyclopropanes (MCPs) and alkylidenecyclopropanes
(ACPs),[4] through transition-metal catalysts, has emerged[5]

and different reactivities could be observed and are summar-
ized in Scheme 1. In a general approach, when the cyclopro-
pane ring of MCP 1 reacts with transition-metal catalyst M,
two different types of reaction patterns could be envisaged;
1) insertion of M into the distal (C3/C4) bond to give 2 ;
2) insertion of M into the proximal (C2/C3) bond to provide
3.[6] From the examples collected over the years, it has been
established that cycloadditions catalyzed by “naked” nickel
catalysts [NiACHTUNGTRENNUNG(cod)2] favor the proximal ring-opening, where-
as in the presence of phosphine or phosphite ligands, a pref-
erence for a cleavage of the distal bond is observed.[7] When
the exomethylene part of 1 first reacts with an organometal-
lic species RMLn, two different regioisomers could be
formed during the carbometalation reaction;[8] the addition
of RMLn leading to metalated C1 gives the anti-Markovni-
kov adduct 4 that usually undergo a further ring-opening re-
action whereas the Markovnikov addition leads to product
5.[9] In all cases, functionalization of the carbon skeleton can
be achieved by adding electrophiles to the resulting organo-
metallic species.[10]

As can be seen from Scheme 1, the attractive but often
troublesome feature of methylenecyclopropane is their mul-
tiform reactivities that may lead to the formation of a varie-
ty of products. A predictable control of the reactivity of
MCPs and ACPs would be therefore synthetically important
for the formation of a unique product. However, the control
can’t be achieved by adjusting reaction conditions but is in-
herent to the structure of the substrate. Thus, in order to
control the reactivity and selectivity of such reactions, one
has to design a substrate in which only a restricted numbers
of possible reactions could occur.

Discussion

Our hypothesis was that adding complexity in the starting
MCPs and ACPs (i.e. , substituted ACPs) should lead to se-
lective reactions. For instance, the distal insertion of a cata-
lyst M to a more challenging ACPs 6, possessing a quaterna-
ry stereocenter on the cyclopropyl ring, would lead to an un-
favorable tertiary organometallic species 7 (path A,
Scheme 2).[11] Therefore, products resulting from a distal in-
sertion should not be formed in the reaction. If the proximal
insertion of the catalyst M is now considered, two insertions
are theoretically possible. The proximal insertion into the
C2/C4 bond leads to a tertiary and vinyl organometallic 8
(path B, Scheme 2) whereas the proximal insertion into the
C2/C3 bond would lead to a primary and vinyl organometal-
lic species 9 (path C, Scheme 2). Here again, from these two
possible reaction products, 9 should be preferentially
formed (primary versus tertiary organometallic species).

If one considers the carbometalation of an organometallic
species R5-MLn to the exo-alkylidene moiety of 6, the for-
mation of either the Markovnikov or anti-Markovnikov ad-
ducts (10 and 11, respectively) should only be dependent of
the nature of the substituents on the double bond (R3 and
R4). Indeed, if the substituent R3 is a hydrogen, alkyl or aryl
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Scheme 1. General reactions of methylenecyclopropanes.
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groups whereas R4 is a hydrogen (or vice versa), the forma-
tion of the anti-Markovnikov adduct 11 should be preferred
(primary and secondary organometallic adducts should be
formed at the expense of tertiary cyclopropyl metal species).
However, if the two substituents R3 and R4 are alkyl groups,
we should reach the limit of the system and no selectivity
should be expected.

If the carbometalation is performed on a properly substi-
tuted ACPs to give 11, two possible ring-cleavage adducts
could be obtained. If the carbon�carbon activation occurs
through the C2/C3 bond, a primary acyclic organometallic
species 12 would be obtained (path D, Scheme 2). On the
other hand, if the ring opening occurs through the cleavage
of the C2/C4 bond, the less stable trisubstituted organome-
tallic species 13 would result (path E, Scheme 2). Based on
the same assumption that primary organometallic is more
stable than the tertiary one, we anticipated that only regio-
isomer 12 would be obtained in such a process (the isomeri-
sation of alkylmetal species into p-allyl,[12] that is, palladium
species, could not proceed if adjacent to quaternary stereo-
center). Moreover, if the ring-opening indeed occurs
through the C2/C3 bond, the organometallic species would
be obtained potentially with a full preservation of the ste-
reochemical information of the initial stereochemistry at the
quaternary center. Therefore, as described previously, a
more complex system leads to a simpler reactivity profile,
and substituted MCPs and ACPs should lead to more selec-
tive transformations. The purpose of this concept article is
to delineate the reactivity of substituted MCPs and ACPs
with organometallic species RMLn (metal-catalyzed [3+2]

cycloadditions were already
treated in an excellent review
and will not be discussed
here).[4d]

