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ABSTRACT

A family of tunable precatalysts [NH  ,Eto][{ Ru(4,4'-BINAP)CI} »(u-Cl)3] was synthesized and used for highly enantioselective hydrogenation of
phthalimide-protected amino ketones and 1,3-diaryldiketones. The bulky groups on the 4,4 '-positions of BINAP were believed to be responsible
for the enhancement of enantioselectivity (and diasteroselectivity) in these reactions.

Since its first introduction by Noyori et al. in the early 1980s, observed that for Ru catalysts based on BINAP-type ligands,
2,2-bis(diphenylphosphino)-1;/binaphthyl (BINAP,1a) has much inferior ee’s were typically obtained for the substrates
established itself as one of the most widely explored and with the aryloyl moiety (compared to their alkyloyl coun-

used chiral ligands in asymmetric synthesis and catalysis,terparts). Although numerous BINAP derivatives have been
both in academic laboratories and industrial settigENAP synthesized over the past couple of decades in order to
and its derivatives, notablp-TolBINAP and XyIBINAP,
have been widely used in Ru-, Rh-, and Pd-mediated (2) (a) Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.;
asymmetric processes including hydrogenation of dehy- Souchi, T.; Noyori, RJ. Am. Chem. S0d.980,102, 7932. (b) Ohkuma,

. . L. . . . T.; Koizumi, M.; Muiiiz, K.; Hilt, G.; Kabuto, C.; Noyori, RJ. Am. Chem.
droamino acid derivatives, functionalized and simple ketones, soc. 2002, 124, 6508 and references therein. (c) Noyori, R. Takaya, H.

heterocyclic imine, and functionalized olefirllylic isomer- Acc. Chem. Rei9h90,23, 345. (d) Ratovelomananea-vidal, Vd?) GiSrardhC.;
isatinn3 Mi _ ; i i Touati, R.; Tranchier, J. P.; Hanssine, B. Ben; Genet, JAd2. Synth.
ization;? Michael-type conjugate additiorisand hydroami Catal. 2003,345, 261 and references therein. (e) Brown, R. A.; Pollet, P.;

nation reaction8.Seminal work by Noyori et al. has shown  McKoon, E.; Eckert, C. A ; Liotta, C. L.; Jessop, P.&Am. Chem. Soc.

_ i io i i 2001,123, 1254. (f) Deng, G. J.; Fan, Q. H.; Chen, X. M;; Liu, D. S;
that BINAP-type atropisomeric ligands are particularly Char. A5, CChern. COMmUIB002. 1570,

effective for Ru-catalyzed asymmetric hydrogenation of a ~ (3)(q) Tani, K.; Yamagata, T.; Otsuka, S.; Akutagawa, S.; Kumobayashi,
variety of functionalized ketones in terms of both high H.; Taketomi, T.; Takaya, H.; Miyashita, A.; Noyori, R. Chem. Soc.,

. Chem. Communl982, 600. (b) Tani, K.; Yamagata, T.; Akutagawa, S.;
turnover numbers and stereoselectivity. It was however Kumobayashi, H.. Taketomi, T.; Takaya, H.; Miyashita, A.. Noyori, R..

Otsuka, SJ. Am. Chem. S0d.984,106, 5208.

(1) (@) Knowles, W. SAdv. Synth. Catal2003,345, 3. (b) Noyori, R. (4) (a) Yoshida, K.; Ogasawara, M.; HayashiJTAm. Chem. So2002
Angew. Chem., Int. Ed2002, 41, 2008. (c) Ireland, T.; Tappe, K.; 124, 10984. (b) Hayashi, T.; Senda, T.; Ogasawara].Mm. Chem. Soc.
Grossheimann, G.; Knochel, Bhem. Eur. J2002,8, 843. 2000,122, 10716.

