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Althoughanotable feature ofNoyori’sRu-TsDPENcomplex is that the transfer hydrogenation reaction
is highly chemoselective for the CdO functional group and tolerant of alkenes, our early report indicated
that the chemoselectivity could be switched from CdO to CdC bonds in the transfer hydrogenation of
activated R,β-unsaturated ketones. Now we have found that a variety of R,β-unsaturated ketones, even
without other electron-withdrawing functional groups, could be reduced on the alkenic double bondswith
high selectivities employing amido-rhodium hydride complex in aqueous media, and up to 100%
chemoselectivity has been achieved. It is notable that the chemoselectivity was improved significantly
on going from organic solvent to water. Moreover, a 1,4-addition mechanism has been proposed on the
basis of the corresponding experimental details and computational analysis.

Introduction

Transfer hydrogenation (TH) is attractive as an alternative to
hydrogenation because it requires neither the hazardous hydro-
gen gas nor pressure vessels and is easy to execute.1 Noyori and
Ikariya have achieved highly enantioselective transfer hydro-
genation of ketones and imines by using chiral TsDPEN-Ru-
(II)2 (TsDPEN=N-(p-toluenesulfonyl)-1,2-diphenylethylene-
diamine) catalysts and proposed a concerted mechanism of
hydrogen transfer involving metal-to-ligand “bifunctional”
hydrogen activation.3,4 Also, another notable feature of these

catalysts is that the transfer hydrogenation reaction is highly
chemoselective for the CdO functional group and tolerant of
alkenes.2b,4d Excellent results have been obtained in the kinetic
resolution of allylic alcohols using acetone as hydrogen accep-
tor.5 Moreover, R-acetylenic ketones were also selectively re-
duced to give chiral propargylic alcohols in excellent enantio-
selectivities.6 In addition, Xiao7a and Li7b recently disclosed
that R,β-unsaturated aldehydes could be chemoselectively
reduced to allylic alcohols in the presence of an Ir-CF3T-
sEN catalytic system. On the other hand, in our continuous
study on transfer hydrogenation reactions catalyzed by
the structure-modified monosulfonylated diamine-Ru(II)

(1) For selected reviews about transfer hydrogenation: (a) Palmer, M. J.;
Wills, M. Tetrahedron: Asymmetry 1999, 10, 2045. (b) Noyori, R.; Hashiguchi,
S. Acc. Chem. Res. 1997, 30, 97. (c) Ikariya, T.; Blacker, A. J. Acc. Chem. Res.
2007, 40, 1300. (d) Ikariya, T.;Murata,K.;Noyori,R.Org. Biomol. Chem. 2006,
4, 393. (e) Gladiali, S.; Alberico, E.Chem. Soc. Rev. 2006, 35, 226. (f)Wang, C.;
Wu, X.-F.; Xiao, J.-L. Chem. Asian J. 2008, 3, 1750.

(2) (a) Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R. J. Am.
Chem. Soc. 1995, 117, 7562. (b) Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.;
Noyori,R.J.Am.Chem.Soc.1996,118, 2521. (c)Uematsu,N.;Fujii,A.;Hashiguchi,
S.; Ikariya,T.;Noyori,R.J.Am.Chem.Soc.1996,118, 4916. (d)Murata,K.;Okano,
K.; Miyagi, M.; Iwane, H.; Noyori, R.; Ikariya, T.Org. Lett. 1999, 1, 1119.

(3) (a) Haack, K.-J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R.
Angew. Chem., Int. Ed. 1997, 36, 285. (b) Yamakawa,M.; Ito, H.; Noyori, R.
J. Am. Chem. Soc. 2000, 122, 1466. (c) Yamakawa, M.; Yamada, I.; Noyori,
R. Angew. Chem., Int. Ed. 2001, 40, 2818. (d) Noyori, R.; Yamakawa, M.;
Hashiguchi, S. J. Org. Chem. 2001, 66, 7931. (e) P�amies, O.; B€ackvall, J.-E.
Chem.;Eur. J. 2001, 7, 5052. (f) Casey, C. P.; Johnson, J. B. J. Org. Chem.
2003, 68, 1998. (g) Koike, T.; Ikariya, T. Adv. Synth. Catal. 2004, 346, 37.

(4) Hydrogenation catalysts Binap/1,2-diamine-Ru(II) and hydroxy-
cyclopentadienyl ruthenium hydride are also proposed to react with a similar
mechanism and showhigh chemoselectivity for carbonyl over olefins; see: (a)
Sandoval, C. A.; Ohkuma, T.; Muniz, K.; Noyori, R. J. Am. Chem. Soc.
2003, 125, 13490. (b) Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.;
Harvey, J.N.; Lough,A. J.;Morris,R.H. J.Am.Chem.Soc. 2002, 124, 15104
and references therein. (c) Casey, C. P.; Singer, S.W.; Powell, D.R.;Hayashi,
R. K.; Kavana, M. J. Am. Chem. Soc. 2001, 123, 1090. (d) Noyori, R.;
Ohkuma, T. Angew. Chem., Int. Ed. 2001, 40, 40.

(5) Hashiguchi, S.; Fujii, A.; Haack, K.-J.; Matsumura, K.; Ikariya, T.;
Noyori, R. Angew. Chem., Int. Ed. 1997, 36, 288.

