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Optically active b-hydroxy acids and their derivatives are
versatile chiral building blocks for many useful molecules,
including pharmaceuticals and natural products.[1] Catalytic
asymmetric hydrogenation of b-ketoesters is an efficient and
economically feasible method for preparing these important
chiral compounds. Pioneered by Noyori and co-workers,[2] the
chiral ruthenium diphosphine complexes [RuX2-
(diphosphine)] (X = Cl or Br) and their analogues have
become by far the most popular catalysts for this trans-
formation.[3] Many of them show excellent enantioselectivity
[> 99% enantiomeric excess (ee)] and extraordinarily high
activity (turnover number (TON) of up to 100000) for the
hydrogenation of b-alkyl b-ketoesters.[4] However, only a few
of these complexes exhibit high enantioselectivity for the
hydrogenation of b-aryl b-ketoesters. Zhang et al. reported
that the ruthenium catalysts bearing the ligands xylyl-o-
binapo[5] (3,3’-bis(3,5-dimethylphenyl)-2,2’-bis(diphenylphos-
phinoxy)-1,1’-binaphthyl) and C3*-TunePhos[6] give up to
99% ee for the hydrogenation of b-aryl b-ketoesters. Using
ruthenium complexes of 4,4’-substituted binap ligands
(binap = 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl), Lin
et al.[7] obtained up to 99.8 % ee for the hydrogenation of a
range of b-aryl b-ketoesters. The highest TON (10000) was
achieved by Saito and co-workers[8] in the asymmetric hydro-
genation of methyl 3-oxo-3-phenylpropanoate. Note that
chiral rhodium or iridium complexes, which efficiently
catalyze olefin and imine hydrogenation, are seldom used
for the asymmetric hydrogenation of b-ketoesters.[9] Further-
more, chiral [RuCl2(diphosphine)(diamine)] complexes,
which catalyze the hydrogenation of simple ketones
extremely efficiently, are also inert for the hydrogenation of
b-ketoesters.[10] The major reason for the inertness may be
that the strong base, such as KOtBu, that is required for

activation of the [RuCl2(diphosphine)(diamine)] catalysts
enolizes the b-ketoester substrates instead of activating the
catalysts.

Recently, we developed chiral iridium catalysts containing
a chiral SpiroPAP ligand, and these catalysts show excellent
enantioselectivity (up to 99.9% ee) and an extremely high
TON (as high as 4550 000) for the hydrogenation of simple
ketones.[11] These Ir/SpiroPAP catalysts are likely to have a
“metal–ligand bifunctional catalysis” mechanism, similar to
the [RuCl2(diphosphine)(diamine)] catalysts.[12] The aromatic
N�H of the Ir/SpiroPAP catalysts is more acidic than the
aliphatic N�H of [RuCl2(diphosphine)(diamine)] catalysts
(the proton resonances of the NH or NH2 group of the
catalysts are as follows: Ir[IrH2((R)-1a)Cl]: d = 5.3 ppm
(CDCl3), [RuCl2((R)-Tol-binap)((R,R)-dpen)] (dpen = 1,2-
diphenylethylenediamine): d = 3.3 and 3.5 ppm (C6D6)

[13]),
thus indicating that the Ir/SpiroPAP catalysts may be more
easily activated with a relatively weak base such as the
enolate salt of a b-ketoester. To confirm this possibility, we
tested Ir/SpiroPAP catalysts for the hydrogenation of b-
ketoesters and found that the catalysts were extremely
efficient for hydrogenation of b-aryl b-ketoesters. Herein,
we report that the Ir/SpiroPAP-catalyzed asymmetric hydro-
genation of b-aryl b-ketoesters 2 provide the chiral b-hydroxy
esters 3 with excellent enantioselectivity (up to 99.8% ee) and
extremely high TONs (as high as 1230 000) under mild
reaction conditions (8 atm H2 at room temperature;
Scheme 1).

The reaction conditions were optimized for the hydro-
genation of ethyl 3-oxo-3-phenylpropanoate (2a). When the
reaction was carried out at room temperature under 8 atm of

Scheme 1. Asymmetric hydrogenation of b-ketoesters with Ir/SpiroPAP
catalysts. cod = 1,5-cyclooctadiene.

