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ABSTRACT

The reaction of a variety of r-aryl-r-diazo ketones with activated olefins, catalyzed by the adamantyl glycine-derived dirhodium complex
Rh2(S-PTAD)4, generates cyclopropyl ketones with high diastereoselectivity (up to >95:5 dr) and enantioselectivity (up to 98% ee). Intermolecular
C-H functionalization of 1,4-cyclohexadiene by means of carbenoid-induced C-H insertion was also possible with this type of carbenoid.

The metal-catalyzed reactions of diazo compounds, proceed-
ing Via metal carbenoid intermediates, have broad utility in
organic synthesis.1 Recent studies have shown that donor/
acceptor carbenoids offer many synthetic advantages over
the conventional carbenoids, which lack the combination of
a donor and an acceptor group.2 The acceptor group makes
this class of carbenoids electrophilic, while the donor group
modulates the reactivity sufficiently to allow highly regio-

and stereoselective reactions to occur.3 Major breakthroughs
within this class of carbenoids include diastereoselective
intermolecular cyclopropanations,4 [4 + 3] cycloadditions
between vinylcarbenoids and dienes,5 intermolecular C-H,2,6

Si-H,7 N-H,8 and O-H9 insertions, and a range of novel
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reactions involving ylide intermediates.10 The most widely
used acceptor group has been a methyl ester (Figure 1).4

The dirhodium tetaprolinate Rh2(S-DOSP)4 is an exceptional
chiral catalyst with the donor-substituted methyl diazoacetates
(1) in cyclopropanations,4b C-H insertions,6 and Si-H
insertions.7a Various chiral copper catalysts have performed
well in enantioselective N-H8 and O-H9 insertions. Rh2(S-
DOSP)4 is not an effective chiral catalyst if the methyl ester
on the carbenoid is replaced by another acceptor group, and
Rh2(S-PTAD)4

11 has been found to be the catalyst of choice
in these cases.12 Excellent results have been obtained in
enantioselective cyclopropanation with the diazo-phospho-
nate (2),12a diazo-trifluoromethyl (3),12b and the diazo-nitrile
(4)12c systems. In this paper we expand the range of Rh2(S-
PTAD)4 catalysis and describe that R-aryl-R-diazo ketones
(5) can undergo highly enantioselective intermolecular reac-
tions.

Enantioselective intermolecular cyclopropanations with
R-diazo ketones have not been extensively explored.13,14 The
best results to date have been asymmetric cyclopropanation

with diazoacetophenone using a chiral ruthenium porphyrin
catalyst.13a As far as we are aware, no examples of
intermolecular reactions by R-aryl-R-diazo ketones (5)15 have
been reported prior to this study.

1-Phenyl-1-diazoacetone (6) was used as a prototypical
substrate to inititate this study on the reactions of donor-
substituted ketocarbenoids (Table 1). The Rh2(S-DOSP)4-

catalyzed (2 mol %) reaction of 6 in the presence of styrene
(7, 5 equiv) with hexane as solvent at room temperature
resulted in the formation of the cyclopropane 8 in 70% yield.
The diastereoselectivity is high (dr >95:5, entry 1), which
is a typical feature of cyclopropanation reactions with donor/
acceptor carbenoids. The enantioselectivity for the formation
of 8 was negligible (<5%), illustrating once again that Rh2(S-
DOSP)4 is ideally suited only for reactions of donor-
substituted methyl diazoacetates. In contrast, the Rh2(S-
PTAD)4-catalyzed reaction at room temperature gave much
higher asymmetric induction (88% ee); however, the reaction
was inefficient, resulting in only 18% yield of 8 (entry 2).
When the reaction was conducted in refluxing hexane,
however, 8 was formed in 80% yield with only a slight drop
in enantioselectivity (81% ee, entry 3). The reactions
conducted in refluxing 2,2-dimethylbutane gave similar
trends (entries 4 and 5). Hashimoto’s tert-butyl leucinate
catalyst, Rh2(S-PTTL)4,

11 was also effective in this chemistry
but gave enantioselectivity (77% ee, entry 6) slightly lower
than that using Rh2(S-PTAD)4. Conducting the reaction with
only 2 equiv of styrene (entry 7) or with 1 mol % of catalyst
(entry 8) gave results comparable to those of the standard
reaction with 5 equiv of styrene and 2 mol % of catalyst.
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Figure 1. Optimal chiral catalysts for the different classes of donor/
acceptor-substituted diazo compounds.

Table 1. Optimization of the Intermolecular Cyclopropanation
of Styrene

entry Rh(II) solvent temp
yielda

(%)
drb

(E:Z)
eec

(%)

1 Rh2(S-DOSP)4 hexanes rt 70 >95:5 <5
2 Rh2(S-PTAD)4 hexanes rt 18 >95:5 88
3 Rh2(S-PTAD)4 hexanes reflux 80 >95:5 81
4 Rh2(S-DOSP)4 DMBd reflux 93 >95:5 <5
5 Rh2(S-PTAD)4 DMBd reflux 92 >95:5 85
6 Rh2(S-PTTL)4 DMBd reflux 72 >95:5 77
7 Rh2(S-PTAD)4 DMBd,e reflux 80 >95:5 85
8 Rh2(S-PTAD)4 DMBd,f reflux 90 >95:5 85
a Isolated yield after purification. b Determined from crude material by

1H NMR. c Determined by chiral HPLC. d 2,2-Dimethylbutane. e 2 equiv
of styrene. f 1 mol % of Rh2(S-PTAD)4.
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The next series of experiments evaluated the effect of the
carbenoid substituents on the cyclopropanation selectivity
(Table 2). These reactions were conducted using the optimum

catalyst, Rh2(S-PTAD)4, and styrene as the trapping agent.
In all cases, the diastereoselectivity was uniformly high
(>95:5 dr). Three different donor groups (R1) were first
examined (entries 1-3). Substituting the aryl group with a
styryl group caused a drop in enantioselectivity (54% ee,
entry 1). Introduction of para-substituents on the phenyl ring
effected little change in enantioselectivity (entries 2 and 3).