Pioneering results were ob-
tained when (methylenecyclo-
propyl)carbinols 14 were treat-
ed with a slight excess of tribu-
tyltin hydride in THF in the
presence of a catalytic amount
of tetrakis(triphenylphosphine)-
palladium (3–5 mol %). The
corresponding ring-opened ho-
moallylstannanes were obtained
in good to excellent yields and
as single diastereomers
(Scheme 3).[13]

The relative stereochemistry
of homoallylstannane 15 corre-
sponds to that of the parent
compound 14, establishing that
there is no loss of the stereo-
chemical information initially
present in the (methylenecyclo-
propyl)carbinol 14 throughout
the course of the reaction. The
same reaction could also be

successfully applied to alkylidenecyclopropane derivatives

Scheme 2. Selectivity in the ring-opening of strained three-membered rings.

Scheme 3. Palladium-catalyzed hydrostanation of MCPs and ACPs.
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16 and selective ring-opening products 17 were obtained in
all cases (Scheme 3).[14] The formation of the linear products
could be rationalized through the following mechanism: Ox-
idative addition of a zero-valent palladium into the tin�hy-
drogen bond of tributyltin hydride first generates a stannyl-
palladium hydride species which hydropalladates the MCPs
affording the (cyclopropylmethyl)palladium stannane. Im-
portantly, the ring-opening is 1) faster then reductive elimi-
nation since no cyclopropylstannanes 18 were observed and
2) highly regioselective carbon�carbon activation is ob-
served since primary homoallylpalladium stannane rather
than a secondary or tertiary one were obtained. Even when
potentially stable benzylpalladium species could be formed
as intermediate (formation of 17 a, d, e), the ring opening
product always leads to the primary adduct 17 and not 20
(Scheme 4).

When 2,2-diphenyl-1-methylenecyclopropane (21) reacts
with a stoichiometric amount of [RhH(CO) ACHTUNGTRENNUNG(PPh3)3] at room
temperature, the [Rh(h1:h2-CH2CPh2CH=CH2)(CO) ACHTUNGTRENNUNG(PPh3)2]
(22) was isolated and fully characterized through a selective
proximal carbon�carbon bond
cleavage.[15] Use of [D15]-
[RhD(CO) ACHTUNGTRENNUNG(PPh3)3] results in
selective deuteration at the g-
position of the ligand. The
carbon�carbon activation in-
volves the initial insertion of
the C=C double bond into the
Rh�H bond and an ensuing b-
alkyl elimination[16] of the re-
sulting cyclopropylmethyl rho-
dium complex (Scheme 5).

The rhodium-catalyzed hy-
drosilylation of MCPs[17] and

ACPs 16[14] proceeds nicely, through a selective ring-open-
ing, to give similarly a single isomer of the acyclic organosi-
lanes 23 in good to excellent yields (Scheme 6).

The reaction is stereoselective as the E/Z ratio of homoal-
lylsilanes 23 correspond to the E/Z ratio of the initial alkyli-
denecyclopropanes 16.[18] No traces of hydrosilylation of the
exo-methylene double bond was detected suggesting that
the ring-opening is again faster the reductive elimination.
As the ring-cleavage always leads to the primary alkylsilane,
the integrity of the quaternary stereogenic center should
remain unaffected in the process. To confirm this assump-
tion, several enantiomerically pure alkylidenecyclopropanes
were prepared[18] and tested in those conditions. According-
ly, when the Rh-catalyzed hydrosilylation reaction of (E)-
16 a was performed, the (E)-homoallylsilane 23 a was ob-
tained and directly subjected to hydrogenation of the
double bond followed by the Tamao–Fleming oxidation re-
action.[19] The corresponding saturated primary alcohol 24
was obtained with an enantiomeric ratio similar to the start-
ing materials (Scheme 7).[14] The same trend was found for
the Z isomer.[14]

