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Ligand 5, O = Silica gel

Chiral Ru-TsDPEN [N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine]-derived catalysts were first successfully immobilized onto amorphous
silica gel and mesoporous silicas of MCM-41 and SBA-15 by an easily accessible approach. The catalyst immobilized on silica gel demonstrated
remarkably high catalytic activities and excellent enantioselectivities (up to >99% ee) for the heterogeneous asymmetric transfer hydrogenation
of various ketones. Particularly, the catalyst could be readily recovered and reused in multiple consecutive catalytic runs (up to 10 uses) with
the completely maintained enantioselectivity.

Optically active secondary alcohols are currently important catalysts without tedious experimental workup and enables
intermediates for the construction of many optically and the efficient recovery of the often expensive or toxic catalysts
biologically active compounds. One of the most attractive and potentially allows the adaptation of the immobilized
methods to prepare such alcohols is the asymmetric transfercatalysts to continuous flow-type processes. Compared to
hydrogenation of prochiral ketones due to its high enanti- (2 (a) Hashiguohi, S.. Fulil, A; Takehara, J.; Ikariya, .. NoyoriR
oselectivity, high product yield, and operational simplicity. - am”Chem. Sod995.117. 7562, (b) Fuiil. A.: Hashiguchi, S.: Uematsu,
Consequently, many efforts have been devoted to theN.; Ikariya, T.; Noyori, R.J. Am. Chem. S0d996,118, 2521. (c) Haack,
development of new chiral catalysts and rapid progress hasi:J:: Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, Ringew. Chem., Int.

. L . Ed. Engl.1997,36, 285. (d) Matsumura, K.; Hashiguchi, S.; lkariya, T.;
been madé, among which the most significant is the Noyori, R.J. Am. Chem. S0d997,119, 8738. (€) Noyori, R.; Hashiguchi,

discovery of ruthenium(ll) complex of &2S)- or (R,2R)- S.Acc. Chem. Red.997,30, 97. (f) Watanabe, M.; Murata, K.; Ikariya, T.
. a J. Org. Chem2002,67, 1712. (g) Ma, Y.; Liu, H.; Chen, L.; Cui, X.; Zhu,
TsDPEN1, as reported by Noyori et al. J.: Deng, JOrg. Lett. 2003,5, 2103.

In recent years, covalent immobilization of chiral catalysts _ (3) For reviews of supported chiral catalysts: (a) Bergbreiter, uftem.
Re».2002,102, 3345. (b) Leadbeater, N. E.; Marco, ®hem. Re»2002,

to insoluble supports has created fast-growing intértat 102, 3217. (c) McNamara, C. A.; Dixon, M. J.; Bradley, @hem. Rev.
it provides an easy separation of the products from the 2002,102, 3275. (d) Dickerson, T. J.; Reed, N. N.; Janda, KChem.
Re».2002,102, 3325. (e) Oosterom, G. E.; Reek, J. N. H.; Kamer, P. C. J;;
van Leeuwen, P. W. N. MAngew. Chem., Int. EQ2001, 40, 1828. (f)

(1) For reviews of asymmeric transfer hydrogenation: (a) Palmer, M. Astruc, D.; Chardac, FChem. Re»2001,101, 2991. (g) van Heerbeek,
J.; Wills, M. Tetrahedron: Asymmetr$999, 10, 2045. (b) Zassinovich, R.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Reek, J. NCHem. Reuw.
G.; Mestroni, G.; Gladiali, SChem. Re»1992,92, 1051. 2002,102, 3717.
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Scheme 1. Synthesis of the Immobilized Ligands-8
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organic polymers, inorganic material-immobilized catalysts we have designed and synthesized the novel heterogeneous
possess some advantages, though they attract little atténtion.catalysts by directly grafting a chiral TSDPEN derivative onto
For example, they prevent the intermolecular aggregationsthe surface of amorphous silica gel and mesoporous silicas
of the active species because of their rigid structures, do notof MCM-41 and SBA-15 and provided very successful
swell or dissolve in organic solvents, and often exhibit application for the heterogeneous asymmetric transfer hy-
superior thermal and mechanical stability under the catalytic drogenation of a series of ketones. Herein, we present our
conditions. For the asymmetric transfer hydrogenation of experimental results.

