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Abstract: The field of asymmetric (transfer) hydrogenation of
prochiral olefins has been dominated by noble metal catalysts
based on rhodium, ruthenium, and iridium. Herein we report
that a simple nickel catalyst is highly active in the transfer
hydrogenation using formic acid. Chiral a- and b-amino acid
derivatives were obtained in good to excellent enantioselectiv-
ity. The key toward success was the use of the strongly donating
and sterically demanding bisphosphine Binapine.

Asymmetric olefin hydrogenation is commonly practiced in
industry for the large-scale synthesis of pharmaceutically
active ingredients.[1] Often rhodium-, ruthenium-, and iri-
dium-based catalysts are used. Excellent stereoselectivity can
be achieved by a judicious choice of suitable phosphorus
ligands and the catalyst loading can be lowered for an
economic application at large scale.[2] However, these heavy
metal catalysts are expensive, toxic, and damaging to the
environment. Furthermore, their reserves in earth�s crust are
depleting. Recently, there is renewed interest in developing
cheap, abundant first-row metal catalysts for the asymmetric
hydrogenation of prochiral olefins. For example, Chirik et al.
reported a cobalt-catalyzed asymmetric hydrogenation of
substituted styrenes and dehydroaminoesters with good
enantioselectivity (Figure 1).[3] Unfortunately, in the first
example, an air-sensitive cobalt complex of a bisiminopyridine
must be used and in both cases the scope of olefins was quite
limited.

Herein, we disclose a simple nickel/Binapine catalyst for
asymmetric transfer hydrogenation reactions leading to a-
and b-amino acids. Formic acid is used as the hydrogen
equivalent.[4] Thus, safety hazard associated with the storage
and handling of high-pressure hydrogen gas is avoided. In
addition, nickel is 100- to 1000-fold cheaper than ruthenium,
rhodium, and iridium, when the price of their chloride salts is
compared.[5]

Heterogeneous nickel catalysts modified by tartaric acid
have been reported to afford more than 90% ee in the

directed hydrogenation of selected ketones such as b-ketoest-
ers.[6] Recently, Hamada et al. described a nickel-catalyzed
asymmetric hydrogenation of a-amino-b-ketoesters using
10 atm of H2 and obtained around 90% ee under conditions
of dynamic kinetic resolution.[7] At present, a highly asym-
metric (transfer) hydrogenation of prochiral olefins using
nickel catalysts has not been realized.[8]

b-Amino acids are important building blocks for the
synthesis of pharmaceuticals, e.g., b-lactam antibiotics. They
are also monomers of peptidomimetics that are resistant to
enzymatic degradation.[9] b-Amino acid derivatives have been
synthesized by Rh- or Ru-catalyzed asymmetric hydrogena-
tion of b-acetamido- and b-amidoacrylates.[10] The metal-
catalyzed asymmetric transfer hydrogenation using formic
acid or isopropanol to prepare amino acid derivatives was
rarely studied and afforded poor stereoselectivity.[11] In our
model hydrogenation reaction of a,b-dehydro-b-acetamino-
butyrate (Figure 2), we found that nickel catalysts ligated by
highly electron-rich and sterically demanding bisphosphines
were catalytically active. In particular, (S)-Binapine afforded
good conversion and 96 % ee. (S)-Binapine was prepared
through the copper-mediated homocoupling of 1,1’-binaph-
thophosphepine sulfide by Xumu Zhang et al.[12] Two related
bisphosphines TangPhos and DuanPhos were less selective
(35 % ee and 71 % ee). Mark Burk�s ligands including Ph-
BPE, Me-DuPhos, and Me-DPF were also catalytic active,
but the selectivity was not good.[13] Imamoto�s P-chiral
bisphosphine QuinoxP* afforded 72 % ee.[14] One of the
Josiphos ligands was catalytically active but the selectivity was
only moderate.[15] Other less donating phosphine ligands, such
as BINAP, Segphos, DIPAMP, and PHOX, were completely
inactive. Many other metal salts of iron, cobalt, and copper
were tested together with Binapine, but they were inactive in
the model reaction (see the Supporting Information).