10.1021/0l0474812 CCC: $30.25  © 2005 American Chemical Society
Published on Web 01/13/2005



X

Table 1. Enantiomeric Excess Values (%) for the Asymmetric
Hydrogenation of Phthalimide-Protected Amino Ketcnes

O 1
O Q
PPh,  1a,X=H; 1b, X=TMS; 1¢, X = P(O)(OEt),; 't [INH2EL][{RU(1)Clp(n-Cl)s]  OH

Ar)K/N )\/N

PPh
CO 2 1d, X = 1-hydroxycyclopentyl; 1e, X = Br; 1f, X = Ph EtOH, H, Ar
0 o

3 4

X

X Lo A X Ar 2a 2 2 2d 2  2of
Ph / Ph

O }L;}Lu/c'kéu\\;h 3a (Ph) 96.0 990 944 955 933 945
X SN 3b (1-Nap) 800 984 924 867 894 923
[NHEe | P pn o TN A 3¢ (2-Nap) 941 972 949 945 900 922
QQ Ph Pi ’ 3d (4-MeO-Ph) 915 957 920 861 853 90.1
3e(4-Me-Ph) 938 977 966 893 917 913
L X 2a 2t X i 3f(4-CLPh) 940 981 969 963 888 914
3g(4-BrPh) 936 979 956 960 972 887

Figure 1. Structures of the 4;4isubstituted BINAPs (1a—f) and

proposed structures for precataly@es—f a All the reactions were carried out at 8C with 1 mol % catalyst and

under 1500 psi of hydrogen pressure in 72 h. The ee values were determined
by HPLC on a Diacel Chiralcel OJ column. The absolute configurations of
the products obtained with (R)-2b-afe identical to those obtained by the

facilitate the recycling of the asymmetric catalysts for reuse, [l\l&)zljftz][{RU(R-BlNAP)Cl} 2(u-Cl)g] (22) precatalyst. All conversions were
there have been no reports on modification of the binaphthy % as judged by the integrations of the NMR peaks of crude product.
skeleton of BINAP to enhance the stereoselectivity prior to
our work. We have recently developed a family of'4,4
disubstituted BINAPs and used them for highly enantiose-
lective Ru-catalyzed asymmetric hydrogenationjearyl
B-ketoesters and aromatic ketofeX-ray single-crystal
structure and molecular modeling studies have shown that
bulky substituents on the 4;positions of BINAP can have
significant repulsive interactions with the stereo-demanding
aryl group of the substrate in the disfavored transition state,
thus resulting in enhanced ee over BINAP. We were
interested in examining the scope of such'4udbstituent

effects of BINAP on Ru-catalyzed asymmetric hydrogenation ) :
reactions. Herein we wish to report highly enantioselective K€Y Step of Ru-catalyzed asymmetric hydrogenation of

and diastereoselective asymmetric hydrogenation of protecteoo"phthalimi,de ketone&We have e.xa.mined the asymmetric
amino ketones and 1,3-diaryldiketones with Ru catalysts nYdrogenation of a family of phthalimide k?to &g using
derived from these 4,4'-disubstituted BINAPs. The hydro- Ru precatalysts derived from the family of 4BINAPs 1a—f

genation products of these reactions (chiral amino alcoholsunder the conditions reported' by Zhang et al. Complete
upon workup and diols) are key precursors of many important conversion oBato protected amino alcoh@‘.lk?was .observed
biologically active compounds as well as useful chiral allothe precatalystga—f under 1500 psi of Hin EtOH
auxiliaries and liganda® at 80°C over a p_e_nod of 72 h (Table 1)_. The ee values
4,4'-Disubstituted BINAPs1b—f) were synthesized ac- however vary S|gn|f|cantly amonga—f: a high ee value of
cording to our recently published proceduféghe chiral ~ 96:0% was obtained with BINAP-based percatal¢s,
precatalysts [NEEL][{ Ru(R4,4-BINAP)CI} o(u-Cl)3], 2a—F, whereas slightly lower ee values were obtained with pre-

were synthesized by refluxing a mixture of 4RINAP, catalysts2c—f. Interestingly, an excellent ee of 99.0% was
y y g &l obtained for the hydrogenation 8& with precatalysb. In