(6) Matsumura, K.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am. Chem.
Soc. 1997, 119, 8738.

(7) (a) Wu, X.-F.; Liu, J.-K.; Li, X.-H.; Zanotti-Gerosa, A.; Hancock, F.;
Vinci,D.;Ruan, J.W.;Xiao, J.-L.Angew.Chem., Int.Ed.2006,45, 6718. (b)Li, J.;
Zhang,Y.;Han,D.; Jia,G.;Gao, J.; Zhong, L.; Li, C.GreenChem. 2008, 10, 608.
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complexes,8 wewere pleased to find that the chemoselectivity
could be completely switched from CdO to CdC bonds
through further polarization of the olefins, and high enantio-
selectivity (up to 89% ee) was obtained in the asymmetric
transfer hydrogenation of prochiral R,R-dicyanoolefins.9

Chemoselective reduction of R,β-unsaturated carbonyl com-
poundshasbeenwidely studied, and the selective reductionof the
carbonyl groupofR,β-unsaturatedketones to allylic alcohols has
been achievedwith relative ease.10 In contrast, the catalytic trans-
fer hydrogenation of the alkenic double bonds of conjugated
enones, especially using environmentally benign hydride source
and solvent, is limited.11 The conjugate reduction of enones has
been performed by use of ruthenium,12 rhodium,13 and iridium14

complexes as catalyst in transfer hydrogenationmanner, and the
ligands adopted included phosphine,12,13a-f,14a,b carbene,13h,i

Phebox (Phebox=bis(2-oxazolinyl)phenyl),13j and bipyridine.14c

To the best of our knowledge, the conjugate reduction catalyzed
by the corresponding metals containing amine ligands10b-f has
not been investigated. Herein, we would like to report the highly
chemoselective transfer hydrogenation of R,β-unsaturated ke-
tones catalyzedbyRh-diamine complexemployingHCO2Naas
hydride source. It was notable that the chemoselectivity could
dramatically switch fromCdOtoCdCbondswhen the reaction
was conducted in aqueous media.

Results and Discussion

Table 1 shows the representative results for the transfer
hydrogenation of benzylideneacetone 1a catalyzed by various

monosulfonylated diamine complexes in organic solvent and
aqueous phase. Initial studieswere carriedout inDCMat 28 �C
using the azeotrope of formic acid and triethylamine (5:2)
(TEAF) as hydrogen source. The precatalyst was generated
by in situ treatment monosulfonylated diamine with metal
precursor in degassedMeOH for 1 h in the presence of 2 equiv
of Et3N (triethylamine) when refluxing. Similar to the previous
example catalyzed bymonosulfonylateddiamine-Ru(II) com-
plex,15 the model substrate 1a was reduced via 1,4-reduction
and 1,2-reduction pathways at the same time and afforded the
1,4-adduct 2a (4-phenylbutan-2-one), 1,2-adduct 4a ((E)-4-
phenylbut-3-en-2-ol), andalcohol3a (4-phenylbutan-2-ol) with
both CdC and CdO double bonds reduced (Table 1, entries
1-8). The monosulfonylated diamine ligand TsEN (TsEN =
N-(p-toluenesulfonyl)-1,2-ethylenediamine) had an obvious
effect on the chemoselectivity, furnishing the desired 1,4-ad-
ducts 2a and 3a in 56% selectivity and 40% total conversion
after 12 h (entry 3). The chemoselectivity could slightly increase
after prolonged time, and the ratio of 1,4-reduction reached up
to 64% (entry 4). In order to further improve the chemoselec-
tivity, we investigated other metal precursor (Figure 1),
[RhCl2Cp*]2 (Cp*=C5Me5) and [IrCl2Cp*]2, and found that
better selectivity could be obtained in the presence of [RhCl2-
Cp*]2 with TsEN in DCM (entries 5-8). To our surprise, the
conversion could not be improved for a prolonged period of
time (85 h) (entries 5 vs 6 and entries 7 vs 8).

Water is a desirable solvent for chemical reactions
for reasons of cost, safety, and environmental concerns.16

TABLE 1. Catalytic Effect of Metal Precursors and N-Sulfonylated

Diamine Ligands

entry metal ligand time (h) conv (%)b
selectivity (%)b

(2a:3a):4a

1a 5a 6a 12 48 19 (16:3):81
2a 5a 6b 12 33 34 (31:3):66
3a 5a 6c 12 40 56 (50:6):44
4a 5a 6c 85 92 64 (40:24):36
5a 5b 6c 12 17 87 (84:3):13
6a 5b 6c 85 21 87 (85:2):13
7a 5c 6c 12 17 73 (71:2):27
8a 5c 6c 85 27 87 (84:3):13
9c 5a 6c 0.5 95 63 (3:60):37
10c 5c 6c 0.5 91 95 (83:12):5
11c 5b 6c 0.5 98 98 (42:56):2
12c 5b 6a 0.5 91 79 (45:34):21
13c 5b 6b 0.5 98 92 (11:81):8
14c 5b 6d 0.5 36 96 (95:1):4
15c 5b 6e 0.5 9 94 (93:1):6
aThe reaction was performed with 0.5 mmol of 1a and 0.2 mL of

