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ABSTRACT

The rhodium(I)-catalyzed methylenation of ketones using trimethylsilyldiazomethane proceeds to give the corresponding alkenes in good
yields (60−97%). The use of an excess of 2-propanol and 1,4-dioxane as a solvent were instrumental to obtain the desired alkenes in high
yields. Superior results were achieved with the rhodium(I)-catalyzed methylenation in comparison with the standard Wittig reaction.

The synthesis of terminal alkenes from carbonyl derivatives
is a very important reaction in organic synthesis.1 The Wittig
reaction2 has been quite reliable for this transformation,
although low reactivity with hindered carbonyl derivatives
often required an excess of reagent.3 Conversely, numerous
stoichiometricgem-bimetallic reagents have been shown to
react readily with ketones, leading to the corresponding
alkene in high yields.4 The development of a process using
a catalytic amount of a transition metal complex to achieve
methylenation reaction has been recently accomplished by
our group.5 Indeed, we showed that rhodium(I) complexes

efficiently catalyzed the methylenation of a variety of
aldehydes with trimethylsilyldiazomethane in the presence
of triphenylphosphine and 2-propanol. However, the use of
this strategy with more hindered substrates, such as ketones,
has been so far limited to ketones containing an electron-
withdrawing group, such as fluorine.6 In this communication,
we wish to report our efforts that led to the development of
an efficient procedure for the synthesis of alkenes from
various ketones.

On the basis of our previous work with fluoromethyl
ketones,6 we initially postulated that substitution of methyl
ketones with other electron-withdrawing groups, such as
acetoxy and benzoxy groups, could provide the desired
alkene under our typical reaction conditions. However, allyl
acetate1 and allyl benzoate2 were isolated only with
moderate yields, and the formation of a silylated phospho-
nium salt derived from the ketone was also observed (Table
1, entries 1 and 3).7 We hypothesized that increasing the
amount of 2-propanol in the reaction mixture could diminish
the Lewis acid character of the silyl reagent. Indeed, the
presence of 10 equiv of 2-propanol, 1.6 equiv of trimethyl-
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silyldiazomethane, 1.1 equiv of triphenylphosphine, and 2.5
mol % of Wilkinson’s catalyst led to the formation of the
desired alkene with complete conversion. Despite this, the
isolated yield for allyl acetate1 remained modest, as the
product was not stable and readily decomposed in the
presence of the transition metal complex, probably through
the formation of aπ-allyl complex (entry 2).8 In contrast,
allyl benzoate2 was isolated with 82% yield in the presence
of an excess of 2-propanol (entry 4). Similar yields were
obtained for various aromatic and aliphatic allyl benzoates
under those reaction conditions (entries 6, 7 and 9, 10). When
we investigated other alkoxy derivatives, we were delighted
to find that the beneficial effect of an excess of 2-propanol
was not limited to benzoate derivatives (Table 2). Partial
conversion and moderate yields were obtained with unpro-
tected hydroxyl derivatives, as those primary alcohols are
known to partially decompose the TMSCHN2 reagent (entry
1).5a However, a number of protectedR-hydroxy ketones
could be reacted with good yields (entries 2-7). Typically,
benzyloxymethyl andtert-butyldimethylsilyloxymethyl ke-
tones provided the highest yields. The reaction conditions
are compatible with both aromatic and aliphatic substrates.
In general, the yields obtained with our rhodium-catalyzed
methylenation reaction are similar or slightly superior to
those obtained when using the typical Wittig reaction
conditions with methyltriphenylphosphonium bromide and
NaHMDS. We have also devised an oxidative workup using
Oxone, to oxidize the remaining triphenylphosphine, which