(5) (a) Dorta, R.; Egli, P.; Zurcher, F.; Togni, A. Am. Chem. Soc. ~ comparison, 97.2% ee was obtained for the hydrogenation

1997,119, 10857. (b) Utsunomiya, M.; Hartwig, J. . Am. Chem. Soc. of 3a with Ru(1b)(DMF)CI, as the precata|y§f_We thus
2003,125, 14286.

[NH2EL]CIl, and [Ru(benzene)glb in toluene for 8 h
according to the procedures established by Mashima‘et al.
The resulting brown solids after the removal of organic
volatiles were used for asymmetric hydrogenation without
further purification.

Owing to the prevalence of chiral amino alcohol func-
tionalities in biologically active molecules and as chiral
auxiliaries’ much effort has been devoted to the development
of efficient methods for the asymmetric synthesis of chiral
amino alcohols. Zhang et al. has recently reported an elegant
method for the synthesis of chiral amino alcohols via the

(6) () Hu, A; Ngo, H. L.; Lin, W.Angew. Chem., Int. E®004, 43, chose the anionic dinuclear Ru compleges-f as precata-
2501. (b) Hu, A.; Ngo, H. L.; Lin, WOrg. Lett.2004,6, 2937. lysts for the hydrogenation of other phthalimide-protected
(7) (a) Bergmeier, S. CTetrahedron2000,56, 2561. (b) Ager, D. J.; ;
Prakash, I.; Schaad, D. Ehem. Rev1996, 96, 835. (c) Cardillo, G.; amino keton_es' , .
Tomasini, C.Chem. Soc. Re 1996,25, 117. (d) Bogevig, A.; Pastor, . As shown in Table 1, 4,48INAPs with bromo and phenyl

'JVl-:NAdlflfSSOHHH-Cf}eTVEvur- d2904,é0,J394D-_ (ek) PetFr,a, E- G. '-;Ff%egkj substituents (1andif) were inferior to BINAP for most of
. N. H.; Ranagraaft, J. . eljjer, . J.; blerkes, P.; Kamer, P. C. J.; P .
Brussee. J.: Sc%oemaker, vy E_;JVan Leeuwen, P. W. N\CMem. Eur. J the a-phthalimide ketone substrates examined. Thé-4,4

2000, 6, 2818. (f) Atkinson, R. S.; Kelly, B. JJ. Chem.Soc.,Chem.

Commun.1987, 1362. (9) Mashima, K.; Nakamura, T.; Matsuo, Y.; Tani, &. Organomet.
(8) (@) Rychnovsky, S. DChem. Rev1995,95, 2021. (b) Dubrovina, Chem.2000,607, 51.

N. V.; Tararov, V. |.; Monsees, A.; Kadyrov, R.; Fischer, C.; Borner, A. (10) Lei, A.; Wu, S.; He, M.; Zhang, XJ. Am. Chem. So2004,126,

Tetrahedron: Asymmetr003,14, 2739. 1626.
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BINAP with 1-hydroxycyclopentyl groups (1d) was com- [
parable to BINAP, while the 4’4"B|NAP with diethylphos- Table 2. Asymmetric Hydrogenation of 1,3-Diaryl Diketorfes
phonate ester groupsld) performs slightly better than