TEAF in 1 mL of DCMunder argon atmosphere at 28 �C. bDetermined
by GC. cThe reaction was performed with 0.5 mmol of 1a and 7.5 equiv
of HCO2Na in 1mL of degassed water under argon atmosphere at 60 �C

(8) (a) Chen, Y.-C.; Wu, T.-F.; Deng, J.-G.; Liu, H.; Jiang, Y.-Z.; Choi,
M. C. K.; Chan, A. S. C.Chem. Commun. 2001, 1488. (b) Chen, Y.-C.; Deng,
J.-G.;Wu,T.-F.; Cui,X.; Jiang,Y.-Z.; Choi,M.C.K.; Chan,A. S.C.Chin. J.
Chem. 2001, 19, 807. (c) Chen, Y.-C.; Wu, T.-F.; Deng, J.-G.; Liu, H.; Cui,
X.; Jiang, Y.-Z.; Choi,M. C. K.; Chan, A. S. C. J. Org. Chem. 2002, 67, 5301.
(d) Chen, Y.-C.; Wu, T.-F.; Jiang, L.; Deng, J.-G.; Liu, H.; Jiang, Y.-Z.
J. Org. Chem. 2005, 70, 1006.

(9) (a) Xue, D.; Chen, Y.-C.; Cui, X.; Wang, Q.-W.; Zhu, J.; Deng, J.-G.
J. Org. Chem. 2005, 70, 3584. (b) Chen, Y.-C.; Xue, D.; Deng, J.-G.; Cui, X.;
Zhu, J.; Jiang, Y.-Z. Tetrahedron Lett. 2004, 45, 1555. (c) Mu~niz, K. Angew.
Chem., Int. Ed. 2005, 44, 6622.

(10) For selected examples: (a) Corey, E. J.; Helal, C. J.Tetrahedron Lett.
1995, 36, 9153. (b) Ohkuma, T.; Ooka, H.; Ikariya, T.; Noyori, R. J. Am.
Chem. Soc. 1995, 117, 10417. (c) Ohkuma, T.; Ikehira, H.; Ikariya, T.;
Noyori, R. Synlett 1997, 467. (d) Ohkuma, T.; Koizumi, M.; Doucet, H.;
Pham, T.; Kozawa, M.; Murata, K.; Katayama, E.; Yokozawa, T.; Ikariya,
T.; Noyori, R. J. Am. Chem. Soc. 1998, 120, 13529. (e) Mashima, K.;
Akutagawa, T.; Zhang, X.; Takaya, H.; Taketomi, T.; Kumobayashi, H.;
Akutagawa, S. J. Organomet. Chem. 1992, 428, 213. (f) de Koning, P. D.;
Jackson, M.; Lennon, I. C. Org. Process Res. Dev. 2006, 10, 1054.

(11) For selected examples: (a) Tsuchiya, Y.; Hamashima, Y.; Sodeoka,
M. Org. Lett. 2006, 8, 4851. (b) Lu, W.-J.; Chen, Y.-W.; Hou, X.-L. Angew.
Chem., Int. Ed. 2008, 47, 10133. (c) Ba�an, Z.; Finta, Z.; Keglevich, G.;
Hermecz, I.GreenChem. 2009, 11, 1937. (d)Kosal, A.D.; Ashfeld, B. L.Org.
Lett. 2010, 12, 44.

(12) (a) Sasson, Y.; Blum, J. Tetrahedron Lett. 1971, 12, 2167. (b) Sasson,
Y.; Blum, J. J. Org. Chem. 1975, 40, 1887. (c) Descotes, G.; Sinou, D.
Tetrahedron Lett. 1976, 17, 4083. (d) Doi, T.; Fukuyama, T.; Horiguchi, J.;
Okamura, T.; Ryu, I. Synlett 2006, 721. (e) Mebi, C. A.; Nair, R. P.; Frost,
B. J. Organometallics 2007, 26, 429.

(13) (a) Ojima, I.; Kogure, T.Tetrahedron Lett. 1972, 13, 5035. (b) Ojima,
I.; Kogure, T. Organometallics 1982, 1, 1390. (c) Chan, T. H.; Zhang, G. Z.
Tetrahedron Lett. 1993, 34, 3095. (d) Zheng, G.-Z.; Chan, T.-H. Organo-
metallics 1995, 14, 70. (e) Beauperep, D.; Bauer, P.; Uzan, R. Can. J. Chem.
1979, 57, 218. (f) Brunner, H.; Leitner, W. J. Organomet. Chem. 1990, 387,
209. (g) Sato, T.; Watanabe, S.; Kiuchi, H.; Oi, S.; Inoue, Y. Tetrahedron
Lett. 2006, 47, 7703. (h) Sato, H.; Fujihara, T.; Obora, Y.; Tokunaga, M.;
Kiyosu, J.; Tsuji, Y. Chem. Commun. 2007, 269. (i) Nonnenmacher, M.;
Kunz, D.; Rominger, F. Organometallics 2008, 27, 1561. (j) Kanazawa, Y.;
Tsuchiya, Y.; Kobayashi, K.; Shiomi, T.; Itoh, J.-I.; Kikuchi, M.;
Yamamoto, Y.; Nishiyama, H. Chem.;Eur. J. 2006, 12, 63.

