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Although a variety of functionalized ketones can now be readily 
hydrogenated to optically active secondary alcohols in very high 
enantiomeric excesses, mainly by use of chiral Ru(I1) and Rh(1) 
catalysts,' enantioselective catalytic hydrogenation of ketones 
without a second ligating functionality is still a difficult but 
attractive t a r g e ~ 2 . ~  We describe herein a highly enantioselective 
hydrogenation of prochiral 1,2-benzocycloalkanones and @-thi- 
acycloalkanones8 using the new catalytic systems consisting of 
[Ir(binap)(cod)]BF~ (1)9 or [Ir(Hg-binap)(cod)]BF4 (2)9 and a 
mixed P,N-donor ligand, bis(o-(N,N-dimethy1amino)phenyl)- 
phenylphosphine (3).' 

Some representative results are given in Table I.I6 In the 
presence of catalytic amounts of the binapIr(1) complex (R)-1 
and P,N-ligand 3 (1:2, hereafter abbreviated 1-3 system), 
hydrogenation of 1-tetralone (Sa) in a mixture of dioxane and 
methanol (5:l) a t  90 OC under an initial hydrogen pressure of 
57 atm was almost complete after 75 h, affording (R)-6a in 95% 
ee (entry 1). With the same catalytic system, various five- and 
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six-membered 1,2-benzocycloalkanones Sb-i and 7 have been 
reduced to the corresponding alcohols in 8695% ees (entries 
2-1 1). It isnoteworthy that theenantioselectivitiesdonot change 
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much when electron-donating or -withdrawing substituents (MeO, 
Me, NO2, F, and CI) are introduced into the benzene rings of Sa 
and l a  or when the C(4)-atom of Sa is replaced by oxygen or 
sulfur. Moreover, ees as high as 100% have been obtained on 
subsequent recrystallization of the alcoholic products (entries 3, 
5-9, and 1 1). Likewise, hydrogenation of 8-thiacycloalkanones 
9 proceeded smoothly at 30-90 OC with high ees on use of the 
combination of the Ha-binapIr(1) complex 2 and ligand 3 (1: 1, 
hereafter abbreviated 2-3 system) (entries 12-1 4). Parallel 
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Table 1. Asymmetric Hydrogenation of Cyclic Ketones Catalyzed by [Ir(binap)(cod)]BFd (1)-3 and (Ir(Hx-binap)(cod)]BF4 (2)-3 Systems" 

conditions product 

entry substrate catalysth solvent' time, h % convd 7% yield' % e d  configg 

I Sa (R)-1-3 A 75 97 60 88 95 ( R H - )  
2 5b (R)-1-3 A 69 91 6b 74 95 (-) 
3 5c (R)-1-3 A 60 95 6c 78 95 (100) (-) 
4 sd (R)-1-3 A 68 73 6d 64 94h (-) 
5 se (R)-1-3 B 64 >99 6e 89 93 (>99)  (R) - (+ )  
6 Sf (R)-1-3 B 68 82 6f 77 92 (100) (+I 
7 s g  (S)-1-3 B 68 >99 61 91 84 (96) (-1 
8 5b (S)-1-3 B 40 91 6b 87 84 (1 00) (SI-(-) 
9 Si (R)-1-3 B 68 94 6i 91 87 (100) (+I 

I O  7a (S)-1-3 B 22 90 8a  72 86 (S)-(+) 
1 1  7b (R)-1-3 B 40 93 8b 81 84 (100) (-) 
12 9a (R)-2-3 A 63 3 8' 1 Oa 30 82/ (R)-(+) 
13 9 s  (R)-2-3 A 13 97 10a 87 7Y (R)-(+) 
14 9b (S)-2-3 A 13 IO0 10b 94 70, (W-) 
Hydrogenation was carried out in an autoclave under an initial hydrogen pressure of 50-57 atm at 90 OC unless otherwise stated. * Substrate/[Ir]  

= 190-230mol/mol. 3/[Ir ]  ratios were 2 for entries 1-1 1 and 1 for entries 12-14. A,dioxane-MeOH (5:l); B, THF-MeOH (5: l ) .  Solvent/substrate 
ratiowas5 mL/gforentries 2-1 1 and5  mL/mLforentries 1 and 12-14. Asgiven by GLCanalysis. Isolatedyieldobtainedoncolumnchromatography. 
1 Determined by HPLC analysis with a DAICEL CHIRALCEL O D  or OJ column unless otherwise indicated. Values in parentheses were obtained 
after one or two recrystallizations of the alcoholic products from acetone-, chloroform-, or toluene-hexane. R Determined by the signs of optical rotation, 
which were given in parentheses, where possible. Determined by I9F N M R  analysis of the (R)-MTPA ester. Reaction was performed at 30 "C. 
1 Measured by HPLC analysis of the (R)-MTPA ester with a DAICEL CHIRALCEL OJ column. 

experiments showed that matching between the catalyst and 
substrate is important. Complex 1 gave higher conversions and 
ees for hydrogenation of ketones Sa-f,i and 7, while complex 2 
was more suitable for that of 9. Comparable results (83-84% 
ee), however, have been obtained for the reduction of 5g,h with 
the 1-3 and 2-3 catalytic systems. 

