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ABSTRACT

An enantio-, regio-, and diastereoselective rhodium(I)-catalyzed desymmetrization of a meso -cyclic allylic dicarbonate with organoboronic acid
nucleophiles is described. The rhodium(I) catalyst formed in situ from [Rh(cod)OH] 2 and Xyl-P-PHOS allowed the S N2′ allylic substitution
product to be obtained with a range of arylboronic acids in enantiomeric excesses of up to 92% with regioselectivities of up to >20:1.

The utility of the asymmetric allylic substitution reaction1

has been the subject of intense study, as its application to
the synthesis of a range of natural products demonstrates.2

Usually, the enantiodetermining step is either the ionization
of an enantiotopic leaving group or nucleophilic addition to
a chiralπ-allylmetal complex.1b Although asymmetric induc-
tion with palladium catalysts and soft nucleophiles, especially
malonates, is well documented, there are very few examples
of the use of unstabilized, hard carbon nucleophiles.3

Recent advances have been made in the asymmetric allylic
substitution reaction for the introduction of hard nucleophiles
through copper-catalyzed reactions with Grignard reagents
or organozincs, with both acyclic4 and cyclic5 substrates. As
these methods use mainly alkyl nucleophiles, we report

herein complementary work that makes use of air and
moisture tolerant organoboronic acids to achieve the regio-
and enantioselective allylic substitution ofmeso-cyclic di-
carbonates with a Rh(I)-biarylphospine catalytic system.

As an extension to our recently reported asymmetric
rhodium-catalyzed ring-opening of oxabicyclic alkenes with
boronic acids (eq 1),6 we attempted to use similar conditions
for the desymmetrization ofmeso-cyclic allylic diol deriva-
tives (Scheme 1). The ready availability, low toxicity, and
high functional group tolerance of boronic acids makes this
reaction especially appealing.

Precedents by Evans in the case ofacyclic chiral allylic
alcohol derivatives have shown the stereospecific nature of
the rhodium-catalyzed asymmetric allylic alkylation with
both soft7 and hard8 nucleophiles. Also, Hayashi reported a
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highly enantioselective alkylation with malonate nucleophile
using a chiral rhodium catalyst.9 But there have been no
reports of the use of chiral rhodium catalysts with nonsta-
bilized carbon nucleophiles for the asymmetric allylic
substitution reaction, despite its efficient use in conjugate
addition reactions.10

Meso-cyclic allylic diol derivatives are challenging sub-
strates for this reaction due to the possibility of competiting
reaction pathways. Indeed, the allylic displacement reaction
may take place via an SN2- or SN2′-type substitution, with
overall inversion or retention of stereochemistry in both cases
(Scheme 2).

We found thatcis-1,4-cyclopentene-diethyl carbonate111

could be desymmetrized in a highly diastereo- and enantio-
selective manner. Initial studies used a [Rh(cod)OH]2

catalyst12 and phenylboronic acid with (S)-BINAP as the
ligand in the presence of Cs2CO3 in THF at 50°C (Scheme
3). The 1,2-trans-substituted product2 was obtained as the
major product, in a 2:1 ratio over the 1,4-trans-substituted
product3. Importantly, none of the diastereomeric cis isomers
were observed. Although the conversion of starting material
was low, the reaction profile was clean: only2, 3, and
unreacted starting material were present in the mixture. While
the carbonate products could not be separated at this stage,
they were readily hydrolyzed to yield the corresponding
known alcohols45b and513 by simple methanolysis at room

temperature. The resulting regioisomeric alcohols were easily
separated by chromatography and their enantiomeric excesses
were determined by chiral HPLC (Chiralcel OD-H column,
76% ee for4, 72% ee for5).