Figure 1. Cobalt-catalyzed asymmetric hydrogenation of olefins by
Chirik et al.
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A 5:2 molar mixture of HCO2H and Et3N was optimal for
both catalytic activity and enantioselectivity in the model
reaction (entry 4, Table 1). For example, when the stoichiom-
etry was changed to 2:2, the reaction afforded only 57% yield
and 83% ee (entry 1). No hydrogenation was observed at
a hydrogen pressure of 10 bar and a temperature of 80 8C.

In many solvents including THF, dioxane, toluene,
MeOH, EtOH, i-PrOH, EtOAc, DMF, and dichloroethane,
the reaction proceeded smoothly and provided similar results.
For example, the model reaction was slightly faster in i-PrOH
than in dioxane, albeit with a slight drop of ee (93% ee).

The scope of olefins that can be hydrogenated by the Ni/
Binapine catalyst was broad (Figure 3). Various aryl and alkyl
groups can be present at the b position. Olefins with both
electron-rich and electron-poor aryl groups provided the
corresponding products in very high ee. Importantly, some
heteroaryl rings were also tolerated. Both amides and imides
seemed to function as directing groups and induced excellent
ee. In one example with a b-anilino group, only 30 % ee and
low yield (10%) was obtained due to the in situ hydrolysis of

the enamine group. The (E)-isomer of the model olefin was
also efficiently hydrogenated, but only 44% ee was observed
at 60 8C. This is probably caused by two competing insertion
modes for hydride insertion on the nickel center.

The Ni/Binapine catalyst can also be successfully applied
to the synthesis of a-acetamidoesters in more than 80% ee
(Figure 4). We found that an equimolar mixture of formic acid

and Et3N was important to ensure good ee. In 1,4-dioxane,
only low conversion was obtained. Changing the solvent to
PhCF3 or toluene improved the conversions. Surprisingly,
a substrate bearing an electron-deficient aryl group did not
react.

To probe the reaction mechanism of the transfer hydro-
genation of b-acetamidoacrylates, we conducted deuterium-
labeling experiments using [D1] and [D2]formic acid. When
[D1]formic acid was used, no deuteron was added at the b

position (Figure 5a). Interestingly, the deuteron was incorpo-
rated at both a positions with a 3:1 anti/syn preference.[16]

When [D2]formic acid was used, deuterium was added to both
a positions and to the b position (Figure 5b). This result
suggests that a decarboxylation of the formate produces
a nickel hydride, which then adds to the b position to form
a nickel enolate species. Protonation of the nickel enolate is in

Figure 2. The performance of chiral phosphines in a model reaction of
dehydro-b-acetamidobutyrate.

Table 1: The effect of the hydrogen source.

Entry Hydrogen source Conv. [%] Yield [%] ee [%]

1 HCO2H:Et3N 2:2 57 57 83
2 2:5 55 55 79
3 3:2 78 78 90
4 5:2 99 99 96
5 NaCO2H or NH4CO2H 0 0 –

Figure 3. Asymmetric transfer hydrogenation for the synthesis of b-
acylamidoesters.

Figure 4. Asymmetric transfer hydrogenation for the synthesis of a-
acetamidoesters.
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this case not syn-selective. Thus, no concerted C�H reductive
elimination took place on the nickel center. The nickel
catalysis is mechanistically distinct from the rhodium dihy-
dride[17] and ruthenium monohydride pathways,[18] both of
which led to a syn-insertion of dihydrogen. The incorporation
of deuterium at the a position is less than 100%, which is
probably caused by a trace amount of water. No further H/D
exchange was observed after the product was formed.

Similarly, when [D1]formic acid was used in the hydro-
genation of an a-acetamidoacrylate and the reaction was
stopped after 24 h at 90 8C after a partial conversion, the
deuteron was found almost exclusively at both a positions
(Figure 5c). Thus, the nickel hydride, which was derived from
formyl hydrogen, added selectively to the b position of the a-
acetamidoacrylate. An equimolar mixture of formic acid and
Et3N formed in situ a bulky triethylammonium cation, which
was responsible for the stereoselective protonation of the
nickel enolate in this case.

