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Abstract: Rh-catalyzed C-C bond asymmetric formation under
basic conditions in organoaqueous or alcoholic solvents has been
described using the atropoisomeric water-soluble ligand (R)-Digm-
BINAP. The addition of phenylboronic acid to cyclohexenone has
been efficiently optimized leading to quantitative yield and enantio-
meric excesses up to 98% using 1–3 mol% catalyst. Easy product-
catalyst separation has been found using ethylene glycol as the re-
action solvent. Other �,�-unsaturated ketones and boronic acids
could be engaged in the 1,4-addition. The mole fraction of the cata-
lyst could be decreased to 0.005% with still acceptable ee. A TON
of 13200 was obtained.

Key words: chiral cationic water-soluble ligand, boronic acids�
�,�-unsaturated ketones, asymmetric C-C bond formation, rhodium

The transition metal catalyzed reactions and specifically
homogeneous catalysis have brought a considerable im-
pact for a wide variety of chemical processes ranging
from large-scale industrial area to fine organic synthesis.1

Among them, the metal-catalyzed reactions using atropoi-
someric diphosphines of the BINAP type have found a
widespread development, due to the spectacular ability of
those ligands to induce asymmetry in C-C and C-H
bonds.2 In the meantime, the expansion of efficient envi-
ronmentally safe systems has given the ability to combine
the high activity and selectivity of the catalyst with the
easier product separation and possible catalyst recycling.3

The synthesis of water-soluble ligands has positively
responded to the key challenge of green chemistry in
terms of safety, selectivity and separation of the product
from the catalyst.4 We have been engaged for a long time
in the application of atropoisomeric ligands for asymmet-
ric C-H bonds,5 and in the use of water-soluble achiral
ligands in C-C bonds formation6,7. Our group has recently
described the synthesis of a new achiral water-soluble
ligand m-TPPTC,8 a chiral cationic ligand (R)-Digm-
BINAP 19 and the application in palladium, ruthenium
and rhodium chemistry.8–10

Pioneered by Miyaura and Hayashi,11 a particular atten-
tion recently lightens rhodium-catalyzed asymmetric C-C
bond reactions that combine organoboron reagents and
diverse electron-deficient olefins.12 Highly stable potas-
sium organotrifluoroborates have also been recently
found to achieve efficiently rhodium(I)-catalyzed asym-

metric 1,4-additions to enones.13 The atropoisomeric (R)-
BINAP 2 was once again an outstanding ligand for these
couplings (Scheme 1).11–15 To our knowledge, only two
other ligand families, the phosphite16 and proline
derivatives17 have been found to induce similar results.
The general conditions imply a Rh(I) catalyst, a chiral
ligand, in a 10:1 dioxane/water mixture at temperature
ranging 60–100 °C. The mechanism has been recently dis-
closed and proceeds through a phenylrhodium, an oxa-�-
allylrhodium and an hydroxorhodium species.18 These
conditions have several unique advantages over other
asymmetric 1,4-addition reactions, but preclude an easy
separation of product from catalyst and catalyst recycling.
An achiral version of this reaction has been recently
developed in neat water under basic conditions using the
water-soluble ligand m-TPPTC.10 Having in hand a
unique cationic atropoisomeric ligand 1, we envisaged to
test its efficiency in asymmetric C-C bond formation. We
wish therefore to describe herein our preliminary results
concerning the Rh-catalyzed asymmetric 1,4-addition of
boron derivatives.

Scheme 1

The addition of phenylboronic acid to cyclohexenone was
chosen as a standard reaction and our results are summa-
rized in Table 1. The use of [Rh(cod)Cl]2 in neat water10

and the chiral cationic ligand 1 led to a very disappointing
result (entry 1). The coupling adduct was isolated with
83% yield and 9% ee. Switching to the well-known
Rh(acac)(C2H4)2

11 gave a better result (entry 2), as the
yield reached 100% in shorter time and the enantiomeric
excess increased to 53%. The addition of a co-solvent
such as dioxane, which is usually employed with (R)-
BINAP 2, slowed the reaction when it was used as a 10:1
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mixture with water (entry 3). The arylated ketone was
isolated with a fair enantiomeric excess of 84%. Without
any base (entry 4), the reaction was very sluggish even if
the enantiomeric excess was still good. Increasing the
amount of water afforded a substantial decrease of the
enantiomeric excess (entry 5). The use of other rhodium
catalysts such as Rh(cod)2PF6 (entries 6, 7) was also
investigated. This cationic precursor did not give better
results. Once again, we observed a very fast reaction in the
presence of Na2CO3 but the enantiomeric excesses were
very much dependent on the quantity of water. The enan-
tiomeric excess dropped to 4% by switching from a 10:1
dioxane/water to a 1:10 mixture (entry 6 compared to en-
try 7). Being confronted with a conflicting effect of water
(acceleration of the water and decrease of the ee) we de-
cided to test another polar solvent such as ethylene glycol,
which has already been a good alternative solvent for pal-
ladium-catalyzed couplings19 and ruthenium C-H bond
formation.9