Optimization of the reaction conditions was then under-
taken in an effort to improve the conversion, regioselectivity,
and enantioselectivity. Among the different parameters
studied (leaving group,14 base,15 solvent,16 temperature,
concentration, and chiral ligand), variation of the ligand had
the most significant effect. Biarylbisphosphine ligands proved
to be the most effective class for this reaction (Table 1).17

Xyl-BINAP 6b gave an increased conversion versus BINAP
6a, and it showed a small improvement in ee for2, but the
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Scheme 1 Scheme 3

Table 1. Desymmetrization with Selected Biaryl Ligands

entry ligand conversiona (%) 2/3a % ee (2)b % ee (3)b

1 6ac 45 2:1 76 72
2 6bc 59 2:1 82 60
3 7c 60 1:1 90 >98
4 8ad 74 >20:1 82
5 8bc 65 13:1 88 >98
6 8bd 70 >20:1 90

a Determined by1H NMR spectroscopy.b Determined by chiral HPLC
(Daicel Chiralcel OD-H column) on the deprotected products.c Conditions:

substrate (1.0 equiv), PhB(OH)2 (2.0 equiv), Rh (5 mol %), ligand (10
mol %), Cs2CO3 (1.0 equiv), THF, 50°C. d Conditions as for footnote c
except ligand (12 mol %).

Scheme 2
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regioselectivity remained poor (entry 2). Excellent enantio-
selectivity was obtained with Cl-OMe-BIPHEP7 (entry 3),
although no regioselectivity was achieved. Xyl-P-PHOS8b18

gave good regioselectivity and high ee with acceptable
conversion (entry 4). With a slight increase in ligand loading,
the conversion was increased to 70%, the regioselectivity
for 2:3 was>20:1, and an enantiomeric excess of 90% for
2 was achieved (entry 5). P-PHOS8agave good conversion
and regioselectivity but poorer enantioselectivity than Xyl-
P-PHOS (entry 6).

The reaction is either complete or stops within the first
hour. All attempts to lower the rhodium loading have so far
led to significantly decreased yields. The relatively high
catalyst loading arises from the rapid loss of activity,
particularly with electron-rich arylboronic acids. Slow ad-
dition of PhB(OH)2 actually led to a decrease in conversion.
Also, premixing and heating of the rhodium catalyst and
PhB(OH)2 for 30 min at 50°C before the substrate was added
did not impede the reaction, but lower conversion was
observed.

We next investigated the scope of the reaction with respect
to the boronic acid (Table 2). Arylboronic acids substituted

with strongly electron-withdrawing groups in the 4-position
gave excellent conversion and high regioselectivity and

enantioselectivity (entries 2-4). 4-Halosubstituted boronic
acids gave good regioselectivity and enantioselectivities
(entries 5-7), albeit with lower conversions than for phe-
nylboronic acid.o-Tolylboronic acid gave low conversion
and decreased regioselectivity but high ee for the 1,2-product
(entry 16). Them- andp-tolylboronic acids gave comparable
results to phenyl (entries 8 and 13), but with lower ee.

Electron-rich arylboronic acids gave good regioselectivity
and ee but poor conversion (entry 9-11), whereas 4-dim-
ethylaminophenylboronic acid gave no reaction (not shown).
The 3-substituted arylboronic acids all gave good conversion
and ee (entries 11-13). The substrates that did not react (4-
dimethylaminophenylboronic acid, 4-pyridylboronic acid) all
contain a nitrogen atom that may interfere with the reaction
by coordination to the rhodium complex, preventing catalyst
turnover. 2-Naphthylboronic acid gave excellent results (entry
14), whereas 1-naphthylboronic acid suffered from a lack
of regioselectivity and gave the 1,2- product in lower ee
(entry 15).

The mechanism of the reaction is still unclear, as at least
two major catalytic cycles can be considered. The first
involves an enantioselective ionization of the leaving group
by rhodium to generate aσ-enyl cation intermediateC, as
suggested by Evans (Scheme 4).7,8 The formation of the

rhodium(III) complexC can arise from a transmetalation
occurring first to generate the Rh(I)-Ar speciesA, followed
by ionization to generate theσ-enyl intermediateC. On the
other hand, the ionization by the presumed Rh-OH species
could give the Rh(III)-OH intermediateB, followed by a
transmetalation step with the boronic acid. Once the 1,2-σ-
enyl complexC is formed, it could reductively eliminate to
yield the 1,2-substituted product2 or equilibrate to the
isomeric 1,4-σ-enyl complexD, from which a reductive
elimination would lead to the 1,4-substituted product3.
Accordingly, the rate of isomerization versus the rate of
reductive elimination would be pivotal in determining the

(18) Wu, J.; Kwok, W. H.; Lam, K. H.; Zhou, Z. Y.; Yeung, C. H.;
Chan, A. S. C.Tetrahedron Lett.2002, 43, 1539. Xyl-P-PHOS8b and
P-PHOS8a are available from Strem Chemicals, Inc., in both (R)- and
(S)-enantiomeric forms.