In summary, we have developed a Ni-catalyzed asymmet-
ric transfer hydrogenation to access both b- and a-amino acids
in good to excellent ee. A strongly s-donating and sterically
demanding bisphosphine, Binapine, was necessary to form
a highly active and stereoselective catalyst. Deuterium label-
ing experiments suggest that the transfer hydrogenation
proceeds through an asymmetric hydride insertion followed
by a protonation of the nickel enolate species.

Received: July 30, 2014
Revised: August 26, 2014
Published online: September 15, 2014

.Keywords: amino acids · hydride insertion · formic acid · nickel ·
transfer hydrogenation

[1] a) V. Farina, J. T. Reeves, C. H. Senanayake, J. J. Song, Chem.
Rev. 2006, 106, 2734; b) H. Shimizu, I. Nagasaki, K. Matsumura,
N. Sayo, T. Saito, Acc. Chem. Res. 2007, 40, 1385; c) H.-U. Blaser,
B. Pugin, F. Spindler, Top. Organomet. Chem. 2012, 1; d) N. B.

Johnson, I. C. Lennon, P. H. Moran, J. A. Ramsden, Acc. Chem.
Res. 2007, 40, 1291; e) D. J. Ager, A. H. M. de Vries, J. G.
de Vries, Chem. Soc. Rev. 2012, 41, 3340.

[2] a) W. S. Knowles, Angew. Chem. Int. Ed. 2002, 41, 1998; Angew.
Chem. 2002, 114, 2096; b) A. J. Minnaard, B. L. Feringa, L.
Lefort, J. G. De Vries, Acc. Chem. Res. 2007, 40, 1267; c) S. J.
Roseblade, A. Pfaltz, Acc. Chem. Res. 2007, 40, 1402; d) R.
Noyori, Angew. Chem. Int. Ed. 2002, 41, 2008; Angew. Chem.
2002, 114, 2108; e) W. Zhang, Y. Chi, X. Zhang, Acc. Chem. Res.
2007, 40, 1278; f) J. J. Verendel, O. P�mies, M. Di�guez, P. G.
Andersson, Chem. Rev. 2014, 114, 2130; g) W. Tang, X. Zhang,
Chem. Rev. 2003, 103, 3029; h) J.-P. Genet, T. Ayad, V.
Ratovelomanana-Vidal, Chem. Rev. 2014, 114, 2824; i) I. D.
Gridnev, T. Imamoto, Acc. Chem. Res. 2004, 37, 633; j) X. Cui, K.
Burgess, Chem. Rev. 2005, 105, 3272.

[3] a) R. P. Yu, J. M. Darmon, C. Milsmann, G. W. Margulieux,
S. C. E. Stieber, S. DeBeer, P. J. Chirik, J. Am. Chem. Soc. 2013,
135, 13168; b) S. Monfette, Z. R. Turner, S. P. Semproni, P. J.
Chirik, J. Am. Chem. Soc. 2012, 134, 4561; c) M. R. Friedfeld, M.
Shevlin, J. M. Hoyt, S. W. Krska, M. T. Tudge, P. J. Chirik,
Science 2013, 342, 1076.

[4] Examples of asymmetric transfer hydrogenation reactions: a) J.-
i. Ito, H. Nishiyama, Tetrahedron Lett. 2014, 55, 3133; b) T.
Ikariya, A. J. Blacker, Acc. Chem. Res. 2007, 40, 1300; c) R.
Kadyrov, T. H. Riermeier, Angew. Chem. Int. Ed. 2003, 42, 5472;
Angew. Chem. 2003, 115, 5630; d) C. Wang, C. Li, X. Wu, A.
Pettman, J. Xiao, Angew. Chem. Int. Ed. 2009, 48, 6524; Angew.
Chem. 2009, 121, 6646; e) R. Noyori, S. Hashiguchi, Acc. Chem.
Res. 1997, 30, 97.

[5] F. Alonso, P. Riente, M. Yus, Acc. Chem. Res. 2011, 44, 379.
[6] Reviews: a) M. Studer, H.-U. Blaser, C. Exner, Adv. Synth.