(14) (a) Blum, J.; Sasson,Y.; Iflah, S.Tetrahedron Lett. 1972, 13, 1015. (b)
Sakaguchi, S.; Yamaga, T.; Ishii, Y. J. Org. Chem. 2001, 66, 4710. (c)
Himeda, Y.; Onozawa-Komatsuzaki, N.; Miyazawa, S.; Sugihara, H.;
Hirose, T.; Kasuga, K. Chem.;Eur. J. 2008, 14, 11076.

(15) Peach, P.; Cross,D. J.;Kenny, J.A.;Mann, I.;Houson, I.; Campbell,
L.; Walsgrove, T.; Wills, M. Tetrahedron 2006, 62, 1864.

(16) For a recent review of ATH in aqueous media, see: (a) Wu, X.-F.;
Xiao, J.-L. Chem. Commun. 2007, 2449. For selected reviews of reaction
conducted in aqueous media, see: (b) Shaughnessy, K. H. Eur. J. Org. Chem.
2006, 1827. (c) Li, C.-J.; Chen, L. Chem. Soc. Rev. 2006, 35, 68. (d) Jo�o, F.
Acc. Chem. Res. 2002, 35, 738. (e) Dwars, T.; Oehme, G. Adv. Synth. Catal.
2002, 344, 239. (f) Sinou,D.Adv. Synth. Catal. 2002, 344, 221. (g)Kobayashi,
S.; Manabe, K. Acc. Chem. Res. 2002, 35, 209. (h) Lindstr€om, U. M. Chem.
Rev. 2002, 102, 2751. (i) Chanda, A.; Fokin, V. V.Chem. Rev. 2009, 109, 725.
(j) Shaughnessy, K. H. Chem. Rev. 2009, 109, 643.
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However, the disadvantage often associated with catalysis in
water is the decrease in catalytic activity and/or selectivity on
going from organic solvents to water. The low solubility of
organic molecules in water has been harnessed to design
hydrophobicity-directed organic synthesis and catalysis,
furnishing reaction rates and selectivities superior to those
in organic media.16i Our group has fortunately found that
the asymmetric transfer hydrogenation proceeded evenmore
effectively in terms of selectivity in water than in organic
solvent in some cases.17 Xiao’s group has reported that the
asymmetric transfer hydrogenation of aromatic ketones
could be remarkably accelerated in aqueous media even
employing unmodified amine ligand in 2004.18

On the basis of these observations, we subsequently con-
ducted the transfer hydrogenation of benzylideneacetone 1a

with sodium formate (HCO2Na) in neat water and gratifyingly
found that the selectivity and reactivity indeed increased re-
markably (entries 9-15). The precatalyst was generated by
mixing simply the precursor complex with the ligand in water
at 40 �C for 1 h. In accordance with the observation made in
organic solvent, the Rh and Ir catalyst proved to bemuchmore
selective thanRu catalyst in aqueous phase, and theRh catalyst
againdisplayed thehighest selectivity (entries 9-11). Themodel
substrate 1a was smoothly consumed just in 30 min (98%
conversion) and attained the 1,4-adducts 2a and 3a in 98%
selectivity when employing TsEN 6c as ligand (entry 11). The
diamine ligands, (S,S)-Ts-DPEN 6a and (S,S)-Ts-DACH
(DACH=diaminocyclohexane) 6b, proved to be less effective
than 6c (entry 11 vs entries 12 and 13). However, methylsulfony
diamine6d exhibitedpoor catalytic activity (entry14).Although
amino alcohol 6e was introduced,19 the reaction was sluggish
and only 9% benzylideneacetone 1a was converted after
0.5 h (entry 15).

Apparently the expected ketone 2amay undertake a further
reduction of the carbonyl group and generate the saturated
alcohol 3a in the presence of a large excess hydrogen source.

Thus, the transferhydrogenationof themodel substrate1awith
1.5 equiv of HCO2Na was carried out (Table 2). We were
pleased to find that the ratio of 2a to 3a could remarkably im-
prove and the saturated ketone was obtained in 90% selectivity
(entry 2 vs entry 1). An increase of the substrate/catalyst (S/C)
ratio to 200 caused a slight decrease in the reactivity and the
ratio of 2a to 3a almost remained unchanged (entry 3). In
addition, using 1 equiv of HCO2Na at this condition led to
poorer conversion (entry 4). Further increase of the S/C ratio to
500 resulted in increase of the ratio of 2a to 92% in 98% total
conversion, and at the same time the transfer hydrogenation
remained high reactivity and the model substrate 1a was
consumed within 1 h (entry 5). However, when the S/C ratio
was increased to 1000, the reduction proceeded very slowly.
The effects of other hydrogen sources were also studied and
showed no obvious improvement of the selectivity (see Sup-
porting Information). When the reduction was performed at
lower temperature (28 �C), benzylideneacetone 1a was com-
pletely consumed after 90 min and poor chemoselectivity of 2a
was observed (entry 6).

It has been reported that aqueous-phase asymmetric
transfer hydrogenation of aromatic ketones by formic acid
with the Ru-TsDPEN catalyst was modulated by the pH
value of the aqueous phase.20 By controlling the pH value,
much faster rates and higher turnover numbers in conjunc-
tion with excellent ee values could be delivered. On the
other hand, Frost12e and Himeda14c have reported that the

FIGURE 1. Corresponding metal precursors and diamine ligands.