[*] Prof. J.-H. Xie, X.-Y. Liu, X.-H. Yang, J.-B. Xie, Prof. L.-X. Wang,
Prof. Q.-L. Zhou
State Key Laboratory and Institute of Elemento-Organic Chemistry
Nankai University
Tianjin 300071 (China)
E-mail: jhxie@nankai.edu.cn

qlzhou@nankai.edu.cn

[**] We thank the National Natural Science Foundation of China, the
National Basic Research Program of China (2010CB833300), and
the “111” project (B06005) of the Ministry of Education of China for
financial support.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201105780.

Angewandte
Chemie

201Angew. Chem. Int. Ed. 2012, 51, 201 –203 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201105780


hydrogen with Ir/(R)-1b generated in situ from 0.05 mol%
[{Ir(cod)Cl}2] and 0.11 mol% (R)-1b, the hydrogenation
product (S)-ethyl 3-hydroxy-3-phenylpropanoate (3a) was
obtained in 98% yield and 98 % ee (Table 1, entry 1), along
with a small amount of (E)-ethyl 3-phenylacrylate (< 2 %),
which was generated by elimination of the b-hydroxy group of
3a under the basic conditions. Solvent experiments showed
that the reaction was faster in a less bulky alcohol solvent and
that EtOH gave the best enantioselectivity (entries 1–4).
Enantioselectivity as high as 99.2% ee was obtained in
toluene, but, the conversion was quite low (entry 5). The
reaction temperature had little effect on the enantioselectiv-
ity, but reducing the temperature lowered the reaction rate
(compare entry 1 with entries 6 and 7). Comparison of various
chiral SpiroPAP ligands indicated that the introduction of an
alkyl group at the 6-position of the pyridine ring of the ligand
reduced the enantioselectivity (compare entry 8 with
entries 10 and 11); however, the presence of an alkyl group
at either the 3- or 4-position of the pyridine ring increased the
enantioselectivity (compare entry 8 with entries 1 and 9).
When the catalyst loading was lowered from 0.1 to
0.001 mol% (S/C = 100 000), Ir/(R)-1b worked well and
yielded the hydrogenation product (S)-3a in 98% yield and
98% ee within 19 hours at an initial hydrogen pressure of 50
atm (entry 12). When the catalyst loading was additionally
lowered to 0.000067 mol % (S/C = 1500 000), the reaction had
to be carried out at 50 8C and at an initial hydrogen pressure
of 100 atm; (S)-3a was obtained in 78 % yield with a
conversion of 82% (TON = 1230 000) and the same level of
enantioselectivity (entry 13).

Under the optimal reaction conditions, various b-aryl b-
ketoesters (2a–k) were hydrogenated over Ir/(R)-1b at S/C =

1000 to afford the corresponding chiral b-hydroxy esters 3a–k
in high yield (93–98%) and excellent enantioselectivity (95–
99.8% ee). The results listed in Table 2 indicate that the
electronic properties of the group on the phenyl ring of the b-
aryl b-ketoester had little effect on the enantioselectivity;
however, ortho-chloro substitution resulted in a longer
reaction time (entry 11). The catalyst Ir/(R)-1b was less
efficient for the hydrogenation of b-alkyl b-ketoesters such as
b-isopropyl b-ketoester (2 l ; entry 12).

Catalytic asymmetric hydrogenation of b-keto amides is
an efficient approach to the synthesis of optically pure chiral
b-hydroxy amides,[14] which are useful building blocks for the
synthesis of biologically active compounds. For example, the
optically pure chiral b-hydroxy amide 5a (R = Me) has been
used in the enantioselective synthesis of the antidepressants
fluoxetine and tomoxetine[15] (Scheme 2). We were delighted
to find that Ir/(R)-1b efficiently catalyzed the asymmetric

Table 1: Asymmetric hydrogenation of ethyl 3-oxo-3-phenylpropanoate
(2a). Optimizing reaction conditions.[a]

Entry Ligand Solvent t [h] Conv. [%][b] Yield [%][c] ee [%][d]

1 (R)-1b EtOH 1.0 100 98 98
2[e] (R)-1b MeOH 0.7 100 95 86
3[e] (R)-1b nPrOH 2.5 100 95 73
4[e] (R)-1b iPrOH 15 100 94 85
5 (R)-1b toluene 15 43 40 99.2
6[f ] (R)-1b EtOH 3.0 100 95 98
7[g] (R)-1b EtOH 0.7 100 98 98
8 (R)-1a EtOH 2.0 100 97 93
9 (R)-1c EtOH 2.5 100 97 96
10 (R)-1d EtOH 1.5 100 96 89
11 (R)-1e EtOH 1.5 100 96 76
12[h] (R)-1b EtOH 19 >99 98 98
13[i] (R)-1b EtOH 96 82 78 98