Catal. 2003, 345, 45; b) T. Osawa, T. Harada, O. Takayasu, Top.
Catal. 2000, 13, 155; c) M. Bartok, Curr. Org. Chem. 2006, 10,
1533.

[7] a) Y. Hamada, Y. Koseki, T. Fujii, T. Maeda, T. Hibino, K.
Makino, Chem. Commun. 2008, 6206; b) T. Hibino, K. Makino,
T. Sugiyama, Y. Hamada, ChemCatChem 2009, 1, 237.

[8] a) M. Bart�k, G. Wittmann, G. B. Bartok, G. Gondos, J.
Organomet. Chem. 1990, 384, 385; b) A. Corma, M. Iglesias, C.
del Pino, F. S�nchez, J. Organomet. Chem. 1992, 431, 233.

[9] B. Weiner, W. Szymanski, D. B. Janssen, A. J. Minnaard, B. L.
Feringa, Chem. Soc. Rev. 2010, 39, 1656.

[10] Examples: a) Y. Hsiao, N. R. Rivera, T. Rosner, S. W. Krska, E.
Njolito, F. Wang, Y. Sun, J. D. Armstrong, E. J. J. Grabowski,
R. D. Tillyer, F. Spindler, C. Malan, J. Am. Chem. Soc. 2004, 126,
9918; b) W. Tang, X. Zhang, Org. Lett. 2002, 4, 4159; c) M.
Yasutake, I. D. Gridnev, N. Higashi, T. Imamoto, Org. Lett. 2001,
3, 1701; d) S.-g. Lee, Y. J. Zhang, Org. Lett. 2002, 4, 2429; e) H.-P.
Wu, G. Hoge, Org. Lett. 2004, 6, 3645; f) Y.-G. Zhou, W. Tang,
W.-B. Wang, W. Li, X. Zhang, J. Am. Chem. Soc. 2002, 124, 4952;
g) D. PeÇa, A. J. Minnaard, J. G. de Vries, B. L. Feringa, J. Am.
Chem. Soc. 2002, 124, 14552.

[11] E. Alberico, S. Karandikar, S. Gladiali, ChemCatChem 2010, 2,
1395.

[12] W. Tang, W. Wang, Y. Chi, X. Zhang, Angew. Chem. Int. Ed.
2003, 42, 3509; Angew. Chem. 2003, 115, 3633.

[13] a) M. J. Burk, J. E. Feaster, W. A. Nugent, R. L. Harlow, J. Am.
Chem. Soc. 1993, 115, 10125; b) M. J. Burk, Acc. Chem. Res.
2000, 33, 363.

[14] a) T. Imamoto, K. Tamura, Z. Zhang, Y. Horiuchi, M. Sugiya, K.
Yoshida, A. Yanagisawa, I. D. Gridnev, J. Am. Chem. Soc. 2012,
134, 1754; b) T. Imamoto, J. Watanabe, Y. Wada, H. Masuda, H.
Yamada, H. Tsuruta, S. Matsukawa, K. Yamaguchi, J. Am.
Chem. Soc. 1998, 120, 1635.

[15] A. Togni, C. Breutel, A. Schnyder, F. Spindler, H. Landert, A.
Tijani, J. Am. Chem. Soc. 1994, 116, 4062.

Figure 5. Deuterium-labeling experiments of the transfer hydrogena-
tion.