The ring-opening process versus the reductive elimination
to give the (2-silyl)-1,1-diphenylcyclopropane (25) is only
dependent of the catalysts used. Indeed, the Wilkinson cata-
lyst leads to homoallylsilanes 23 (Scheme 8), whereas plati-
num catalysts such as [PtI2ACHTUNGTRENNUNG(PPh3)2] only afford the silylmeth-
yl cyclopropyl species 25 (Scheme 8).[20]

When MCPs and ACPs were subjected to the Rh-cata-
lyzed hydroboration with pinocalborane at room tempera-
ture, a single boronate ester 26 was observed in all cases.[14]

Here again, whatever MCPs and ACPs used, this reaction is
a remarkable combination of several chemical steps that
proceeds to give a unique ring-opened product (Scheme 9).
Following oxidation with H2O2 and reduction of the double

Scheme 4. Mechanism of the Pd-catalyzed hydrostanation.

Scheme 5. Cyclopropylmethyl rhodium complex.

Scheme 6. Rhodium-catalyzed hydrosilylation of MCPs and ACPs.
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bond, the resulting saturated alcohols 24 were isolated in ex-
cellent yields.

When enantiomerically pure ACP 16 c was subjected to
the Rh-catalyzed hydroboration, the obtained primary alkyl
boronate ester 26 c is oxidized and reduced to give the ho-
moallylic alcohol 24 c possessing a quaternary stereocenter
with an enantiomeric ratio higher than 98:2, showing that
the stereochemistry of the stereogenic center is unaffected
during the whole process (Scheme 10).[14]

A very elegant illustration of the reactivity of ACP could
be found in the combined C�H activation/cycloaddition

crossover.[21] When substrate 27 bearing an anchor group
such as a pyridine ring to direct the C�H activation is sub-
jected to the Wilkinson catalyst {[RhCl ACHTUNGTRENNUNG(PPh3)3], (5 mol %)
and AgSbF6 (7.5 mol %) in THF at 120 8C}, the resulting
vinyl metal hydride 28 undergo a carbometalation reaction
on the alkylidenecyclopropane moiety to give metalacycle
29. After ring-cleavage and reductive elimination, the func-
tionalized cycloalkene 30 is formed (Scheme 11).

To extend the scope of this reaction, the 2-vinyl pyridine
trigger was replaced by an aldehyde and these substrates
convert into cycloheptenones on exposure to catalytic
amounts of [Rh ACHTUNGTRENNUNG(coe)2Cl]2 (coe = cyclooctene) and (p-
MeOC6H4)3P at 80–120 8C under ethylene atmosphere.
However, under these conditions, the most substituted
carbon�carbon bond is surprisingly cleaved in the process
for only one isomer (Scheme 12). Indeed, when enantiomer-
ically pure (Z,S)-alkylidenecyclopropane 31 is treated with
the same catalytic system, ketone 32 is the only observed
product. This result can be rationalized through the com-
bined C�H bond insertion followed by the syn-addition of
the resulting Rh�H species to the adjacent alkene, followed
by a rotation to eclipse the C�Rh with the C�C bond of the
cyclopropane, ring-opening and finally reductive elimination
to give the ketone 32. On the other hand, the analogous

Scheme 7. Preparation of quaternary carbon stereocenters in acyclic system.

Scheme 8. Platinum-catalyzed hydrosilylation of MCPs.

Scheme 9. Rhodium-catalyzed hydroboration of ACPs.

Scheme 10. Selective preparation of primary alkylboron species possess-
ing a quaternary carbon stereocenter.

Scheme 11. Combined C�H activation/cycloaddition crossover.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 9712 – 97219716

I. Marek and A. Masarwa

www.chemeurj.org


transformation for the opposite isomer (E,S)-33, the ketone
34 in which the primary bond is cleaved is obtained. In both
cases, the carbon�carbon bond of the cyclopropane that is
cis relative to the C�Ar unit is broken during the cycloiso-
merization, independent of the degree of substitution. This
discrepancy needs further investigations to be fully rational-
ized.