Scheme 4. Proposed Catalytic Cycle Proceeding via aσ-Enyl
Intermediate

Table 2. Scope of Desymmetrization with Arylboronic Acids

entry product R yieldsa (%) 2/3a % ee (2)b,c

1 2a H 87 18:1 92
2 2b 4-CO2Me 95 >20:1 90
3 2c 4-Ac 94 >20:1 88
4 2d 4-CF3 86 13:1 88
5 2e 4-F 46 7:1 86
6 2f 4-Cl 53 13:1 90
7 2g 4-Br 35 10:1 86
8 2h 4-Me 70 20:1 84
9 2i 4-NHBoc 32 >20:1 84

10 2j 4-OMe 49 >20:1 89
11 2k 3-OMe 63 >20:1 92
12 2l 3-Cl 87 10:1 90
13 2m 3-Me 78 20:1 92
14 2n 2-naphthyl 78 >20:1 90
15 2o 1-naphthyl 50 1:1 70
16 2p 2-Me 25 6:1 92

a Isolated yields of carbonates, average of at least two runs.b Determined
by chiral HPLC (Chiralcell OD-H column) on the deprotected products.
c Absolute stereochemistry of products was determined by the MTPA
Mosher ester method.
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regioselectivity of the reaction. At this point, we cannot
determine if both ionization mechanisms are operative.

A second option involves a carborhodation of the alkene
as the key step (Scheme 5). Transmetalation of the aryl

moiety from boron to rhodium would formA, followed by
a stereo- and enantioselective carborhodation which would
generate the key intermediateE. Subsequentâ-alkoxy
elimination would then yield the 1,2-product. This mecha-
nism is based on our previous work for the Rh-catalyzed
ring-opening reaction in more strained systems.6 Interestingly,
the desymmetrization of thecis-cyclopentene-1,4-diols yields
exclusively the trans products, compared to the exclusive
cis products observed with the ring-opening chemistry. To
explain the stereochemistry, the carborhodation step would

need to occur on the face of the olefin anti to the leaving
groups. The leaving groups might prevent metalation from
the syn face of the olefin and would not coordinate to the
metal. However, this mechanism cannot explain the forma-
tion of the competing 1,4-adducts. If this mechanism is
operational, the observed 1,4-product would imply that there
is at least a partial contribution from the proposedσ-enyl-
type mechanism.

In summary, a highly enantio-, regio-, and diastereose-
lectivemeso-desymmetrization with a rhodium(I) catalyst and
readily available organoboronic acid nucleophiles has been
developed. The enantioselectivities in this reaction are
consistently good to excellent. We are working to improve
the problematic cases by examining alternative nucleophiles
and catalysts. Mechanistic investigations, as well as the use
of nonaromatic nucleophiles and the extension to acyclic
alkenes substrates, are the focus of ongoing efforts.

Acknowledgment. We thank NSERC, Merck Frosst
Canada, and the University of Toronto for support of our
programs. T.M.C. thanks The Royal Society, U.K., for a
postdoctoral fellowship. C.D. would like to thank the W. C.
Sumner foundation for a graduate fellowship. We thank
Solvias AG and Digital Speciality Chemicals for providing
some of the ligands used in this study.

Supporting Information Available: Experimental de-
tails, additional data tables, and characterization data (includ-
ing 1H NMR, HR-MS, and HPLC conditions). This material
is available free of charge via the Internet at http://pubs.acs.org.

OL061777L

Scheme 5. Proposed Catalytic Cycle Proceeding by a
Carborhodation Mechanism
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