TABLE 2. Chemoselective Reduction of r,β-Unsaturated Ketone in

Aqueous Media
a

entry S/C

hydrogen
donor
(equiv)

time
(min)

conv
(%)b

selectivity
(%)b

(2a:3a):4a

1 100 HCO2Na (7.5) 10 99 97 (78:19):3
2 100 HCO2Na (1.5) 10 95 96 (90:6):4
3 200 HCO2Na (1.5) 20 98 97 (91:6):3
4 200 HCO2Na (1.0) 40 92 97 (94:3):3
5 500 HCO2Na (1.5) 60 98 98 (92:6):2
6c 200 HCO2Na (1.5) 90 99 96 (75:21):4
aUnless otherwise noted, the reaction was performed in 1 mL of

degassed water under an argon atmosphere at 60 �C. bDetermined by
GC. cPerformed at 28 �C.

(17) (a) Ma, Y.-P.; Liu, H.; Chen, L.; Cui, X.; Zhu, J.; Deng, J.-G. Org.
Lett. 2003, 5, 2103. (b) Wu, J.-S.; Wang, F.; Ma, Y.-P.; Cui, X.; Cun, L.-F.;
Zhu, J.;Deng, J.-G.; Yu, B. L.Chem.Commun. 2006, 1766. (c)Wang, F.; Liu,
H.; Cun, L.-F.; Zhu, J.; Deng, J.-G.; Jiang, Y.-Z. J. Org. Chem. 2005, 70,
9424. (d) Li, L.;Wu, J.-S.;Wang, F.; Liao, J.; Zhang,H.; Lian, C.-X.; Zhu, J.;
Deng, J.-G. Green Chem. 2007, 9, 23. (e) Jiang, L.; Wu, T.-F.; Chen, Y.-C.;
Zhu, J.; Deng, J.-G. Org. Biomol. Chem. 2006, 4, 3319.

(18) (a) Wu, X.; Li, X.; Hems, W.; King, F.; Xiao, J.Org. Biomol. Chem.
2004, 2, 1818. (b) Wu, X.; Vinci, D.; Ikariya, T.; Xiao, J.-L. Chem. Commun.
2005, 4447. (c) Li, X.-H.; Blacker, J.; Houson, I.; Wu, X.-F.; Xiao, J.-L.
Synlett 2006, 1155.

(19) Takehara, J.; Hashiguchi, S.; Fujii, A.; Inoue, S.-I.; Ikariya, T.;
Noyori, R. Chem. Commun. 1996, 233.

(20) Wu, X.-F.; Li, X.-G.; King, F.; Xiao, J.-L. Angew. Chem., Int. Ed.
2005, 44, 3407.
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chemoselectivity of transfer hydrogenation of R,β-unsatu-
rated carbonyl compounds is pH-dependent. Inspired by
these findings, the effects of pH values on the chemoselective
reduction of benzylideneacetone 1a were investigated. We
kept the concentration of HCOO- constant and varied the
pH values by adjusting the ratio of NaOH/HCO2Na under
basic conditions and the ratio of HCO2H/HCO2Na under
acidic conditions. As described in Table 3, the initial reduc-
tion was sluggish at both high pH values (>11.70) (entry 1)
and low pHvalues (<4.15) (entries 7-9). The pHwindow for
optimal reactivity was relative broad (entries 2-6), and this
was somehow in contrast with the observation made with
Rh-TsDPEN in the asymmetric transfer hydrogenation of

aromatic ketones.21 The reduction performed at nearly
neutral condition proceeded in the most chemoselective
manner (entry 4).

With the optimal reaction conditions in hand, the scope
and limitation of the chemoselective conjugate reduction
were explored. A range of R,β-unsaturated ketones, which
bore various substituents on the terminal double bond and
the carbonyl group, were reduced in the presence of
Rh-TsEN at 60 �Cwith 1.5 equiv of HCO2Na. As summar-
ized in Table 4, R,β-unsaturated enones 1b and 1c with
bulkier substituents at theR-positions of theCdOproceeded
smoothly to afford the 1,4-adducts in excellent selectivi-
ties (up to 99%) and high conversions (>99% and 98%)
(Table 4, entries 2 and 3). The enone 1dwith the bulkiest tert-
butyl group afforded the 1,4-adduct 2d in 94% isolated yield
and no other adducts were detected (entry 4). The steric
reason on the aromatic ring had a significant influence on the
reactivity. When we introduced a substituent on the ortho
position of the arene ring, the reduction had to be conducted
at a lower S/C ratio (entries 6 and 7 vs entries 5, 8, and 9), and
gratifyingly the selectivity just slightly decreased. On the
other hand, the reduction occurred smoothly regardless of
the electronic properties of the terminal arene ring, and both
1j and 1k gave the 1,4-adducts in high selectivities (99%),
although 1k displayed higher reactivity (entry 10 vs 11). It
was interesting that the chlorine on the arene ring was
tolerated under this catalytic system, which should be re-
duced in the presence of Pd/C catalytic system under hydro-
gen gas (entries 7-9). Similarly, the substrates 1l and 1m

with heteroatoms in the arene rings underwent smooth
reaction as well and furnished the 1,4-adducts in 94% and
93% selectivity, respectively (entries 12 and 13). Moreover,
1n, bearing a bulky naphenthyl group on the β-position