In order to obtain an insight into the functions played by the 
benzene ring of ketones 5 and 7 as well as the sulfur atom in 9, 
we have performed reduction of cyclopentanone (90 OC, 17 h, 
26% conversion) catalyzed by the 2-3 system. The hydrogenation 
was much slower in this case than in the reduction of 7a (1 8 h, 
49% conversion, 72% ee) and 9a (entry 13) under similar 
conditions, indicating that the benzene ring and S-atom'' 
contribute much to satisfactory conversions. Further, comparison 
of the hydrogenation of tetrahydrofuran-3-one (90 OC, 17 h, 84% 
conversion, 12% ee) by the 2-3 system with that of 9a suggests 
that the S-atom @ to the carbonyl in 9a also has significant 
influence upon the enantioselectivity. 2-Isothiochroman-4-one, 
in which the @-Satom is opposite the benzene ring across the 
plane bisecting the cyclohexanone ring through the carbonyl group, 
was hydrogenated to 2-isothiochroman-4-01 in only 5 and 34% ee 
by the (S)-1-3 and (S)-2-3 systems, respectively. 

Extensive screening of other binap-metal complexes, auxiliary 
ligands, and solvents has been carried out for the hydrogenation 
of Sa and, especially, 9a, since the product (S)-loa acts as an 
important building block in the synthesis of @-lactam antibac- 
terials.18 Use of [ Ir( (S)-Cy-binap)(cod)] BF4I5 or [ Ir( (S)-Cy- 
H8-binap)(~od)]BFq~~ containing the more basic diphosphines 
Cy-binap9,Io and Cy-H8-binap9slo in tandem with 3 gave rise to 
substantial decreases in ees of 10a (37 and 1395, respectively). 
A wide variety of known binapRh(1) and binapRu(I1) com- 
plexes' as well as [Rh((S)-H8-binap)(cod)]C10420 have also been 
tested as catalysts for hydrogenation of 5a and/or 9a, but either 
no reduction or reduction with little or no enantioselectivities 
(0-15%) occurred. 

Dramatic effects of auxiliary ligands on the efficiencies of this 
hydrogenation have been observed. For example, in the absence 
of an auxiliary ligand or in the presence of the analogous P,N- 
ligand 4 or the P,O-ligand tris(2,4,6-trimethoxyphenyl)phosphine, 
the catalytic activities and/or enantioselectivities of complexes 

(21)  Park, S.; Johnson, M. P.; Roundhill. D. M. Orgunomerullics 1989,8. 

(22) For the solvent sensitivity of the catalytic activities of iridium-phosphine 
1700. 

complexes in hydrogenation of olefins and ketones, see refs 14a<:. 

1 and 2 for the hydrogenation of 7a and/or 9a were found to be 
much lower than those of the 1-3 and 2-3 systems under similar 
conditions. Reduction of 9a was even completely suppressed on 
addition of 2 equiv of PPh3 to (R)-2, though the 2-3 system (1:2 
or 1 :3) exhibited activities and enantioselectivities similar to those 
ofthe2-3system (1:l). Theseresultssuggest that in thecatalytic 
cycles the P,N-ligand 3 is acting transiently as a multidentate 
ligand, but one or both of the N-donors can readily swing away 
from the metal to open up a coordination site or sites and allow 
binding of the ket0ne.l~d.eq15.21 Such coordination and dissociation 
of the amine arms can be expected to promote subsequent 
elementary processes such as insertion and reductive elimination 
and also might contribute to high enantioselectivities. 

In addition, systematic studies revealed that both catalytic 
activities and enantioselectivities of the binapIr(1) catalysts are 
remarkably dependent on the solvent system employed.22 The 
highest ees, coupled with satisfactory conversions, were attained 
when the hydrogenations of 5a and 9a were performed in dioxane- 
methanol (5:l) or THF-methanol(5:1), which have rarely been 
used in asymmetric catalysis. 

In most of the successful asymmetric hydrogenations of 
functionalized ketones previously reported, chelation of the 
carbonyl group that undergoes hydrogenation and a second 
functionality located a, 8, or y to the carbonyl has been considered 
to becrucial. With the present substrates, however, such bidentate 
coordination seems to be difficult, though transient benzene ring- 
or s~lfur-iridiuml~ interactions prior to coordination of the 
carbonyl group may be required for high catalytic efficiency. 

In conclusion, we have, by using the new binapIr(1)- 
aminophosphine catalytic systems, explored a highly enantiose- 
lective hydrogenation of a series of relatively simple cycloalkanones 
which had remained unsuccessful with conventional chiral 
phosphine-metal catalysts. 
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