[a] Reaction conditions: 1.5 mmol scale, [substrate] =2.1m, [{Ir-
(cod)Cl}2] (0.05 mol%), ligand (0.11 mol%), [KOtBu] =0.02m, solvent
(2.0 mL), room temperature (25–308C). [b] Determined by 1H NMR
spectroscopy. [c] Yield of isolated product. [d] Determined by HPLC
analysis using a chiral stationary phase. The absolute configuration of
the product is S. [e] The hydrogenation product contains a certain
amount of intere-esterification product. [f ] At 15 8C. [g] At 50 8C. [h] S/
C = 100,000, 50 atm H2 (initial). [i] S/C = 1500000, at 50 8C, 100 atm H2

(initial).

Table 2: Asymmetric hydrogenation of b-ketoesters 2 with Ir/(R)-1b.[a]

Entry R Product t [h] Yield [%][b] ee [%][c]

1 C6H5 3a 1.0 98 98
2 4-MeC6H4 3b 0.4 97 99.3
3 4-MeOC6H4 3c 0.7 95 99.3
4 4-ClC6H4 3d 1.0 94 96
5 4-BrC6H4 3e 0.8 96 99
6 3-MeC6H4 3 f 0.7 95 99.2
7 3-MeOC6H4 3g 1.7 93 96
8 3-BrC6H4 3h 1.7 95 95
9 2-MeC6H4 3 i 1.0 94 99.8
10 2-MeOC6H4 3 j 0.8 94 99.5
11 2-ClC6H4 3k 4.0 97 99.3
12 iPr 3 l 20 90 88

[a] Reaction conditions were the same as those used for the reaction in
entry 1 of Table 1. [b] Yield of isolated product. [c] Determined by HPLC
analysis using a chiral stationary phase (see the Supporting Informa-
tion); the absolute configuration of the product is S.

Scheme 2. Asymmetric hydrogenation of the b-keto amides 4 and 1,3-
diketone 6.
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hydrogenation of b-keto amides. For example, the b-phenyl b-
ketoamides 4 were hydrogenated to give the chiral b-hydroxy
amides 5a and 5 b in high yield (93 and 91%, respectively)
with excellent enantioselectivity (96 and 98% ee, respec-
tively). Moreover, Ir/(R)-1b also efficiently catalyzed the
hydrogenation of 1,3-diketone 6 to afford the 1,3-dialkanol 7
in 92% yield with greater than 99.9% ee and a diastereomeric
excess of 92%.

In conclusion, we have developed a highly efficient
asymmetric hydrogenation of b-aryl b-ketoesters catalyzed
by Ir/SpiroPAP complexes. The reaction provides a readily
accessible method for the synthesis of b-hydroxy esters in
excellent enantioselectivity (up to 99.8 % ee) and extremely
high TONs (up to 1230 000), which represents the highest
level of efficiency in the asymmetric hydrogenation of b-
ketoesters.

Experimental Section
General procedure for asymmetric hydrogenation of b-ketoesters at
S/C = 1000: The catalyst precursor [{Ir(cod)Cl}2] (0.5 mg, 0.75 mmol),
ligand (R)-1b (1.2 mg, 1.6 mmol), and anhydrous EtOH (1 mL) were
added to a 20 mL hydrogenation vessel under a nitrogen atmosphere.
The mixture was stirred for 1.0 h at 25–308C to give a clear yellow
solution. The vessel was then placed in an autoclave and purged with
hydrogen by pressurizing to 1 atm and releasing the pressure. This
procedure was repeated three times and the solution was stirred for
1.0 h under 1 atm of H2. After releasing the pressure, the b-ketoester
(1.5 mmol) and a solution of tBuOK in EtOH (0.13 mmolmL�1,
0.3 mL, 0.04 mmol) were added through the injection port. The
autoclave was then pressurized to 8 atm of H2 and the reaction
mixture was stirred at room temperature (25–308C) until no obvious
hydrogen pressure drop was observed. After releasing the hydrogen
pressure, the reaction mixture was concentrated in vacuum and
chromatographed on silica gel column using ethyl acetate/petroleum
ether (v/v = 1:10) to afford the corresponding hydrogenation product.
The enantioselectivity of the product was determined by either GC or
HPLC analysis using a chiral stationary phase.