BINAP. Ru precatalyseb derived from 4,4(TMS),-BINAP Q0 § o
gave the best results: a variety afphthalimide ketone O)\/u\@ INHZELIRUMCTu-Clhal | o | >
substrate8b—g were hydrogenated with complete conver- / 7 X MeOH, H, / # X i
sion and very high ee values of 95.88.4% under 1500 psi R 5 R R 8 R
of H, in EtOH at 80°C over a period of 72 h. This level of (R, R) cat. ee% de% cat. ee% de%
enantioselectivity is better than that afforded by BINAP but ob  -99  >99
slightly lower than those reported by Zhang et al. using 5a (H, H) 2a 46 88 o 99 94
TunePhos-derived Ru catalysts. Interestingly, the influence gy, (4.Me, 4-Me)  2a 50 83  9b 99 94
of the 4,4-substituents on BINAP seen here is different from 5¢ (3-Me, 3-Me)  2a 38 76 2  >99 95
our earlier results on asymmetric hydrogenatiorngedryl 5d (2-Me, 2-Me) 2a 80 90 2b >99 >99
B-ketoesters and aromatic ketorfeEor the asymmetric 5e (4-Cl, 4'-C]) 2a 46 73 2b 99 92
hydrogenation of-aryl -ketoesters and aromatic ketones, 5f (4-Me, H) 2a 50 8 2b >99 97

5g (4-C1, H) 2a 45 80 2b  >99 97

the bulky substituents on the 4,4'-positions of BINAP 5h(4Mo, 4-C)  2a 43 1 ob -99 99

indiscriminatingly led to ee enhancement. The asymmetric

hydrogenation oéi-phthalimide ketones seems to intricately aAll of the reactions were carried out at 8C with 0.5 mol % catalyst
. under 1500 psi of hydrogen in 40 h, and the ee values were determined by
depend on other factors such as the dihedral angle of theHPLC on a Diacel Chiralcel OD or OJ or Chiralpak AD column (see

biaryl diphosphine&® Supporting Information). All conversions were95% as judged by the

. ' integrations of the NMR spectra for the crude products. For unsymmetrical
Encouraged by the positive 4,4 -effects Db on the diols, de stands for the excess of homochiral isomers over heterochiral

asymmetric hydrogenation af-phthalimide ketones, we isomers.
examined its utility in the asymmetric hydrogenation of 1,3-
diaryl diketones. Asymmetric hydrogenation of 1,3-diketones

is one of the simplest and most efficient ways to synthesize th We have atls_,o ﬁogwpared ';he efiecnvenelsgaaaindfk_) ml d
enantiopure 1,3-diols, which serve as important chiral € asymmetric hydrogenation of several Symmetrical an

synthons Although there are numerous reports on highly unsgmmetng\al 163—d|a_ryITd|lg:et02né3b—h u:’]der |dent|c€:1l
enantioselective hydrogenations of 1,3-dialkyl diketoHes, conditions. As shown in Table 2, precatalii gave ee’s

the asymmetric hydrogenation of 1,3-diaryl diketones is and det's_ rTUChd higher thatn. tr:olsz ?a fcl>rd§|1(ll tOf theTh
significantly more challenging with the notable exception symmetrical and unsymmetrical 1,s-diary! diketones. the

of a ferrocene-based chiral phosphine (Taniaphos) reporteolee’s are 99% or higher for all of the substrates with different
by Knochel et ak?-14 substitution patterns on the aryl group. Tgera-substituents

The asymmetric hydrogenation of dibenzoylmethane was however seem to slightly deteriorate the de's in these
first tested with2a as the precatalyst. With 0.5 mol % of reactions. When the hydrogenation ff with precatalyst

(R)-2ain anhydrous methanol, dibenzoylmethane was com 2b was stopped after 5 h, the reaction mixture contained 60
- ) - 0 i i 0 0
pletely hydrogenated t&S)-enriched 1,3-diphenylpropane- mol % of hydroxyketone intermediate (93% ee), 35 mol %

J ) of diol 6b (98% ee, 92% de), and5 mol % of diketone
1,3-diol with 46% ee and 88% de under 1500 psi of hydrogen . : - .
at 50°C (Table 2). In comparison, both ee’s and de’s were 2b. This control experiment seems to indicate that the slightly

significantly enhanced when 4;dubstituted BINAPs were low de’s observed for thea_r a—sub.stlt_uted d!ketones. are a
) . result of the lower enantio-differentiation during the diketone
used in place of BINAP. For example, dibenzoylmethane

: hydrogenation to the hydroxyketone intermediate (but not
vv_as.completely hydrogenate.d to 1,3_d|phenylpropane 1.3 during the hydrogenation of hydroxyketones to diols). To
diol in 99% ee and 99% de wittb and in 99% ee and 94% . .