facilitates the purification of nonpolar allylic ethers (entries
8, 13-15, 18).9

The initial results obtained for the methylenation of
aliphatic ketones, such as 4-phenyl-2-butanone, were quite
disappointing (Table 3). Even in the presence of an excess
of 2-propanol, the conversion into the corresponding alkene
remained low, although we could clearly observe the
presence of unreacted methylenetriphenylphosphorane in the
1H NMR spectra.10 Further increasing the amount of 2-pro-
panol from 10 to 30 equiv did not help either (entry 3). It is
only when we used a large excess of trimethylsilyldiaz-
omethane that we could achieve 80% conversion (entry 4).
Heating the reaction at 50°C surprisingly did not lead to
any significant increases of the conversion (entry 2). Wilkin-
son’s catalyst does not appear to be stable at high temperature
in THF and crashed out from the reaction mixture as the
chloro bridged dimer. We found that the rhodium catalyst is
more stable in 1,4-dioxane; thus, heating the reaction at
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see: Wozniak, L. A.; Stec, W. J.Tetrahedron Lett.1999,40, 2637-2640.

(10) It was unambiguously established that methylenetriphenylphospho-
rane was the active methylenation reagent formed from trimethylsilyldia-
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son’s catalyst. See ref 5a for details.

Table 1. Rhodium-Catalyzed Methylenation ofR-Acetoxy- or
R-Benzoxymethyl Ketones (eq 1)a

a Conditions: TMSCHN2 (1.6 equiv), 2-propanol (1.1 equiv), triph-
enylphosphine (1.1 equiv), and RhCl(PPh3)3 (2.5 mol %).b Isolated yield.
c Using 10 equiv of 2-propanol.

Table 2. Rhodium-Catalyzed Methylenation of
R-AlkoxylMethyl Ketones (eq 2)a

a Conditions: TMSCHN2 (1.6 equiv), 2-propanol (10 equiv), triph-
enylphosphine (1.1 equiv), and RhCl(PPh3)3 (2.5 mol %).b Isolated yield.
c Ph3PCH3Br (1.1 equiv) and NaHMDS (1.1 equiv).d Oxidative workup
using Oxone.
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50 °C in this solvent in the presence of 1.6 equiv of
trimethylsilyldiazomethane led to the formation of the
terminal alkene within 80% conversion (entry 6). After
further optimizations, we found that the optimal reaction
conditions took place in 1,4-dioxane at 65°C with 2.5 mol
% of RhCl(PPh3)3, 1.1 equiv of triphenylphosphine, 15 equiv
of 2-propanol, and 2.4 equiv of trimethylsilyldiazomethane
(entry 8).

As outlined in Table 4, high yields (78-97%) could be
obtained with a variety of aliphatic and aromatic ketones
under these reaction conditions. In addition to aliphatic
methyl alkenes (entries 1 and 3), alkenes derived from ethyl
alkyl ketones and cyclic ketones were synthesized in high
yields (entries 2 and 4).

Furthermore, an aliphaticR,â-unsaturated ketone led to
the desired diene31 with 97% yield. In all cases, the
rhodium-catalyzed methylenation reaction with trimethylsi-
lyldiazomethane proved to be superior to the standard Wittig
reaction using Ph3PCH3Br and NaHMDS. In many cases the
Wittig reaction did not reach completion, whereas the
rhodium-catalyzed decomposition of trimethylsilyldiaz-
omethane did provide the alkene with complete conversion.11

In contrast, cyclicR,â-unsaturated ketones, such as cyclo-
hexenone or cyclopentenone, did not lead to the desired
alkene but instead provided 1,4-addition products.12 For more
hindered substrates, such asR-alkoxycyclohexanone deriva-
tives, the generation of only 1.1 equiv of methylenetriph-
enylphosphorane was not sufficient for the methylenation
reaction to reach completion. It was necessary to increase
the amount of triphenylphosphine to 2 equiv to furnish the

corresponding terminal alkenes with high yields (Table 5).
2-Benzyloxy- and 2-tetrahydropyranyl-2-oxy-cyclohexanones
led to the formation of the corresponding allylic ether with
82% and 72% yields, respectively (entries 1 and 2). 2-Tri-
isopropylsilyloxycyclohexanone provided the highest yield
among all silyloxy derivatives (entries 3-5), as 2-tert-
butyldimethylsilyloxymethylcyclohexanone was surprisingly

(11) The same amount of the phosphine reagent, either triphenylphos-
phine for the rhodium-catalyzed methylenation or methyltriphenylphos-
phonium bromide for the standard Wittig, were used to generate the same
amount of the ylide reagent with both methods for comparison purpose. It
is common practice however, to use an excess of methylenetriphenylphos-
phorane under standard Wittig reaction with such substrates to achieve better
yields.