Received: August 16, 2011
Published online: November 16, 2011

.Keywords: enantioselectivity · hydrogenation · iridium ·
ligand effects · synthetic methods

[1] S. Servi, Synthesis 1990, 1.
[2] R. Noyori, T. Ohkuma, M. Kitamura, H. Takaya, N. Sayo, H.

Kumobayashi, S. Akutagawa, J. Am. Chem. Soc. 1987, 109, 5856.
[3] For comprehensive reviews, see: a) T. Ohkuma, R. Noyori in

Handbook of Homogeneous Hydrogenation (Eds.: J. G. de V-
ries, C. J. Elsevier), Wiley-VCH, Weinheim, 2007, p. 1105; b) W.
Tang, X. Zhang, Chem. Rev. 2003, 103, 3029; c) R. Noyori,

Angew. Chem. 2002, 114, 2108; Angew. Chem. Int. Ed. 2002, 41,
2008.

[4] The examples of asymmetric hydrogenation of b-alkyl b-
ketoesters with TONs exceeding 100000, see: a) M. A.
Schwindt, M. P. Fleming, Y.-K. Han, L. M. Hodges, D. A.
Johnston, R. P. Micheli, C. R. Roberts, R. Snyder, R. J. Topping,
P. P�ntener, M. Scalone, Org. Process Res. Dev. 2007, 11, 524;
b) M. Kesselgruber, M. Lotz, P. Martin, G. Melone, M. M�ller, B.
Pugin, F. Naud, F. Spindler, M. Thommen, P. Zbinden, H.-U.
Blaser, Chem. Asian J. 2008, 3, 1384.

[5] Y.-G. Zhou, W. Tang, W.-B. Wang, W. Li, X. Zhang, J. Am. Chem.
Soc. 2002, 124, 4952.

[6] X. Sun, W. Li, G. Hou, L. Zhou, X. Zhang, Adv. Synth. Catal.
2009, 351, 2553.

[7] A. Hu, H. L. Ngo, W. Lin, Angew. Chem. 2004, 116, 2555; Angew.
Chem. Int. Ed. 2004, 43, 2501.

[8] T. Saito, T. Yokozawa, T. Ishizaki, T. Moroi, N. Sayo, T. Miura, H.
Kumobayashi, Adv. Synth. Catal. 2001, 343, 264.

[9] For rhodium-catalyzed asymmetric hydrogenation of b-ketoest-
ers, see: a) H. Takeda, S. Hosokawa, M. Aburatani, K. Achiwa,
Synlett 1991, 193; b) A. Togni, C. Breutel, A. Schnyder, F.
Spindler, H. Landert, A. Tijani, J. Am. Chem. Soc. 1994, 116,
4062; c) Y. Kuroki, D. Asada, K. Iseki, Tetrahedron Lett. 2000,
41, 9853; For iridium-catalyzed asymmetric hydrogenation of a-
amino-b-ketoesters through dynamic kinetic resolution, see:
d) K. Makino, Y. Hiroki, Y. Hamada, J. Am. Chem. Soc. 2005,
127, 5784; e) K. Makino, M. Iwasaki, Y. Hamada, Org. Lett.
2006, 8, 4573; f) T. Maeda, K. Makino, M. Iwasaki, Y. Hamada,
Chem. Eur. J. 2010, 16, 11954.

[10] T. Ohkuma, H. Ooka, S. Hashiguchi, I. Ikariya, R. Noyori, J. Am.
Chem. Soc. 1995, 117, 2675.

[11] J.-H. Xie, X.-Y. Liu, J.-B. Xie, L.-X. Wang, Q.-L. Zhou, Angew.
Chem. 2011, 123, 7467; Angew. Chem. Int. Ed. 2011, 50, 7329.

