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ABSTRACT

Rh2(S-biTISP)2-catalyzed reactions of dimethyl aryldiazomethylphosphonates generate donor/acceptor-substituted rhodium carbenoid intermediates
capable of cyclopropanation of styrenes in high yields (85−96%), diastereoselectivity (g98% de), and enantioselectivity (76−92% ee).

Cyclopropylphosphonates and cyclopropylphosphonic acids
have been extensively studied, and several members display
interesting biological activity. They have been used as
mimics of 1-aminocyclopropane carboxylic acid (ACC) with
a high inhibitory activity for the ACC-deaminase and alanine
racemase,1 as analogues of (-)-allonorcoronamic acid,2 as
structural moieties of nucleotides,3 as potential herbicides
or plant growth regulators,4 as potential insecticides,5 as
phosphonic analogues of the antidepressant minalcipran,6 and
as a constrained analogue of the GABA antagonist phaclo-
phen.7

A variety of methods have been developed to prepare
cyclopropylphosphonates such as the phosphonylation of

halogenated cyclopropanes,8 the cyclopropanation of vin-
ylphosphonates,9 electrochemical methods,10 the addition of
phosphates to iminium salts,11 fragmentation and rearrange-
ment of epoxyethylphosphonates,12 alkylation of benzylphos-
phonate carbanions with 1,2-dibromoethane,13 and the ad-
dition of fumarates to phosphonylated sulfonium ylides.14
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One very common method for the enantioselective syn-
thesis of cyclopropanes, the meal-catalyzed decomposition
of diazo compounds in the presence of alkenes,15 has not
been extensively applied to the synthesis of cyclopropyl-
phosphonates.16 A few publications exist on the racemic
synthesis of cyclopropylphosphonates by means of copper-,
rhodium-, or ruthenium-catalyzed cyclopropanations.16a,g,h,i

Hanson and co-workers have explored enantioselective
intramolecular cyclopropanations,16c,d-f but, as far as we are
aware, only a single example of an enantioselective inter-
molecular cyclopropanation is known (reaction of diisopropyl
diazomethylphosphonate with styrene resulting in cyclopro-
panation in 33% ee).16j In this paper, we describe a general
method for the enantioselective synthesis of cyclopropyl-
phosphonates containing a quaternary stereocenter usingD2-
symmetric dirhodium complexes as catalysts (eq 1).

For some time, we have been exploring the chemistry of
donor/acceptor-substituted rhodium-carbenoids (1) because
these intermediates are capable of undergoing some spec-
tacular transformations.15,17 Unlike the more conventional
carbenoids functionalized with only acceptor groups, these
carbenoids undergo highly diastereoselective cyclopropana-
tions15 and chemoselective intermolecular C-H insertions17

and are less prone to undergo formation of carbene dimers.18

Furthermore, when the reactions are catalyzed by the rhodium
prolinate catalyst Rh2(S-DOSP)4 (2) or the second-generation
bridged catalyst Rh2(S-biTISP)2 (3), the reactions are gener-

ally highly enantioselective.19 Due to the success of these
donor/acceptor-substituted carbenoids, efforts have been

made to expand the range of donor and acceptor groups
that are compatible with this chemistry.20 These studies
demonstrate that the use of a dimethyl phosphonate group
as the acceptor group instead of the usual methyl ester still
enables highly stereoselective cyclopropanations to be
achieved.

Even though most of the published cyclopropanation
studies have been conducted with dialkyl diazomethylphos-
phonate (4), the seminal studies reported by Seyferth did
also describe the reactions of dialkyl phenyldiazometh-
ylphosphonate (5).16a The diastereoselectivity of the cyclo-
propanation with5 was not measured; however, the reaction
with 4 was found to be prone to undergo formation of
carbene dimer, while the reaction with5 was not. From our
studies on donor/acceptor-substituted carbenoids,15,17it is now
clear that the lack of dimer formation is a characteristic sign
that the carbenoid derived from5 is likely to be highly
chemoselective.