The synthetically interesting hydroformylation of MCPs
and ACPs 16 was recently disclosed and linear aldehydes 35
were obtained in good to excellent yields whatever the sub-
stituents on the starting materials (Scheme 13).[22]

A postulated reaction pathway for the regioselective hy-
droformylation reaction of alkylidenecyclopropane is de-
scribed in Scheme 14. A coordinatively unsaturated
[HRh(CO)L2] 36, is in situ generated, forms a p-olefin–Rh
complex 37 with ACPs that lead to Rh complex 38 via hy-
drometalation reaction. A selective ring-opening proceeds
(selective cleavage of the primary bond). Carbon monoxide

coordinates to 39 to form the saturated alkyl rhodium com-
plex 40 and a migratory insertion takes place to give the un-
saturated acyl–Rh 41. Oxidative addition of molecular hy-
drogen to 41 gives the acyl–Rh dihydride 42 and after reduc-
tive elimination, the aldehyde 35 is produced and regenerate
the active catalyst 36.

It is worth mentioning that the selective splitting of C�C
bond is faster as compared to CO/H2 insertion and reductive
elimination since no cyclopropylcarboxaldehydes were de-
tected. To further probe the utility of the hydroformylation
reaction of alkylidenecyclopropanes in organic synthesis, the
transformation of easily obtained enantiomerically pure al-
kylidenecyclopropane 16 into linear aldehyde 35 possessing
the challenging enantiomeric enriched quaternary stereo-
genic carbon center[23] was achieved as described in
Scheme 15.[22]

Nickel catalyst [Ni ACHTUNGTRENNUNG(PPh3)2Cl2] could be used in combina-
tion with ArMgBr for the selective ring-opening of 2-
phenyl-1-methylenecyclopropane as described in
Scheme 16.[24] When the reaction mixture was quenched
with electrophiles, functionalized adducts 43 were formed in
moderate to good yields. However, surprisingly, the combi-
nation of vinyl Grignard derivatives and NiCl2 as catalyst

Scheme 12. Mechanistic hypothesis.

Scheme 13. Rhodium-catalyzed hydroformylation of ACPs.

Scheme 14. Mechanistic hypothesis for the rhodium-catalyzed hydrofor-
mylation of ACPs.

Scheme 15. Selectivity in the carbon�carbon activation of ACPs.
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leads to a different chemical pathway and adducts from
distal insertion were obtained.[24] The latter results show that
a better understanding is still needed to predict reactivities
of strained three-membered rings with different combina-
tion catalysts/nucleophiles.

Nickel catalyst {[Ni ACHTUNGTRENNUNG(cod)2] (5 mol %) combined with PBu3

(5 mol%)} could also be used for hydroacylation reaction of
substituted MCPs. As expected, when non-symmetrical
MCPs were used, a selective cleavage of the less hindered
carbon�carbon bond occurs to give the corresponding ke-
tones 44 in good yields (Scheme 17).[25]

When symmetrically substituted (meso) MCPs 45 are sub-
jected to catalytic silaboration,[26] the cyclopropane ring is
cleaved to give homoallylsilane 46. The stereochemically de-
termining step is the desymmetrizing carbon�carbon bond
cleavage and dictates the configuration of the final enantio-
mer (Scheme 18).[27] With MePh2SiB ACHTUNGTRENNUNG(pin) as the silylboron
reagent and chiral ligand 47, both cyclic and acyclic MCPs
are converted to the ring-opened products in high enantiose-
lectivity.

Even more challenging is the kinetic resolution of racemic
1-alkyl-2-methylenecyclopropanes and recent reports on the
silaborative carbon�carbon cleavage catalyzed by a palladi-
um complex bearing a chiral phosphoramidite ligand could
illustrate the concept.[28] ACPs can be ring-expanded into cy-
clobutenes through the use of PtII[29] or PdII[30] catalysts. In
the context of this concept article, it was of interest to inves-
tigate the regioselectivity of the ring-expansion using substi-
tuted ACPs such as 16. When 16 (R4 = H) was treated with
either PtII or PdII, cyclobutene 48 was formed at the expens-
es of its isomer 49 (Scheme 19).[31]

The selective ring expansion can be rationalized by the
following mechanistic hypothesis (Scheme 20). Coordination
of the transition metal MX2 to the alkylidenecyclopropane
16 generates the corresponding cyclopropylmethyl cation 50
that may undergo two different ring expansions. In path A,
the unsubstituted carbon center migrates (as described in
51) to give the corresponding metal carbene 52. Subsequent
1,2-hydrogen shift (formation of 53) and elimination forms
the corresponding cyclobutene 48. On the other hand, when

the tertiary alkyl group mi-
grates as depicted in 54, the
metal carbene 55 is formed and
after the same 1,2-hydrogen
shift and elimination, the iso-
meric cyclobutene 49 could be
obtained. The migrating carbon
acquires a carbanion-like char-
acter in the transition state in a
way that the most stable car-
banions should migrate faster.