[12] a) J.-B. Xie, J.-H. Xie, X.-Y. Liu, Q.-Q. Zhang, Q.-L. Zhou,
Chem. Asian J. 2011, 6, 899; For the “metal – ligand bifunctional”
mechanism in [RuCl2(diphosphine)(diamine)]-catalyzed hydro-
genation of ketones, see: b) K. Abdur-Rashid, M. Faatz, A. J.
Lough, R. H. Morris, J. Am. Chem. Soc. 2001, 123, 7473; c) K.
Abdur-Rashid, S. E. Clapham, A. Hadzovic, J. N. Harvey, A. J.
Lough, R. H. Morris, J. Am. Chem. Soc. 2002, 124, 15104;
d) C. A. Sandoval, T. Ohkuma, K. MuÇiz, R. Noyori, J. Am.
Chem. Soc. 2003, 125, 13490.

[13] H. Doucet, T. Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, E.
Katayama, A. F. England, T. Ikariya, R. Noyori, Angew. Chem.
1998, 110, 1792; Angew. Chem. Int. Ed. 1998, 37, 1703.

[14] For selected recent papers, see: a) R. Touati, T. Gmiza, S. Jeulin,
C. Deport, V. Ratovelomanana-Vidal, B. B. Hassine, J.-P. GenÞt,
Synlett 2005, 2478; b) R. Kramer, R. Br�ckner, Chem. Eur. J.
2007, 13, 9076.

[15] a) H. Chea, H.-S. Sim, J. Yun, Adv. Synth. Catal. 2009, 351, 855;
b) L. Chai, H. Chen, Z. Li, Q. Wang, F. Tao, Synlett 2006, 2395;
c) H. Kakei, T. Nemoto, T. Ohshima, M. Shibasaki, Angew.
Chem. 2004, 116, 321; Angew. Chem. Int. Ed. 2004, 43, 317; d) A.
Kumar, D. H. Ner, S. Y. Dike, Tetrahedron Lett. 1991, 32, 1901;
e) E. J. Corey, G. A. Reichard, Tetrahedron Lett. 1989, 30, 5207.

Angewandte
Chemie

203Angew. Chem. Int. Ed. 2012, 51, 201 –203 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1055/s-1990-26775
http://dx.doi.org/10.1021/ja00253a051
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4
http://dx.doi.org/10.1021/op060208q
http://dx.doi.org/10.1002/asia.200800186
http://dx.doi.org/10.1021/ja020121u
http://dx.doi.org/10.1021/ja020121u
http://dx.doi.org/10.1002/adsc.200900589
http://dx.doi.org/10.1002/adsc.200900589
http://dx.doi.org/10.1002/ange.200353415
http://dx.doi.org/10.1002/anie.200353415
http://dx.doi.org/10.1002/anie.200353415
http://dx.doi.org/10.1002/1615-4169(20010330)343:3%3C264::AID-ADSC264%3E3.0.CO;2-T
http://dx.doi.org/10.1055/s-1991-20676
http://dx.doi.org/10.1021/ja00088a047
http://dx.doi.org/10.1021/ja00088a047
http://dx.doi.org/10.1016/S0040-4039(00)01744-5
http://dx.doi.org/10.1016/S0040-4039(00)01744-5
http://dx.doi.org/10.1021/ja0432113
http://dx.doi.org/10.1021/ja0432113
http://dx.doi.org/10.1021/ol061796v
http://dx.doi.org/10.1021/ol061796v
http://dx.doi.org/10.1002/chem.201001298
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1021/ja00114a043
http://dx.doi.org/10.1002/ange.201102710
http://dx.doi.org/10.1002/ange.201102710
http://dx.doi.org/10.1002/anie.201102710
http://dx.doi.org/10.1002/asia.201000716
http://dx.doi.org/10.1021/ja015902u
http://dx.doi.org/10.1021/ja016817p
http://dx.doi.org/10.1021/ja030272c
http://dx.doi.org/10.1021/ja030272c
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1792::AID-ANGE1792%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3757(19980619)110:12%3C1792::AID-ANGE1792%3E3.0.CO;2-9
http://dx.doi.org/10.1002/(SICI)1521-3773(19980703)37:12%3C1703::AID-ANIE1703%3E3.0.CO;2-I
http://dx.doi.org/10.1002/chem.200700527
http://dx.doi.org/10.1002/chem.200700527
http://dx.doi.org/10.1002/adsc.200900040
http://dx.doi.org/10.1002/ange.200352431
http://dx.doi.org/10.1002/ange.200352431
http://dx.doi.org/10.1002/anie.200352431
http://dx.doi.org/10.1016/S0040-4039(00)85993-6
http://dx.doi.org/10.1016/S0040-4039(01)93743-8
http://www.angewandte.org