To evaluate the role of the phosphonate group, the
rhodium-catalyzed decomposition of dimethyl phenyldiazo-
methylphosphonate (5) was examined in the presence of
styrene. As Rh2(S-DOSP)4-catalyzed reactions of donor/
acceptor-substituted carbenoids tend to give the highest
enantioselectivity when hydrocarbons are used as a solvent,21

the reactions were conducted in 2,2-dimethylbutane. The
phosphonate5 is far less reactive toward metal-catalyzed
nitrogen extrusion than the corresponding ester, which means
the ideal reaction conditions required heating under reflux.
Under these conditions, the Rh2(S-DOSP)4-catalyzed cyclo-
propanation was effective (69% yield) and highly diastereo-
selective (95% de) but the enantioselectivity was poor (34%
ee). Consequently, the reaction was repeated with Rh2(S-
biTISP)2, and this gave a much better result. The cyclopro-
pane6 was formed with much higher stereoselectivity (98%
de, 88% ee) (Scheme 1).

The reaction of5 was applied to a range of alkenes as
summarized in Table 1. Styrene derivatives and 1-phenyl-
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Scheme 1

a Determined by the1H NMR of the crude mixture.bEe
determined by chiral HPLC. See Supporting Information for details.
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butadiene were exceptional substrates resulting in the forma-
tion of the cyclopropanes7-10with very high yields (93-
96%), diastereoselectivity (g98% de), and enantioselectivity
(83-89% ee). In contrast, the reaction with butyl vinyl ether
was not highly diastereoselective and only the major dia-
stereomer was produced in high enantioselectivity (86% ee).
Electron-rich alkenes are required for effective cyclo-
propanation, as the reaction with 1-hexene was very low-
yielding.

The cyclopropanation can be extended to a range of aryl-
and vinyldiazophosphonates as illustrated in Table 2. Once
again, all the reactions proceeded in high yield (76-85%)
and diastereoselectivity (g98% de), while the enantioselec-
tivity varied from 68 to 92% ee.

One of the most distinctive features of the cyclopropana-
tion chemistry of the vinyldiazoacetates is the effect of the
size of the ester group on the stereoselectivity. The diaste-
reoselectivity is not greatly influenced by ester size, but in
the Rh2(S-DOSP)4-catalyzed cyclopropanations, the enantio-
selectivity decreases as the size of the ester increases.21

Consequently, it was of interest to explore the effect of
phosphonate size on the stereoselectivity of Rh2(S-biTISP)2-
catalyzed reactions. As can be seen in Scheme 2, the steric
influence in the phosphonate series runs parallel to the ester
series. The diastereoselectivity is independent of the size of
the phosphonate, while the enantioselectivity steadily de-
creases on increasing phosphonate size.

The relative configuration of the cyclopropanes is readily
assigned on the basis of the distinctive shielding by acis-

aryl substituent on the adjacent dialkyl phosphonyl group.
The high preference for the formation of the (E)-cyclo-
propanes is a distinctive characteristic of the donor/acceptor-
substituted rhodium carbenoids.21 The absolute configuration
of 14 was determined by X-ray crystallography to be
(1S,2S),23 and the absolute stereochemistry of these cyclo-
propanations is the same as the Rh2(S-biTISP)2-catalyzed
cyclopropanations of aryldiazoacetates.24

The cyclopropanation chemistry of vinyldiazoacetates with
dienes is a very effective method for the construction of
seven-membered carbocycles.25 The styryldiazomethylphos-
phonate19 is capable of a similar [4+ 3] cycloaddition as
illustrated in the reaction with 1-phenylbutadiene (Scheme
3). The Rh2(S-biTISP)2-catalyzed generates the cyclohepta-
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Table 1. Rh2(S-biTISP)2-Catalyzed Enantioselective
Cyclopropanation by5

a Determined by the1H NMR of the crude mixture.b Ee determined by
chiral HPLC. See Supporting Information for details.

Table 2. Rh2(S-biTISP)2-Catalyzed Enantioselective
Cyclopropanation of Styrene with Various Aryl- and
Vinyldiazomethylphosphonates22

a Determined by the1H NMR of the crude mixture.b Ee determined by
chiral HPLC. See Supporting Information for details.

Scheme 2

a Determined by the1H NMR of the crude mixture.bEe
determined by chiral HPLC. See Supporting Information for details.
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diene20 as a single diastereomer in 63% ee. The formation
of a single diastereomer is readily rationalized by the
involvement of21, the intermediate of a tandem cyclopro-
panation/Cope rearrangement.25

In summary, the asymmetric cyclopropanation chemistry
of arylphosphonyldiazoalkanes catalyzed by Rh2(S-biTISP)2
occurs in a highly stereoselective manner. Additionally, the
first example of a tandem asymmetric cyclopropanation/Cope
rearrangement using a vinylphosphonyldiazoalkane has been
achieved. These studies broaden the range of available donor/
acceptor-substituted rhodium carbenoid systems.
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