TABLE 3. Catalytic Effect of pH on the Transfer Hydrogenation of

Benzylideneacetone 1aa

entry

pH (NaOH:HCO2Na
or HCO2H:
HCO2Na)

conv
(%)b

selectivity
(%)b

(2a:3a):4a

1 12.71 (1:3) 4 99 (99:0):1
2 11.70 (1:15) 64 97 (96:1):3
3 11.17 (1:30) 99 97 (80:17):3
4 7.86 98 97 (91:6):3
5 4.80 (1:30) 99 97 (88:9):3
6 4.15 (1:6) 94 96 (90:6):4
7 3.41 (2:3) 4 86 (84:2):14
8 3.05 (2:1) 2 86 (84:2):14
9 1.70 (1:0) <1 ND
aThe reaction was performed with 1 mmol of 1a and 1.5 equiv of

hydrogen donor in 1 mL of degassed water under argon atmosphere at
60 �C for 20 min. bDetermined by GC.

TABLE 4. Chemoselective Conjugate Reduction of r,β-Unsaturated Ketonesa

entry R1 R2 1 S/C time (h) conv (%)b
selectivity (%)b

(2:3):4

1 Ph Me 1a 500 1.5 97 98 (95:3):2
2 Ph Et 1b 500 2 >99 99 (94:5):1
3 Ph i-Pr 1c 500 2 98 99 (99:0):1
4 Ph t-Bu 1d 500 1.5 94c 100 (100:0):0d

5 p-Me-C6H4 Me 1e 500 7 97 97 (91:6):3
6 o-Me-C6H4 Me 1f 300 5 97 93 (81:12):7
7 o-Cl-C6H4 Me 1g 300 5 >99 95 (87:8):5
8 m-Cl-C6H4 Me 1h 500 10 98 97 (93:4):3
9 p-Cl-C6H4 Me 1i 500 7 >99 98 (92:6):2
10 p-MeO-C6H4 Me 1j 500 7 >99 99 (79:20):1
11 p-F-C6H4 Me 1k 500 2 >99 99 (88:11):1
12 thiophenyl Me 1l 300 30 96 94 (84:10):6
13 furanyl Me 1m 200 10 95 93 (84:9):7
14 R-naphenthyl Me 1n 150 5 97 94 (84:10):6
15 -C3H6- 1o 500 2 94 97 (60:37):3
16 -C2H4- 1p 500 1 99 99 (86:13):1
17 -C4H8- 1q 500 5 82 95 (90:5):5
18 n-Pr Me 1r 200 1 >99 98 (93:5):2
19d 1s 100 10 98e 94 (75:19):6e

20f 1t 100 38 89e 97 (90:7):3e

aTsENandRh precursor were initially heated inH2O at 40 �C for 1 h. Unless otherwise noted, the reaction was performedwith 1.5 equiv of HCO2Na
in 1 mL of degassed water under an argon atmosphere at 60 �C. bDetermined by 1H NMR analysis in the presence of 4-NO2C6H4CHO as internal
standard. cIsolated yield of the conjugate adduct 2d. dWith 30 equiv of HCO2Na as hydride source. eDetermined by GC. fWith 30 equiv of HCO2Na as
hydride source and 1 equiv ofNaOH as additive.
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of the olefin, was tolerated to exhibit 94% selectivity with
a S/C ratio of 150:1 after 5 h (entry 14). Furthermore, the
rhodium-diamine complex also displayed high catalytic
activity in the reduction of cyclic enones (entries 15-17).
Reaction of 1o-q occurred smoothly to furnish the 1,4-
adducts with excellent selectivities (95-99%). Moreover,
the reduction of alkyl ketone 1r proceeded smoothly,
and only 2% 1,2-adduct was detected by 1H NMR analysis
(entry 18). Noticeably, 1s and 1t (Figure 2), the R-methyl
and the β-methyl analogues of 1a, were reduced in high
chemoselectivities (94% and 97%) and displayed lower
reactivity partially owing to the electron-donating effect
of methyl group. The R-methyl benzylideneacetone 1s was
reduced by increased S/C ratio (S/C= 100) with excess
HCO2Na, and theβ,β-disubstituted enone 1twas also hydro-
genated by prolonged time (38 h) with NaOH as additive in
high conversion (entries 19 and 20).

All experimental details mentioned above have clearly
demonstrated that the reduction of alkenic double bonds
proceeded preferentially over reduction of carbonyl groups.
Also the competitive experiment that the same equivalents of
1a and acetophenone (7) were added to the solution of
precatalyst prepared in situ (Scheme 1, eq a) was performed.
The 1H NMR analysis clearly demonstrated that 1a was
mainly reduced to saturated ketone 2a and 7 remained almost
untouched. It was reported that the allylic alcohol also could
be isomerized to saturated ketone.22 Thus, the generation
pathway of the corresponding adduct 2a was subsequently
studied (Scheme 1). Under the same conditions, the TOF
(TOF= turnover frequency) value of transfer hydrogenation
of R,β-unsaturated ketone 1a to 1,4-adduct 2a (eq b, TOF=

444 h-1) was far higher than isomerization of 4a to 2a (eq c,
TOF = 12 h-1). It thus indicated that the ketone 2a was
mainly obtained from the direct reduction of enone.

