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ABSTRACT

A highly efficient asymmetric hydrogenation of R,β-unsaturated carboxylic acids with tetrasubstituted olefin catalyzed by chiral spiro iridium
complexes has been developed for the preparation of chiral R-substituted carboxylic acids in excellent enantioselectivities (up to 99% ee).

Transition-metal-catalyzed asymmetric hydrogenation
of prochiral unsaturated carboxylic acids represents one of
the most efficient and atom-economic methods for pre-
paration of chiral carboxylic acids. In the past decades,
remarkable progress has been achieved in the asymmetric
hydrogenation of unsaturated carboxylic acids with di-1 or
trisubstituted2 olefins by using chiral rhodium, ruthenium,
and iridium catalysts. The asymmetric hydrogenation of
R,β-unsaturated carboxylic acids with highly hindered

tetrasubstituted olefins also draws intense attention, be-
cause its products, chiral carboxylic acids 2 and their
derivatives are core structures of many pharmaceuticals,3

naturalproducts,4andorganocatalysts5 (Figure1).However,
in contrast to the successful hydrogenation of the unsatura-
ted carboxylic acids with di- and trisubstituted olefins,
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the asymmetric hydrogenation of unsaturated carboxylic
acids with tetrasubstituted olefins has achieved limited
success.6 A few rhodium and ruthenium-catalyzed hydro-
genations of trisubstituted acrylic acids afforded over 90%
ee.7 Herein, we reported an iridium-catalyzed asymmetric
hydrogenation of R,β-unsaturated carboxylic acids bear-
ing a tetrasubstituted olefin with high enantioselectivities
(up to 99% ee) under mild reaction conditions.
The hydrogenation of R-phenyl-β,β-dimethyl acrylic

acid 1a was initially studied with chiral spiro iridium
catalysts 3 (Table 1).8 The catalyst (Sa,S)-3a bearing
phenyl groups on the phosphorus atomand a benzyl group
on the oxazoline ring afforded carboxylic acid 2a in 45%
conversion with 66% ee (entry 1). The substituents on the
P-phenyl rings of the ligand strongly affected the enantios-
electivity of the reaction (entries 1�3). Catalyst (Sa,S)-3c
bearing bulky 3,5-di-tert-butylphenyl groups on the phos-
phorus atom increased both reactivity (100% conversion)
and enantioselectivity (94% ee) (entry 3). The catalysts
bearing other substituents on the oxazoline ring showed
lower enantioselectivity or reactivity (entries 4�6). The
basic additiveCs2CO3 can alsopromote the hydrogenation
reaction, however affording slightly lower enantioselectiv-
ity comparing to NEt3 (entry 7 vs entry 3).
Under the optimal reaction conditions, a variety of

R-aryl-β,β-dimethyl acrylic acids 1a�1h were hydrogenated
(Table 2). The substituents on the phenyl ring of the sub-
strates have a weak influence on the reaction, and all the
tested substrates afforded high enantioselectivities (90�97%
ee; entries 1�8). The hydrogenation products 2b and 2c are
the key intermediates of chiral drugs Mibefradil7b and

Fenvalerate,3c respectively. In addition to R-aryl-β,β-di-
methyl acrylic acids, trimethyl acrylic acid 1i was also a
suitable substrate for the hydrogenation (93%yield, 97%ee,
entry 9).
The iridium-catalyzed asymmetric hydrogenation

reaction has good toleration with functional groups.

Figure 1. The asymmetric hydrogenation reactions of unsatu-
rated carboxylic acids with tetrasubstituted olefins and the
potential applications.

Table 1. Enantioselective Iridium-Catalyzed Hydrogenation
of R-Phenyl-β,β-dimethyl Acrylic Acid: Optimization of the
Reaction Conditionsa

entry catalyst conv (%)b ee (%)c

1 (Sa,S)-3a 45 66

2 (Sa,S)-3b 47 73

3 (Sa,S)-3c 100 94

4 (Sa)-3d 100 74

5 (Sa,S)-3e 65 68

6 (Sa,S)-3f 100 91

7d (Sa,S)-3c 100 92

aReaction conditions: 0.25 mmol 1a, [substrate] = 0.125 mol/L,
substrate/catalyst = 100:1, H2 (6 atm), 1.0 equiv NEt3 as additive. The
absolute configuration of the product is R, which was determined by
comparing the optical rotationwith literature data.7a BArF

�=tetrakis-
[3,5-bis(trifluoromethyl)phenyl]borate. bDetermined by 1H NMR.
cDetermined by chiral HPLC analysis of the corresponding anilide.
dUsing 1.0 equiv of Cs2CO3 as additive.