ketones, however, examples of immobilized catalysts have As shown in Scheme 1, TsDPEN-derived ligahavas
been rare so farand even more rare for the immobilization synthesized by reacting R 2R)-1,2-diphenylethylenediamine
of the catalysts onto inorganic suppditsRecently, van  (DPEN)2 with commercially available 2-(4-chlorosulfonyl-
Leeuwen et al. reported some heterogeneous catalysts, thehenyl)ethyltrimethoxysilan® using triethylamine as a base.
best of which is the ruthenium(ll) complex ofR12S)-N-  The ligand4 was then anchored onto amorphous silica gel
benzyl-norephedrine covalently tethered to sifi¢towever,  and mesoporous silicas of MCM-41 and SBA-15 by refluxing
this heterogeneous catalyst in a continuous flow reactor gavein toluene for 24 h, affording the orgaritnorganic hybrid
only 90% ee for acetophenone, and the batchwise catalyticligands5—7. The silanol sites of silica gel of ligarwere
reactions with the recovered catalyst gave lower enantiose-modified to alkylsilanes by treatingwith a large excess of
lectivities and very low conversions. hexamethyldisiloxane (HMDSO) at reflux for 18 h to form
In connection with our recent efforts for developing the ligand8. Elemental analysis &—8 calculated from mass
practical, efficient, and highly recyclable catalytic systems, o4 of N showed that loading ratios of the chiral ligands were
- - - — — - ' 0.15, 0.14, 0.10, and 0.12 mmol/g, respectively. In addition,
SO%),FcO,r EoLae. gér']réonrﬁaF?éCUz"g%t;r'l"’(‘)"z"mgﬂgg'_"(zbe)d,:‘;?]"r%_c_ﬁf'{is’tsyl_(a) the pore sizes d5—8were measured to be 9.0, 1.9, 6.2, and

M.; Chan, A. S. CChem. Re12002,102, 3385. (c) Vos, D. E. D.; Dams, 8.7 nm, respectively.
M.; Sels, B. F.; Jacobs, P. £hem. Re»2002,102, 3615. : .

(5) (a) Breysse, E.. Pinel, C.; Lemaire, Wetrahedron: Asymmety998 The heterogeneous asymmetric transfer hydrogenation was
9, 897. (b) Locatelli, F.; Gamez, P.; Lemaire, B.Mol. Catal. A: Chem. studied using acetophenone as the model substrate with the
1998,135, 89. (c) Polborn, K.; Severin, kChem. Commuri999, 2481. E_Dy. ; ; ;
(d) Polborn, K.; Severin, KChem. Eur. J2000,6, 4604. (e) Polborn, K.; catalysts R_u 5_ Ru &Jer_]erated in situ by reaCt_mg the
Severin, K.Eur. J. Inorg. Chem2000, 1687. (f) Touchard, F.; Fache, F.; ~ corresponding ligands with [Rugp-cymene)} and triethy-

Lemaire, M.Eur. J. Org. Chem2000, 3787. (g) Rolland, A.; Herault, D.;  |amine in CHCl, at 28°C for 1 h, wherein the generated
Touchard, F.; Saluzzo, C.; Duval, R.; Lemaire, Mtrahedron: Asymmetry

2001,12, 811. (h) Liu, P. L.: Chen, Y. C.; Li, X. Q.; Tu, Y. Q.. Deng, J.  active species would be similar to that in the homogeneous
G. Tetrahledrlgn: Asymmet@or?SaM, 2481. (i) Bayston, D. J.; Travers,  systen?® Reductions were then performed using a solution
C.B.; Po a, M. E. CTetrahedron: Asymmetr§998,9, 2015. (j) ter ; ; i ; i