Noyori3a and Casey3f have noticed that the dehydrogenat-
ion of isopropanol to give acetone by metal complex is the
rate-determining step for asymmetric transfer hydroge-
nation when isopropanol is the hydrogen donor. Xiao
compared the activation enthalpy for the individual decar-
boxylation reaction of the formate in [D8]THFmeasured by
Ikariya3g with that of the whole asymmetric transfer hydro-
genation of 7 (18.2 vs 12.8 kcal/mol) in DMF/H2O mix-
ture.23 The results suggested that the activation barrier of
decarboxylation of the ruthenium to form an intermediate is
significantly reduced when the reaction is carried out in
water. Furthermore, the results of kinetic isotope effects
indicated that the hydrogen transfer to 7 was the rate-
determining step in the aqueous-phase transfer hydrogena-
tion. Thus, the relative activation barriers of the transition
states of the reduction of CdO and the reduction of CdC
double bond should suggest the chemoselectivity.

To elucidate the mechanism of the chemoselective reduc-
tion ofR,β-unsaturated ketone,we didDFT calculations (see
Supporting Information for the details). All of the calcula-
tions have been carried out using Gaussian03 program
packages24 with B3LYP hybrid density functional.25 The
LANL2DZbasis set26 was used forRh atom, and the 6-31 g*
basis set was used for other atoms. The Cp* ligand was
replaced by Cp (C5H5) in the calculation, and the diamine
ligand TsEN was simplified to NH2CH2CH2NH, which has
been proved to be efficient for the mechanism calculations of
ATH by diamine-Ru complex.3d,23

It has been proved that the transfer hydrogenation
for CdO, when the ligand contains at least one metal-
coordinated sp3 NH proton atom, proceeds via a concerted
mechanism where a metal-hydride and a NH proton are
transferred simultaneously from the catalyst to the CdO

SCHEME 1

FIGURE 2. Trisubstituted R,β-unsaturated ketones.

(21) Wu, X.-F.; Li, X.-H.; Zanotti-Gerosa, A.; Pettman, A.; Liu, J.-K.;
Mills, A. J.; Xiao, J.-L. Chem.;Eur. J. 2008, 14, 2209.

(22) Ito, M.; Kitahara, S.; Ikariya, T. J. Am. Chem. Soc. 2005, 127, 6172
and references therein.

(23) Wu, X.-F.; Li, J.-K.; Tommaso, D. D.; Iggo, J. A.; Catlow, C. R. A.;
Bacsa, J.; Xiao, J.-L. Chem.;Eur. J. 2008, 14, 7699.

(24) Frisch, M. J. et al. Gaussian03, revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.

(25) (a) Becke, A.D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,W.;
Parr, R. G. Phys. Rev. B 1988, 37, 785.

(26) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.
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bond.3 Noyori and co-workers have compared the energies
of the transition states (TSs) of the reduction of CdX (X =
NH, CH2, O) via six-membered concerted mechanism by
Ru-complex.3d It was concluded that the reactivity of the
unsaturated substrates reflects the extent of the polarity of
double bond. Thus, we initially proposed two mechanisms
(Scheme 2): (i) the classic six-membered concerted mechan-
ism for the transfer hydrogenation of the CdO group (via
TS1) and (ii) the same concerted transfer of the proton of the
amine ligand and the metal-coordinated hydride to the CdC
double bond (via TS2).3d

Figure 3 shows the computed energy profiles of the
different reaction pathways, and the relative Gibbs free
energies (ΔG298K) is also provided for reference. The calcula-
tions indicate that the potential energy barrier via TS2 is 7.3
kcal/mol higher than that of the TS1 (Figure 3). That means
the six-membered concerted mechanism of reduction of
CdC double bond is not a favorable pathway, and this is
contrary to the experimental results. Thus, there must be
another pathway to obtain the saturated ketones by chemo-
selective reduction of the CdC double bond.

Recently, Ikariya has studied the mechanism of asymmetric
Michael addition of malonates to cyclic enones catalyzed by
chiral ruthenium amido complex in the details and proposed a
“outer-sphere” pathway27 similar to Noyori’s concerted me-
chanism.3 Additionally, although the migratory insertion me-
chanism has been proved unfavorable for the TH of CdO
group catalyzed by diamine-Ru3d or amino alcohol-Ru

complexes,28 the TH of CdC double bond catalyzed by
diamine-Rh complex has not been calculated before. Thus,
two further plausible pathways are concluded (Scheme 2): (iii)
1,4-addition mechanism, and (iv) migratory insertion of the
CdC double bond into the metal-hydride bond. In the migra-
tory insertion pathway, the transfer hydrogenation reaction
includes a slippageof theCp ligand fromη5 toη1 orη3, allowing
the formation of an insertion of the CdC double bond into the
metal-hydride bond. Similarly, the enol that formed via the
bothpathways can easily be isomerized toketone in the solvent.