Altering the structure of the ketone functionality (R2) had
an unexpected influence on the enantioselectvity of the
cyclopropanation. Increasing the size of the ketone group
from methyl to ethyl, propyl, and isobutyl resulted in

enhanced enantioselectivity (entries 4-6). Increasing the
length of the alkyl chain beyond propyl was unproductive
as intramolecular C-H insertion became a competing
reaction. Bulky groups close to the carbonyl such as phenyl
or isopropyl were unfavorable. In the case of the phenyl
ketone 10g, the enantioselectivity dropped to 51% ee (entry
7), while only traces of cyclopropane were obtained with
isopropyl ketone 10h (entry 8).

Further optimization studies were directed toward ketone
groups lacking bulk immediately adjacent to the carbonyl.
The chosen groups were also unlikely to undergo intramo-
lecular C-H insertion. The 3,3-dimethylbutyl derivative 10i
was very effective (entry 9), but the most impressive results
were obtained when alkynyl dervatives 10j-l were used. In
each case the cyclopropanes were produced in >90% yield,
>95:5 dr, and 95-98% ee (entries 10-13). Similar results
were obtained when the amount of Rh2(S-PTAD)4 was
reduced to 0.5 mol % (entry 13), while the Rh2(S-DOSP)4-
catalyzed reaction still gave much lower and opposite
enantioselectivity (56% ee, entry 14).

On the basis of the established model for asymmetric
cyclopropanation by donor/acceptor carbenoids, the major
cyclopropane formed in a Rh2(S-DOSP)4-catalyzed reaction
is predicted to be (1R,2S),4b whereas Rh2(S-PTAD)4 tends
to form the opposite enantiomer.12 The relative and absolute
configuration of 10l was determined to be (1S,2R) by X-ray
crystallographic analysis (Figure 2), in agreement with the

predicted assignment.16 All other ketone-substituted cyclo-
propanes are assigned the same relative and absolute con-
figuration by analogy.

The scope of the intermolecular cyclopropanation was then
explored using the diazo ketone 9l (Table 3). In all cases in

Table 2. Intermolecular Cyclopropanation of Diazo Ketones

a Isolated yield after purification. b Determined from crude material by
1H NMR. c Determined by chiral HPLC. d The reaction was run with 1.0
mol % of Rh2(S-PTAD)4. e The reaction was run with 0.5 mol % of
Rh2(S-PTAD)4. f The reaction was run with 1.0 mol % of Rh2(S-DOSP)4.

Figure 2. X-ray crystal structure of 10l.

Scheme 1. Cyclopropanation of n-Butyl Vinyl Ether
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which the substrate alkene is electron-rich, the diastereose-
lectivity was very high. Styrene derivatives underwent the
cyclopropanation with high enantioselectivities (entries 1 and
2). Similarly, N-vinyl phthalimide generated the cyclopropane
with very high enantioselectivity (97% ee, entry 3). The
reactions with vinyl acetate and dienes were not as enanti-
oselective (86-88% ee, entries 4-6). The unactivated olefin
allyl benzene was not an effective substrate. The cyclopro-
pane 11g was formed in only 37% yield and as a 2: 1 mixture
of diastereomers, although the major diastereomer was still
produced in 88% ee (entry 7).

The Rh2(S-PTAD)4-catalyzed reaction of 9l with n-butyl
vinyl ether did not result in the formation of a cyclopropyl
ketone. Instead, the dihydrofuran 12 was formed in 90% yield
and 62% ee. This type of [3 + 2] cycloadduct is typically
considered to be formed by means of zwitterionic
intermediates.2a The moderate level of enantioselectvity
observed in the formation of 12 suggests that the chiral
catalyst is still associated at the zwitterionic intermediate
stage.

Another major reaction of donor/acceptor carbenoids is
intermolecular C-H functionalization by means of car-
benoid-induced C-H insertion.2,6 In order to evaluate if these
ketocarbenoids are capable of similar reactions, tests were
conducted with 1,4-cyclohexadiene (Table 4). The Rh2(S-

PTAD)4-catalyzed reactions gave excellent yields of the C-H
insertion products 13a-e. The enantioselectivities ranged
from 71% to 89% ee.

In summary, cyclopropylketones are readily synthesized
by Rh(II)-catalyzed intermolecular cyclopropanation of ole-
fins with R-aryl-R-diazo ketones. The reaction can proceed
in a stereocontrolled fashion utilizing the chiral catalyst
Rh2(S-PTAD)4. Intermolecular C-H insertions were also
feasible with these carbenoid precursors. These studies
further expand the range of donor/acceptor-substituted
rhodium carbenoids that are capable of highly stereoselective
transformations.
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Table 3. Intermolecular Cyclopropanation of Various Alkenes

a Reported yields of isolated product. b Determined from crude material
by 1H NMR. c Determined by chiral HPLC. d Values are for the major
diastereomer only.

Table 4. Intermolecular C-H Insertion of 1,4-Cyclohexadiene

a Reported yields of isolated products. b Determined by chiral HPLC.
c The reaction was run at room temperature.
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