Halle. R.;yg\::hulz, E.. Lemaire, NBanettly997, 1%‘27_ ® Chen’({)(__c_; of acetophenone in formic acid—triethylamine azeotrope

Wu, T.-E.; Deng, J.-G.; Liu, H.; Jiang, Y.-Z.; Choi, M. C. K.; Chan, A. S.  containing Ru-5—Ru-8nder various conditions to give the

C. Chem. CommurR001, 1488. i - i iti i
(6) (@) Adima, A.; Moreau, J. J. E.; Man, M. W. Q. Mater. Chem. chiral 1 phe’.]yl ethanol, Wh0§e optlcal purities and yle|.dS
1997,7, 2331. (b) Adima, A.; Moreau, J. J. E.; Man, M. W. Chirality were determined by GC and listed in Table 1. The reduction

200Q 12, 411. (c) Hesemann, P.; Moreau, J. JT&rahedron: Asymmetry  with Ru-5 displayed remarkably high catalytic activity
20?%’%2,&8;"A_ J.: Petra, D. G. I.: Reek, J. N. H.: Kamer, P. C. J.: van (>99% vyield after 6 h) and excellent enantioselectivity (97%

Leeuwen, P. W. N. MChem. Eur. J2001,7, 1202. ee), which were as good as the results from the nonimmo-
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s decomposition or deactivation of the active species would

Table 1. Immobilized Ruthenium(ll) Complexes occur irreversibly in the recycling routine.

Ru-n-Catalyzed Asymmetric Transfer Hydrogenation of Catalysts Ru-6—Ru-repared from the more expensive
Acetophenonk or complex ligand$—8, respectively, afforded the worse

o oH recovery results, although in the first reaction they gave
©){ Ligand, [RuCly{p-cymene)l, ©A nearly the same enantioselectivities and catalytic activities

HCO,HINEY, as Ru-5(entries 8—16). It appears that the very cheap
amorphous silica gel without modification worked as the best

temp time conversion ee support for Ru-TsDPEN-catalyzed transfer hydrogenation of
entry ligand sic  (°C) run (h) (%)P (%)° ketone in our experimental scope, probably because of its
1 5 100 40 1 6 ~99 97 comparably large pore size and thus better acce_ssit_)ility fgr
> 5 00 40 2 8 >99 97 substrates and reactants. Therefore, the successive investiga-
3 5 100 40 3 9 97 97 tions were focused on Ru-t search for the optimum
4 5 100 40 4 22 99 97 conditions for the transfer hydrogenation by changing the
5 5 100 40 5 44 94 97 reaction temperature and substrate/catalyst ratios (s/c, in
6 1 100 40 1 5.5 >99 97 moles). As indicated in entries £23, when the temperature
[ 10040 155 =99 97 was lowered to 28C, the reduction gave slightly enhanced
g Z 188 jg ; 2?1 ZZ gg ena_1r1_tioselectivity (98% ee) and sli'ght.ly decreased catalytic
10 6 100 40 3 g8 a4 9% actmty (>99% vyield after 9 h), while in thg homogeneous
11 7 100 40 1 8 >99 97 catalytic system, a much longer reaction time of 20 h was
12 7 100 40 2 1 99 97 needed® On the contrary, as the temperature was increased
13 7 100 40 3 24 92 97 to 50°C, the catalytic activity increased and the enantiose-
14 7 100 40 4 72 45 96 lectivities decreased slightly in the third and fourth runs.
15 8 00 40 1 9 98 96 However, the recovery performance of the catalyst was badly
1? g igg ‘2‘2 i 68 93 98 affected at both temperatures. Reductions with higher s/c
18 5 100 28 2 13 08 08 ratios (200:1 or 500:1) gave the chiral alcohol with the same
19 5 100 28 3 77 87 08 result in 97% ee and in quantitative yield after prolonged
20 5 100 50 1 2 99 97 reaction times, but the recovered catalyst performed poorly
21 5 100 50 2 5 >99 97 upon recycling (entries 2430). Reduction could also be
2 5 100 50 3 14 >99 96 effective even with much higher s/c ratios (1000:1), in which
23 5 100 s0 4 47 78 96 the enantioselectivity was maintained at 97% ee along with
243 5 200 40 112 99 97 92% vyield in the first run, but the yield decreased greatly in
z:d 2 ;gg jg g 4212 22 g; the second run (entries 31 and 32).
27 5 200 40 4 63 29 97 Moreover, a series of aromatic ketor#es18 were chosen
288 5 500 40 1 26 >99 97 for the transfer hydrogenation with the amorphous silica gel-
29¢ 5 500 40 2 30 86 97 immobilized catalyst Rb-under the optimum conditions (40
300 5 500 40 3 84 56 97 °C, s/lc= 100:1). The results are summarized in Table 2,
31" 5 1000 40 1 50 92 97 which showed that the transfer hydrogenation of all ketones
32' 5 1000 40 2 90 10 96 achieved very high catalytic activities09% vyields after