The calculated results are showed in Figure 3. Actually,
the reduction of CdC double bond via 1,4-addition pathway
is a stepwise process with the transfer of hydride between Rh
and the β-carbon atom initially (the concerted TS can not be
located in the calculations), and the energy barrier (TS3) is
6.6 kcal/mol. After NH proton transfer between N and O
atoms (TS4, ΔE = 0.2 kcal/mol), the intermediate 18 can
easily form the enol complex 19. Thus, this path can explain
the chemoselectivity for the lower energy barrier compared
to the pathway of reduction of ketone (ΔE=21.1 kcal/mol).
In the migratory insertion pathway, the energy barrier of
slippage of the Cp ligand from η5 to η1 (TS5)29 is 11.1 kcal/
mol, which is 4.5 kcal/mol higher than the energy barrier via
TS3. Then the CdC double bond and Rh-cation forms the
π complex 14 and after intramolecular hydride transfer
reaction viaTS6 (ΔE=6.2 kcal/mol) givesRh alkane complex
15. The intermediate 15 is a formal 14-electron complex, which
containsanR-H 3 3 3Rhagnostic interaction.The transformation
of 14-electron complex 15 to 18-electron complex 20 is exother-
mic,ΔE=-13.0 kcal/mol, and anyTS could not be detected by

SCHEME 2. Plausible Reaction Pathways

(27) (a) Watanabe, M.; Murata, K.; Ikariya, T. J. Am. Chem. Soc. 2003,
125, 7508. (b)Watanabe,M.; Ikagawa,A.;Wang,H.;Murata,K.; Ikariya, T.
J. Am. Chem. Soc. 2003, 126, 11148.

(28) (a) Alonso, D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, P. G.
J. Am. Chem. Soc. 1999, 121, 9580. (b) Handgraaf, J.-W.; Reek, J. N. H.;
Meijer, E. J. Organometallics 2003, 22, 3150.

(29) The Cp ligand could potentially form a η3 complex. All attempts to
locate such species by usingDFTmethod resulted, however, in the formation
of the less strained η1-coordinated complex.
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the calculation. Finally, the NH proton transfer forms enol
complex 19 viaTS7 (the energy barrier is 22.7 kcal/mol), which
is also kinetically unfavorable compared to the 1,4-addition
pathway. Hence, the calculations suggest that the 1,4-addition
mechanism is preferred, while the migratory insertion pathway
involves many discrete intermediates or unfavorable transi-
tional state (TS). Furthermore, the activation barriers of one
water hydrogen-bonding to the carbonyl oxygen of R,β-unsa-
turated ketones at the main TSs of the four pathways were also
calculated because the reaction environment was in water,23,30

and the results also showed that the 1,4-addition mechanism is
preferred (see Figure S2 in Supporting Information).

On the basis of this consideration, we conducted the transfer
hydrogenation of 21 under the same conditions. If the transfer
hydrogenation proceededmainly via migratory insertion path-
way, it is reasonable to assume that 21 should be reduced to 22

smoothly. However, only a trace of 21 was converted into 22

after 20 min (Scheme 3, eq a). The result confirmed that the
electron-withdrawing carbonyl group was crucial for this
transformation and the 1,4-addition pathway is more favor-
able. Furthermore, it is also clarified that the saturated alcohol
3a was mainly obtained by reduction of ketone 2a (Scheme 3,
eq b) and that both 2a and 3a are 1,4-reduction products.

FIGURE 3. Energy profile of the transfer hydrogenation of R,β-unsaturated ketone by DFT.

SCHEME 3

(30) Jung, Y.; Marcus, R. A. J. Am. Chem. Soc. 2007, 129, 5492.
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Conclusions

In conclusion, we have demonstrated that the chemoselec-
tivity can be switched fromCdO toCdCbonds in the transfer
hydrogenation of R,β-unsaturated ketones, even without other
electron-withdrawing functional groups,9a catalyzed by the
amido-rhodium complex with sodium formate as hydride
source in aqueous media. This methodology has been applied
to a variety of R,β-unsaturated ketones, and 93-100% che-
moselectivity has been achieved. It is notable that the chemos-
electivity improved significantly ongoing fromorganic solvents
to water for the reaction media. Moreover, a 1,4-addition
mechanism has been proposed on the basis of the correspond-
ing experimental details and computational analysis. Further
research on fine-tuning the structure of the ligand and realizing
the asymmetric conjugate reduction of branchR,β-unsaturated
ketones is now well under way in our laboratory.

Experimental Section

General Procedure for Transfer Hydrogenation of r,β-Unsa-

turated Ketones. Diamine ligand TsEN (6c) (1.2 mg, 0.0055

mmol) and [RhClCp*]2 (1.6 mg, 0.0025 mmol) were stirred in
degassed water (1 mL) at 40 �C for 1 h. Then the corresponding
R,β-unsaturated ketone and 1.5 equiv ofHCO2Nawere added in
turn. The mixture was stirred at 60 �C for the corresponding
time under argon. Then the solution was extracted with dichlor-
omethane and dried over anhydrous Na2SO4, and the solvent
was removed under vacuum. The conversion and ratio of the
products were determined by 1H NMR analysis adopting 4-
nitrobenzaldehyde as internal standard or by GC analysis after
removing the metal complex by flash chromatography.
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