Table 2. Enantioselective Iridium-Catalyzed Hydrogenation of
R-Aryl and R-Methyl-β,β-dimethyl Acrylic Acidsa

entry R product yield (%) ee (%)

1 Ph (1a) 2a 98 94 (R)

2 4-FC6H4 (1b) 2b 97 94 (R)

3b 4-ClC6H4 (1c) 2c 94 93 (R)

4 4-MeOC6H4 (1d) 2d 98 93 (R)

5b 3-MeC6H4 (1e) 2e 98 92 (�)

6b 3-BrC6H4 (1f) 2f 97 90 (�)

7b 3-CF3C6H4 (1g) 2g 96 95 (�)

8b 2-naphthyl (1h) 2h 99 97 (R)

9 Me (1i) 2i 93 97 (S)

aThe reaction conditions and analysis are identical to those in Table 1,
entry3.Full conversionswereobtained inall cases. bUsing2mol%(Sa,S)-3c.
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The hydrogenation of β,β-dimethyl itaconic acid derivatives
1j and1k,whichhave an ester groupat side chain, underwent
smoothly and afforded the corresponding products 2j and
2k, respectively, in high yields and high enantioselectivities
(95 and 96% ee, respectively) by using catalyst (Sa,S)-3c
(Scheme1).Chiral carboxylic acid2j is an importantbuilding
block of chiral drugs such as Aliskiren.9

The hydrogenation of R-methyl-β,β-diethyl acrylic acid
(1l) and 2-cyclopentylidene-2-phenylacetic acid (1m) were
also performed under the standard reaction conditions
(Scheme 2). By using catalyst (Sa,S)-3c, the hydrogenation
of 1l provided chiral carboxylic acid 2l in 92% yield
with 92% ee at room temperature. However, the substrate
1m was less reactive, which needs 4 mol % catalyst for
full conversion. The hydrogenation product 2m is the
basic skeleton of lipoxygenase inhibitor Bay � 1005.3a

Unsaturated carboxylic acid 4 bearing a tetrasubstituted
endocyclic olefin cannot be hydrogenated under standard
reacition conditions.10

The chiral R-aryloxy isopentyl carboxylic acids are the
key structure of many organocatalysts5 and biologically

active molecules.11 The asymmetric hydrogenation of
R-aryloxy-β,β-dimethyl acrylic acids afforded a direct
route to chiral R-aryloxy isopentyl carboxylic acids.2a We
investigated the asymmetric hydrogenation of R-aryloxy-
β,β-dimethyl acrylic acids by using catalysts 3 (Table 3).
The (Sa,S)-3c was found to be an efficient catalyst for the
hydrogenation of substrates 1n�1u (entries 1�8). The
hydrogenation reactions were performed in MeOH under
6 atm ofH2 at 60 �Cwith 1.0 equiv of NEt3 as additive and
afforded the corresponding chiral carboxylic acids (2n�2u)
in high yields (96�99%) and excellent enantioselectivities
(93�98% ee). The ortho-substituted substrates 1s and 1t

need higher reaction temperature (80 �C) for full conversion

Scheme 2. Enantioselective Iridium-Catalyzed Hydrogenation
of Trisubstituted Acrylic Acids

Table 3. Enantioselective Iridium-Catalyzed Hydrogenation of
R-Aryloxy-β,β-dimethyl Acrylic Acidsa

entry R (1) product yield (%) ee (%)

1 Ph (1n) 2n 98 93 (S)

2 4-MeC6H4 (1o) 2o 99 97 (�)

3 4-ClC6H4 (1p) 2p 96 95 (�)

4 4-MeOC6H4 (1q) 2q 96 95 (�)

5 3-MeC6H4 (1r) 2r 98 98 (�)

6b 2-MeC6H4 (1s) 2s 97 97 (�)

7b 2-IC6H4 (1t) 2t 98 95 (S)

8 2-Naphthyl (1u) 2u 98 96 (�)

9 Benzyl (1v) 2v 95 99 (S)

aThe reaction conditions and analysis are identical to those in
Table 1, entry 3. Full conversions were obtained in all cases. bPerformed
at 80 �C.

Scheme 3. Asymmetric Synthesis of Hypervalent Iodine 6

Scheme 1. Enantioselective Iridium-Catalyzed Hydrogenation
of β,β-Dimethyl Itaconic Acid Derivatives
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(entries 6 and7).ThehydrogenationofR-alkyloxy substrate
1v also underwent the hydrogenation smoothlywith 99%ee
(entry 9).As shown inScheme3, the hydrogenationproduct
2t with an ortho-iodophenoxy group could be easily con-
verted to the chiral hypervalent iodine catalyst 6,5a which
further demonstrated the potential application of this hy-
drogenation reaction.
On the basis of the crystal structure of (Sa,S)-3c

2f and
the absolute configuration of the hydrogenation products,

a chiral induction model was proposed in Figure 2. The
R-aryloxyorR-alkyloxy-β,β-dimethyl acrylic acids 1prefer
to coordinate to catalyst (Sa,S)-3c with Re-face and thus
afford hydrogenation products 2 with S configuration,
which is consistent with the experimental results.
In conclusion, the highly enantioselective hydrogenation

of R,β-unsaturated carboxylic acids with tetrasubstituted
olefins has been realized by using chiral spiro iridium cata-
lysts. The reaction provides a direct catalytic approach to
chiral carboxylic acids having an R-aryl, R-alkyl, R-aryloxy
or R-alkyloxy substituent.
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