aReactions were carried out using 0.4 mmol of acetophenone in 0.2 mL 1.5—16 h) and excellent enatioselectivities comparable to

of formic acid-triethylamine azeotrope with Ru:ligand 1:1.7.° Based those of the homoageneous catal\V&is® Moreover. the
on GC analysis¢ Determined by GC with a CP-Chirasil-DEX CB column 9 YSis: ’

(25 m x 0.32 mm), and the configuratidRwas determined by the optical  '€CYcling experiments of all ketones performed very well in
rotation value? Performed with 0.8 mmol of acetophenone in 0.4 mL of  4—10 runs with maintained enatioselectivities and high
formic acid—triethylamine azeotropePerformed with 2.0 mmol of ac- - : : :
etophenone in 0.4 mL of formic acidriethylamine azeotropé Performed Y'e'ds- F_urther inspection of Table 2_ revealed more detailed
with 4.0 mmol of acetophenone in 0.6 mL of formic aeidiethylamine information. For example, reductions of the halogen-
azeotrope. substituted acetophenongs12 demonstrated high catalytic
activities (entries 1, 3, 5, and 7), especially the meta- and

bilized h | R@and R s 1 6 ortho-fluoro-substituted acetophenorgeand 10, for which
llized homogeneous catalysts Buand Ru-4(entries 1, 6, >99% yields were obtained after just3 h in the first run.

and 7). Moreover, this heterogeneous catalyst could beAIthough slightly lowered enantioselectivities of 994%

rea_dily_ recover_ed by ce_ntrifuga_ti(_)n and could Completely ee were obtained, almost the same results were observed in
maintain the high ena_m_tloselec_tlwty even for the .f'fth US€ the homogeneous catalytic systems with much longer reaction
with slight IC.)SS of activity (entnes_&S). The Jeaching of ._times (entries £9).2°8 Particularly notable was that for the
Ru me.tal m!g_ht b? one of th% main reasons for decreasingy,rine-substituted acetophenor@gsand 10, the recovered
catalytic actlvn.y since 30—40% of ruthenium lost from the catalyst could still give a high yield without any loss of
catalyst after five uses. Moreover, the color of the catalyst enantioselectivity even in the 10th run of the reductions
changed from yellow to red in the recycling routine and

further addition of [RuCGip-cymene)] into the catalytic (8) Chen, Y.-C.; Wu, T-F.; Deng, -G ; Liu, H.; Cui, X.: Zhu, J.: Jiang,
system could not regain the reactivity, which showed that Y.-z.; Choi, M. C. K.; Chan, A. S. CJ. Org. Chem2002,67, 5301.
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Table 2. Immobilized Ruthenium(ll) Complex Ru-5-Catalyzed
Asymmetric Transfer Hydrogenation of Ketofes

