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ABSTRACT

The stereoselective Rh(I)-catalyzed conjugate addition reaction of aryl and alkenylboronic acids to unprotected 2-phenyl-4-hydroxycyclopentenone
is presented. The free OH group on the substrate is responsible for the stereochemistry, which is cis for arylboronic derivatives. In the case
of the alkenylboronic compounds, the stereochemistry can be tuned to either a cis (bases as additives) or trans addition (CsF as additive)
without the need of protecting groups.

Stereoselective C-C bond-forming reactions are of special
importance for the preparation of enantiopure natural com-
pounds and pharmaceuticals. The stereoselective 1,4-addition
of carbon nucleophiles toR,â-unsaturated carbonyl com-
pounds is one of the preeminent organic synthetic strategies
for this purpose.1 Among the different procedures reported,
the conjugate addition of aryl- and alkenylboronic acids using
Rh(I) catalysis has been recently developed.2,3

We have taken into account that the Rh(I)-catalyzed
conjugate addition of aryl- and alkenylboronic acids can be
carried out in water media and therefore should be compatible
with the presence of a free hydroxyl group in the substrate
without the need of protecting groups. We disclose herein
that Rh(I) catalysts promote the conjugate addition of
organoboronic acids to unprotected 4-hydroxycyclopenten-
ones at room temperature with high diastereoselectivities.
In the particular case of alkenylboronic acids, the stereo-

chemisty of the reaction can be tuned to obtain either the
hydroxycyclopentanones2-I in the presence of base or2-II
in the presence of CsF.

The Rh(I)-catalyzed conjugate addition of organoboronic
acids benefits from the easy preparation of these compounds,
which is particularly important in the case of the alkenyl
derivatives, as they can be synthesized by hydroboration of
alkynes4 without the need of transmetalation from main group
organometallics and is therefore highly functional group
tolerant. In addition, these reactions can be carried out in
water, which together with the catalytic use of the transition
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metal and the low toxicity of boron compounds, makes this
procedure particularly attractive from an environmental
standpoint.

Enantioselective versions of Rh(I)-catalyzed conjugate
additions have been possible using chiral ligands for rhodium.
Although asymmetric catalysis is the best method for the
synthesis of optically pure materials, diastereoselective
methods are often used in practice. This is particularly
important in the manufacture of pharmaceuticals.5 Among
the many unsaturated carbonyl systems that have been
subjected to conjugate addition reactions, 4-hydroxycyclo-
pentenones1 have attracted considerable attention as starting
materials for the synthesis of prostaglandins.6

Hydroxycyclopentenones can be prepared in optically pure
form by a variety of procedures7,8 and can lead stereoselec-
tively to the functionalized hydroxycyclopentanones2 by
conjugate addition of RM reagents,7,9 provided isomerization
andâ-elimination of the enolate intermediate, leading to3,
is prevented (Scheme 1).

Most procedures thus far reported based on this synthetic
strategy make use of anhydrous reaction conditions and
protection of the hydroxyl group in the form of a silyl
derivative. In this way, the stereochemistry is sterically
controlled by the protecting group affording good yields of
the silyl-protected final targets2-I in their optically pure
form. On the other hand, the stereoselective formation of
isomers2-II has been only scarcely considered,10 and the
functionalization of 4-hydroxycyclopentenones by means of
the catalyzed conjugate addition of organoboronic com-
pounds has not been reported.

Treatment of cyclopentenone1 (R1 ) Ph, Scheme 2),
which has been chosen in this study as model compound,
with PhB(OH)2 (1.2 equiv) in dioxane-H2O (4:1) in the
presence of [RhCl(COD)]2 (3% mol) and Cs2CO3 (0.1 equiv)
at rt gave rise to the formation of the2a-I with low yield

but excellent stereoselectivity (Table 1, entry 1). Yield
optimization was carried out by using other bases (entries
2-4), which lead to either LiOH (0.5 equiv) or Et3N (1.0
equiv) as the best conditions. Additionally, we found that
MeOH-H2O (6:1) was also a good solvent mixture for this
reaction. The results were extended to other substituted
arylboronic acids (entries 5-9).

On the other hand, reaction of hydroxycyclopentenone1
with Ph-CHdCH-B(OH)2 (1.2 equiv) in dioxane-H2O
(4:1) and [RhCl(COD)]2 (3% mol) using either LiOH or Et3N
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Scheme 2. Rh(I)-Catalyzed Conjugate Addition of RB(OH)2

to Hydroxycyclopentenone1

Table 1. Conjugate Addition of RB(OH)2 to
(S)-4-Hydroxy-2-phenylcyclopenten-2-one1 Catalyzeda by
[RhCl(COD)]2

no. cat.b (%) solventc additive (equiv)d 2e (%) 2-I/2-IIf

1 3 A Cs2CO3 (0.1) 2a, 30 98:02
2 3 A NaHCO3 (0.1) 2a, 50 98:02
3 3 A LiOH (0.5) 2a, 85 98:02
4 3 A Et3N (1.0) 2a, 85 98:02
5 3 B LiOH (0.5) 2a, 90 98:02
6 3 B LiOH (0.5) 2b, 85 98:02
7 3 B LiOH (0.5) 2c, 80 98:02
8 3 B LiOH (0.5) 2d, 70 98:02
9 3 B LiOH (0.5) 2e, 80 98:02