We were grateful to observe that the reaction occurred as
fast as in the dioxane/water system and that the enantio-
meric excess reached 91% (entry 8). The optimized con-
ditions using 3 mol% rhodium, 6 mol% ligand afforded
the desired adduct within a very short time and with an ex-
cellent ee (entry 9). The absolute configuration of the cou-
pling adduct was confirmed to be R, and the reaction with
(R)-Digm-BINAP 1 followed the same facial discrimina-
tion as with (R)-BINAP 2. Considering the proposed
mechanism,18 ethylene glycol or water20 may participate
in the protonolysis of the same intermediate. One key
challenge in the development of homogeneous catalysis
was also addressed. The separation of product from the
catalyst was very easy and no further purification was
necessary.21

The generality of our new catalytic system was then ex-
panded using only 1 mol% of rhodium 1.2 mol% of chiral
ligand 1 and 2.5 equivalents of boronic acids (Table 2).
The addition of phenylboronic acid to cyclohexenone af-
forded the corresponding functionalized cyclohexanone
with 100% yield and 98% ee (entry 1). Other �,�-unsatu-
rated ketones could be efficiently reacted in ethylene gly-
col under basic conditions. The cycloheptenone (entry 2)
and the linear nonenone (entry 3) afforded the phenyl de-
rivatives in 44% and 78% isolated yields, respectively.
The enantiofacial discrimination also produced good
enantiomeric excesses, 89% and 81% respectively. Other
boronic acids could also be good partners for the asym-
metric coupling. Indeed, the use of the electrodonating
methoxyboronic acid afforded the functionalized cyclo-
hexanone with 57% yield and an excellent ee of 97% (en-
try 4). A good chemoselectivity was also observed with
the 4-bromoboronic acid. Quantitative yield of the bromi-
nated adduct susceptible to react via further organometal-
lic coupling was obtained with 92% ee (entry 5).

In catalytic asymmetric catalysis, reducing the catalyst
loading is also a main challenge for economical and in-
dustrial view point. In these reactions, two examples have
been described so far, using respectively 0.3 mol% and
0.1 mol% of rhodium catalyst and phosphite chiral ligand
or (S)-BINAP.16,14c

In our case, as shown in Table 3, attempts to reduce the
catalyst/substrate ratio still afforded high yield and enan-
tiomeric excess using 0.5 mol% catalyst within 5 hours
(entry 2) compared to our standard conditions (entry 1).
The mole fraction of rhodium could then be decreased
to 0.005 mol% (S/C = 20000, entry 3). The lower yield
and ee could be improved by using 2 equivalents of ligand

Table 1 Asymmetric Addition of Phenylboronic Acid to Cyclohexenone

Entry [Rh] Catalyst Solvent Additive (2 equiv) t (h) Yield (%)a ee (%)b

1 [Rh(cod)Cl]2 H2O Na2CO3 6 83 9

2 Rh(acac)(C2H4)2 H2O Na2CO3 1 100 53

3 Rh(acac)(C2H4)2 dioxane/H2O 10:1 Na2CO3 2 100 84

4 Rh(acac)(C2H4)2 dioxane/H2O 10:1 / 7 8 90

5 Rh(acac)(C2H4)2 dioxane/H2O 1:10 Na2CO3 1 100 61

6 Rh(cod)2PF6 dioxane/H2O 10:1 Na2CO3 1 100 66

7 Rh(cod)2PF6 dioxane/H2O 1:10 Na2CO3 1 100 4

8 Rh(acac)(C2H4)2 ethylene glycol Na2CO3 1 100 91

9c Rh(acac)(C2H4)2 ethylene glycol Na2CO3 1 100 98

a Isolated yield. 
b Measured by HPLC OD-H, (R)-isomer. 
c 6 mol% ligand.
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per rhodium atom, which probably stabilized the cor-
responding catalyst (entry 4).

In conclusion, Rh-catalyzed C-C bond formation has been
efficiently performed under basic conditions in ethylene
glycol using a cationic BINAP type ligand. We also ob-

served that the use of a larger amount of water induced a
decrease of the enantiomeric excess. The conditions were
optimized on cyclohexenone and led to quantitative yield
and high enantiofacial discrimination with enantiomeric
excesses up to 98%. The major advantage of this proce-
dure lies in the very easy separation of the product from
the catalyst, with no purification step. This new catalyst
system is also compatible to various �,�-unsaturated ke-
tones and boronic acids. Low mole fraction of catalyst and
ligand could be employed with still acceptable yield and
ee. Further applications are currently under investigation
including the recycling of the Rh/(R)-Digm-BINAP sys-
tem.
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