In the presence of PdII catalyst
with excess of copper(II) bro-
mide, 2-(arylmethylene)cyclopro-
pylcarbinols undergo similar se-
lective ring enlargement to deliv-
er (arylcyclobutenyl)carbinols as
described in Scheme 21.[33]

Scheme 16. Nickel-catalyzed ring-opening of ACPs.

Scheme 17. Nickel-catalyzed hydroacylation of MCPs.

Scheme 18. Desymmetrization of MCPs.
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As the primary alkyl group preferentially migrates in all
examined cases, the integrity of the quaternary stereogenic
center should remain unaffected in the process. When 16
(enantiomeric ratio 99:1) was submitted to the PtII-catalyzed
ring expansion, the cyclobutene 48 c was obtained with the
same enantiomeric ratio (e.r. 99:1) as determined by chiral
HPLC after transformation into the linear dicarbonyl spe-
cies 56 (Scheme 22).[31]

Recent studies on the ring-opening of monoactivated
MCPs led to efficient preparations of various heterocyclic

structures, but as the selectivity of the ring-opening is either
dictated by the presence of the activating group (Michael-
type addition),[34] or by the ring-opening of bicyclic carbocat-
ion intermediates,[35] it will not be treated in details here. Fi-
nally, organolanthanide-[36] as well as titanium-mediated[37]

intermolecular hydroamination reactions of MCPs represent
an important class of transformation. When unsymmetrical
phenylmethylenecyclopropane is treated with various
amines in the presence of organolanthanide complexes
[[Cp*2LnCHACHTUNGTRENNUNG(SiMe3)2], Ln= La, Sm}[36] or octahedral titani-
um catalyst [Ti ACHTUNGTRENNUNG(Ph2-PNpy)2ACHTUNGTRENNUNG(NEt2)2],[37] the 1,2-addition 57 is
initially observed (no traces of 2,1-addition adducts 58 was
detected) ensuing b-alkyl eliminative cyclopropane ring-
opening of the Ln–alkyl cyclopropane species 57 to afford
mainly the linear imine products after protonolysis and tau-
tomerization (Scheme 23).[36,37]

This observed selectivity is opposite to all the ones dis-
cussed previously (and is identical to ring-opening reaction
of radical species)[38] and could be understood on the basis
of a weak coordination of the metal by the adjacent p-elec-
trons of the arene ring. Such interactions would favor a syn-
orientation of M-C and C2/C3 bonds, which would lead to
preferential C2/C3 cleavage. Whereas many amines were
tested in these reactions, no examples of alkyl-substituted
methylene or alkylidenecyclopropane derivatives were
tested to validate this hypothesis.

Summary and Outlook

By slightly increasing the structural complexity of methyl-
ene- and alkylidenecyclopropanes through judicious addi-
tion of substituents on its cyclopropyl core, the multiform
reactivity of ACPs is now transformed into selective reac-
tion. In this article, we are concentrating on the reactivity of
MCPs and APCs via an initial addition reaction on the
strained exo-alkylidene double bond followed by selective
carbon�carbon bond activation. This concept could be used
to the preparation of challenging structural motifs possess-
ing quaternary carbon stereocenters in acyclic systems. New
and efficient routes to enantiomerically enriched MCPs and
ACPs are still in needs to fully exploit the rich and selective
metal-catalyzed ring-opening reactions.

Scheme 19. Ring-expansion of ACPs to substituted cyclobutenes.

Scheme 20. Possible mechanisms for the ring-expansion.

Scheme 21. Palladium-catalyzed ring-expansion of methylenecyclopropa-
nol.

Scheme 22. Preparation of enantiomerically pure dicarbonyl species pos-
sessing quaternary carbon stereocenter.
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