(12) No cyclopropane derivative was observed in these reactions.
Silylated Michael addition products (as a mixture of diastereoisomers) appear
to be the major products.

Table 3. Optimization of the Rhodium-Catalyzed
Methylenation of 4-Phenyl-2-butanone (eq 3)a

a Conditions: RhCl(PPh3)3 (2.5 mol %) and triphenylphosphine (1.1
equiv). b Determined by GC.

Table 4. Rhodium-Catalyzed Methylenation of Aliphatic and
Aromatic Ketones (eq 4)a

a Conditions: TMSCHN2 (2.4 equiv), 2-propanol (15 equiv), triph-
enylphosphine (1.1 equiv), and RhCl(PPh3)3 (2.5 mol %).b Isolated yield.
c Ph3PCH3Br (1.1 equiv) and NaHMDS (1.1 equiv).d Oxidative workup
using Oxone.

Table 5. Rhodium-Catalyzed Methylenation of
R-AlkoxyCyclohexanone Derivatives (eq 5)a

a Conditions: TMSCHN2 (2.4 equiv), 2-propanol (15 equiv), triph-
enylphosphine (2.0 equiv), and RhCl(PPh3)3 (2.5 mol %); oxidative workup
using Oxone.b Isolated yield.c Ph3PCH3Br (2.0 equiv) and NaHMDS (2.0
equiv). d Standard workup.e 2.5 equiv of PPh3. f Ph3PCH3Br (2.5 equiv)
and NaHMDS (2.5 equiv).g LiHMDS was used.
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unreactive. Here again, the comparison with the standard
Wittig reaction was in favor of the rhodium-catalyzed
methylenation. Whereas the generation of 2.0-2.5 equiv of
methylenetriphenylphosphorane was sufficient to reach
completion in the presence of Wilkinson’s catalyst, only
partial conversion was observed with the same amount of
Ph3PCH3Br and NaHMDS, leading to the isolation of alkenes
with modest yields.11

So far, the rhodium-catalyzed methylenation reaction of
substituted enolizable substrates was shown to proceed
without epimerization. To test the stereochemical integrity
of adjacent chiral centers under the new reaction conditions,
a series of chiral enantioenrichedR-benzyloxy- andR-tert-
butyldimethylsilyloxy-ketone derivatives were prepared from
the chiral pool (Table 6). Substrates of entries 1 and 2 were
derived from (S)-ethyl lactate, whereas other ketones were
obtained from the corresponding diol, obtained by hydrolytic
kinetic resolution of terminal epoxides13 (entries 3 and 4)
and by asymmetric dihydroxylation14 (entries 5 and 6). When
treated under the rhodium-catalyzed methylenation reaction
conditions in 1,4-dioxane at 60°C, these ketones furnished
the corresponding alkenes with 81 to 90% yield. More
importantly, no significant erosion of the enantiomeric excess
was observed in the alkene products.15

In summary, we have described new reaction conditions
for the synthesis of terminal alkenes from ketones. The
alkene products were obtained in high yields, which are
usually superior to those observed with the standard Wittig
reaction condition. Moreover the stereochemical integrity of
adjacent chiral centers is maintained for enolizable ketones.
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(15) Similar results could be obtained with Ph3PCH3Br and NaHMDS:
for instance, alkene39 was isolated with 85% yield and 97% ee.

Table 6. Rhodium-Catalyzed Methylenation of Chiral
EnantioenrichedR-Alkoxyketone Derivatives (eq 6)a

a Conditions: TMSCHN2 (2.4 equiv), 2-propanol (15 equiv), triph-
enylphosphine (1.5 equiv), and RhCl(PPh3)3 (2.5 mol %); oxidative workup
using Oxone.b Isolated yield.c TMSCHN2 (3.2 equiv), 2-propanol (20
equiv), triphenylphosphine (2.5 equiv), and RhCl(PPh3)3 (2.5 mol %);
oxidative workup using Oxone.
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