10 3 A Et3N (1.0) 2f, 50 50:50
11 3 A LiOH (1.0) 2f, 75 60:40
12 3 A Mg(OH)2 (1.0) 2f, 50 60:40
13 3 A Ba(OH)2 (1.0) 2f, 30 40:60
14 3 A Zr(OH)4 (0.3) 2f, 50 02:98
15 3 A Guanidine (1.0) 2f, 90 02:98
16 3 B LiOH (1.0) 2f, 80 05:95
17 3 A CsF (1.0) 2f, 70 75:25
18 12 C CsF (3.0) 2f, 90 98:02
19 3 A Guanidine (1.0) 2g, 85 02:98
20 3 A Guanidine (1.0) 2h, 80 02:98
21 3 A Guanidine (1.0) 2i, 80 02:98
22 12 C CsF (3.0) 2g, 80 98:02
23 12 C CsF (3.0) 2h, 80 98:02
24 12 C CsF (3.0) 2i, 60 98:02

a Reactions carried out with 0.17 mmol of1 and 1.2 equiv of RB(OH)2.
b Mol percent with respect to1. c A ) dioxane-H2O (4:1), B) MeOH-
H2O (6:1), C ) dioxane-H2O (2:1). d Equivalents with respect to1.
e Isolated yield after flash chromatography on silica gel.f Determined from
the 1H NMR (CDCl3, 200 MHz) spectra of the crude samples.

Scheme 1. Addition of RM Reagents to
Hydroxycyclopentenones
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as base afforded compounds2f as a mixture of diastereomers
(entries 10, 11). The diastereoselectivity of the reaction was
amenable to tuning by the action of the base (entries 12-
14), and good de was observed for Zr(OH)4 albeit with low
yield. Optimum yield and selectivity for2f-II was obtained
when using guanidine as the base (entry 15). The solvent
had also an influence in the stereoselectivity, and good yield
and de in favor of2f-II were obtained when using LiOH in
MeOH-H2O (entry 16). However, from all these essays, best
results for the selective obtention of isomer2f-I (entries 11,
12) did not exceed 20% de.

In the search for selectivity in the formation of isomer
2f-I, we replaced the bases used up to this moment with
fluoride anion.11 Thus, reaction of cyclopentenone1 with
Ph-CHdCH-B(OH)2 (1.2 equiv) in dioxane-H2O (4:1) in
the presence of [RhCl(COD)]2 (3% mol) and CsF (1.0 equiv)
at rt gave rise to the formation of a diastereomeric mixture
of compounds2f with better diasteroselectivity in favor of
2f-I (entry 17). Further optimization led to the use of [RhCl-
(COD)]2 (12% mol) and CsF (3.0 equiv) (entry 18). Similar
results were obtained with other alkenylboronic acids (entries
19-21 for isomers2-II and entries 22-24 for isomers2-I).

In the absence of more mechanistic studies, the stereo-
chemical results may be understood on the basis of the
operation of chelating or nonchelating conditions between
the hydroxyl group of the substrate and theσ-aryl- or
σ-alkenylrhodium(I) intermediate (Scheme 3). Thus, in the

water medium the precatalyst [RhCl(COD)]2 will be trans-
formed in situ into the actual catalyst of the reaction (step
a),12 which will transmetalate (step b) the aryl or alkenyl

moiety from boron to rhodium affording aσ-aryl- or
σ-alkenylrhodium(I) intermediate. Coordination of these
species (step c) to the CdC bond of the substrate may take
place on both diastereotopic faces of the unsaturated ketone.
However, chelation with the OH group (or even O- in the
basic medium) may stabilize the formation of thesyn-
complex, provided the steric bias of the organic moiety
permits it.13

Steric interactions with the aryl moiety14 may shift the
equilibrium toward formation of diastereomers2-I by migra-
tory insertion (step d) and protonation (step e). These steric
interactions may be diminished in the case of the alkenyl-
Rh(I) compounds, thus favoring formation of thesyn
intermediate, and migratory insertion and protonation lead
to the formation of diastereomers2-II.

When fluoride is used as promoter, chelation by the OH
group will not favored, either because of the diminished
basicity of the medium or via the formation a saturated
anionic Rh(I) complex15 [(Rh(COD)FR2L] -. In these cases,
isomers2-II are formed by insertion of the R-moiety away
from the OH group.

In conclusion, this work presents the Rh(I)-catalyzed
conjugate addition reaction of aryl- and alkenylboronic acids
to substrates bearing an unprotected OH group and consti-
tutes the first application of fluoride promotion of this type
of reaction. The OH group on the substrate and the reaction
conditions (base vs CsF) are responsible for the stereochem-
istry, which in the case of the alkenylboronic derivatives can
be tuned to either acis or transaddition without the need of
protecting groups. Further development of these findings will
allow for the synthesis of new prostaglandin derivatives.
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Scheme 3. Stereochemical Outcome
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