o o o) o o]
N i M CN
16 17 18

8;R=m-F;10:R=0-F;, 14:n=1;
11:R=0-Cl;12: R=0-Br; 15:n=2

13: R = m-OCHj,
time conversion ee
entry  ketone run (h) (%)° (%)ed

1 9 1-6 3-9 >99 94

2 9 7-10 8—-23 95-97 94

3 10 1-6 4-9 >99 93

4 10 7-10 10-23 95—-97 93

5 11 1-5 5-10 99 94

6 11 6 28 98 94

7 12 1-3 7-15 >99 93

8 12 4 22 97 93

9 12 5 48 89 94
10 13 1-3 8—10 >99 96
11 13 4-5 12-23 97-98 96
12 13 6 a7 87 96
13 14 1-5 12-35 96—99 >90¢
14 14 6 42 69 99¢
15 15 1-2 16—-19 >99 >90¢
16 15 34 21-24 95—-96 >90¢
17 15 5 41 84 >90¢
18 16 1-6 10-32 98—99 95—96f
19 16 7 a7 76 95f
20 17 1-7 5-23 >99 95—-96
21 17 8 a7 87 96
22 18 1-5 1.5-35 >999 97f
23 18 6 16 >999 96f

aReactions were carried out at 4G using 0.4 mmol of acetophenone
in 0.2 mL of formic acid-triethylamine azeotrope with Ru:ligand:ketone
= 1:1.7:100, Based on GC analysi§Determined by GC with a CP-
Chirasil-DEX CB column (25 nmx 0.32 mm) unless noted.Configurations
of the products were all determined to Réby the optical rotation values.
e Determined by HPLC on Chiralcel OB columiDetermined by HPLC
on Chiralcel OJ columrt Isolated yield.

(entries 1—4). For 3methoxy-acetophenon&3 with an

guantitative yield was obtained just after 1.5 h. In addition,
the recycling reactions also performed well, as5lruns all
gave high catalytic activities and maintained ee values; in
the sixth run quantitative yield and 96% ee were still obtained
with a prolonged reaction time (entries 22 and 23). Moreover,
the product could be readily reduced with BS(CH), in

THF to give optically active 1-phenyl-3-amino-1-propanal,
which is a key intermediate for the synthesis of fluoxetine,
a very important antidepressaht.In addition, we tried to
expand the substrates to the aliphatic ketones, but the
experimental results were undesired. For example, reductions
of benzylacetone just gave 21% ee, although high yields and
4 reaction runs could be achieved.

In summary, we have developed and optimized a practical,
efficient, and highly recyclable heterogeneous catalysbRu-
through immobilization of Ru-TsDPEN onto a very cheap
amorphous silica gel by an easily accessible approach for
the first time. This catalytic system primarily demonstrated
remarkably high catalytic activities (>99% vyields for all
tested ketones after 1.5—16 h) and excellent enantioselec-
tivities (up to >99% ee) for the asymmetric transfer
hydrogenation of various aromatic ketones, which were better
or as good as the results obtained from homogeneous
catalysis. The particular feature of this system was that the
catalyst could be readily recovered and reused in multiple
consecutive catalytic runs (up to 10 uses without recharging
of Ru!) with completely maintained high enantioselectivity,
which is beneficial for possible industrial application. This
catalytic system could be the best one to date for the
heterogeneous asymmetric transfer hydrogenation of ketones.
Among the tested 11 ketone substra@snd 10 showed
the highest reusability (10 runs)4 and15 gave the highest
enantioselectivities{99% ee),18 gave a very useful product
in the highest catalytic activity and in the excellent enanti-
oselectivity of 97% ee, and all examples gave-95% yields
within 4—10 runs.
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(9) Preparation of optically active fluoxetine. (a) Corey, E. J.; Reichard,
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