. . our knowledge, this is the first Ru catalyst for the hydroge-
de with 2c, respectively.

nation of a broad spectrum of 1,3-diaryl diketones with

1) (@) Roos. G H.P- D A Rotrahodron A 1099 excellent ee’s and de’s.
10 00E ) e T T e Jer 60, 3 Given the structural similarity of 1,3-diaryl diketone and

3367. (c) Kitamura, M.; Ohkuma, T.; Inoue, S.; Sayo, N.; Kumobayashi, S-aryl f-ketoester, we believe that the ee enhancement of
H.; Akutagawa, S.; Ohta, T.; Takaya, H.; Noyori, R.Am. Chem. Soc. ; ; ' ;

1988,110, 629, (d) Chen. Y. C.: Wu, T. F: Deng, -G.: Liu, H.. Cui, X.: thls rea_ctlpn by the bqlky 4 &ubstituents on.BINAP occurs
Zhu, J.; Jiang, Y. Z.; Choi, M. C. K.; Chan, A. S. €. Org. Chem2002, via a similar mechanism to the asymmetric hydrogenation
67, 5301, of B-aryl B-ketoester. Molecular modeling using PC Spartan

(12) (a) Lotz, M.; Polborn, K.; Knochel, Angew. Chem., Int. E@002 . .
41, 4708, (b) Ireland, T.: Grossheimann, G.; Wieser-Jeunesse, C.; Knochel,indeed shows that the aryl groups of both Ru-coordinated

P. Anr?e(\j/v. Chem., Int. EAL999 38, 3212. (c) Tappe, K.; Knochel, P. 1 3-diaryl diketones and hydroxyketone substrates experience
Tetrahedron: Asymmetr004,15, 91. PRY S : :

(13) ,3-Diaryl diketones were reduced by sodium borohydride with significant rep_u_lswe mter_acnons \_Nlth the bulky TMS groups
excellent ee’s but low de’s with chiral ketoiminato cobalt complexes as 0n the 4,4-positions oflb in their disfavored transition states
catalysts. See: Yamada, T.; Nagata, T.; Sugi, K. D.; Yorozu, K.; Ikeno, i i
T.;Ohtsuka‘, Y., M_iyazaki, D.; Mukaiyama, Them. Eur. J2003 9, 4485. ) (S?e Supporting In:]ormat|on). full lied 4dbsti d

(14) ,3-Diaryl diketones have also been successfully reduced to chiral 1N Summary, we have successfully applied 4dbstitute

1,3-diols by Ru-catalyzed transfer hydrogenation reactions developed by BINAPS in the asymmetric hydrogenation of protected amino

Ikariya et al. See: (a) Watanabe, M.; Murata, K.; IkariyaJTOrg. Chem. . . .
2002,67, 1712. (b) Cossy, J.; Eustache, F.; Daiko, Hetrahedron Lett. ketones and 1,3-diaryl diketones. By taking advantage of

2001,42, 5005. bulky 4,4-substituents on the BINAP moiety, excellent ee’s
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(and de’s) were obtained. Together with our previous work Young Investigator, a Cottrell Scholar of Research Corp, and
on Ru-catalyzed asymmetric hydrogenation of aromatic a Camille Dreyfus Teacher-Scholar.

ketones ang-aryl g-ketoesters, the positive 4;dubstituent

effects on BINAP-derived Ru catalysts are now firmly  gypporting Information Available: Detailed experi-
established. mental procedures. This material is available free of charge
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