.Angewandte
Communications

12212 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 12210 –12213

http://dx.doi.org/10.1021/cr040700c
http://dx.doi.org/10.1021/cr040700c
http://dx.doi.org/10.1021/ar700101x
http://dx.doi.org/10.1021/ar700114k
http://dx.doi.org/10.1021/ar700114k
http://dx.doi.org/10.1039/c2cs15312b
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C1998::AID-ANIE1998%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2096::AID-ANGE2096%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2096::AID-ANGE2096%3E3.0.CO;2-Z
http://dx.doi.org/10.1021/ar7001107
http://dx.doi.org/10.1021/ar700113g
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z
http://dx.doi.org/10.1021/ar7000028
http://dx.doi.org/10.1021/ar7000028
http://dx.doi.org/10.1021/cr400037u
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr4003243
http://dx.doi.org/10.1021/ar030156e
http://dx.doi.org/10.1021/cr0500131
http://dx.doi.org/10.1021/ja406608u
http://dx.doi.org/10.1021/ja406608u
http://dx.doi.org/10.1021/ja300503k
http://dx.doi.org/10.1126/science.1243550
http://dx.doi.org/10.1016/j.tetlet.2014.03.140
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1002/anie.200352503
http://dx.doi.org/10.1002/ange.200352503
http://dx.doi.org/10.1002/anie.200902570
http://dx.doi.org/10.1002/ange.200902570
http://dx.doi.org/10.1002/ange.200902570
http://dx.doi.org/10.1021/ar9502341
http://dx.doi.org/10.1021/ar9502341
http://dx.doi.org/10.1021/ar1001582
http://dx.doi.org/10.1002/adsc.200390029
http://dx.doi.org/10.1002/adsc.200390029
http://dx.doi.org/10.1023/A:1009042602411
http://dx.doi.org/10.1023/A:1009042602411
http://dx.doi.org/10.1039/b816524f
http://dx.doi.org/10.1002/cctc.200900084
http://dx.doi.org/10.1016/0022-328X(90)87130-6
http://dx.doi.org/10.1016/0022-328X(90)87130-6
http://dx.doi.org/10.1016/0022-328X(92)80121-D
http://dx.doi.org/10.1039/b919599h
http://dx.doi.org/10.1021/ja047901i
http://dx.doi.org/10.1021/ja047901i
http://dx.doi.org/10.1021/ol026935x
http://dx.doi.org/10.1021/ol0158967
http://dx.doi.org/10.1021/ol0158967
http://dx.doi.org/10.1021/ol0261884
http://dx.doi.org/10.1021/ol048386w
http://dx.doi.org/10.1021/ja020121u
http://dx.doi.org/10.1002/cctc.201000252
http://dx.doi.org/10.1002/cctc.201000252
http://dx.doi.org/10.1002/anie.200351465
http://dx.doi.org/10.1002/anie.200351465
http://dx.doi.org/10.1002/ange.200351465
http://dx.doi.org/10.1021/ja00075a031
http://dx.doi.org/10.1021/ja00075a031
http://dx.doi.org/10.1021/ar990085c
http://dx.doi.org/10.1021/ar990085c
http://dx.doi.org/10.1021/ja209700j
http://dx.doi.org/10.1021/ja209700j
http://dx.doi.org/10.1021/ja973423i
http://dx.doi.org/10.1021/ja973423i
http://dx.doi.org/10.1021/ja00088a047
http://www.angewandte.org


[16] N. D. Ratnayake, U. Wanninayake, J. H. Geiger, K. D. Walker, J.
Am. Chem. Soc. 2011, 133, 8531.

[17] Examples of mechanistic studies: a) I. D. Gridnev, N. Higashi, K.
Asakura, T. Imamoto, J. Am. Chem. Soc. 2000, 122, 7183; b) R.
Giernoth, H. Heinrich, N. J. Adams, R. J. Deeth, J. Bargon, J. M.

Brown, J. Am. Chem. Soc. 2000, 122, 12381; c) A. S. C. Chan, J. J.
Pluth, J. Halpern, J. Am. Chem. Soc. 1980, 102, 5952; d) J. M.
Brown, P. A. Chaloner, J. Chem. Soc. Chem. Commun. 1980, 344.

[18] M. Kitamura, M. Tsukamoto, Y. Bessho, M. Yoshimura, U. Kobs,
M. Widhalm, R. Noyori, J. Am. Chem. Soc. 2002, 124, 6649.

Angewandte
Chemie

12213Angew. Chem. Int. Ed. 2014, 53, 12210 –12213 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja2030728
http://dx.doi.org/10.1021/ja2030728
http://dx.doi.org/10.1021/ja000813n
http://dx.doi.org/10.1021/ja002516o
http://dx.doi.org/10.1021/ja00538a064
http://dx.doi.org/10.1039/c39800000344
http://dx.doi.org/10.1021/ja010982n
http://www.angewandte.org

