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Asymmetric catalysis provides a powerful method for the Scheme 1. Immobilization of Chiral Ru Catalyst on Magnetite
synthesis of optically active molecules that serve as precursors toNanoparticles

pharmaceutically important compouridalthough numerous highly . ™ ‘. Pog
selective chiral catalysts have been developed in the past three e i Y '\‘/m\“ "
PPhy  2)(RRMDPEN Nl W e
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decades, their practical applications in industrial processes are
hindered by their high costs as well as difficulties in removing trace
amounts of toxic metals from the organic products. To overcome Ho o
these problems, many different approaches have been used tc
generate heterogenized asymmetric cataf/3ise heterogenized

catalysts are, however, typically less effective than their homoge- o

neous counterparts. There thus exists a need to develop new,DMF at elevated temperatures. Immobilizationlain MNPs was

innovative approaches toward the design of recoverable and reusabl@am:d Olljt by ultrasonicating a r?'thJ}f;?:n?w“:leps n angyd_ronus
asymmetric catalysts. methanol at room temperature for e s coated wit

Crystalline nanoparticles with appropriate surface coatings are ((jdesignalted a&(;MNPrl} adnd ,l'hMNP?]) welrehisolqted by kr:]algnzt.ic ¢
readily dispersible in organic solvents. Owing to their small sizes, 1eca'\r;|tz::|>on and wasne dV\St met 'ano three tlmes.; € loading 0
nanoparticles tend to have very high surface areas. Spherical; on s was estimated by quantifying the amouri @maining

i i 1)
nanoparticles of 10 nm diameter, for example, have a calculated " the solu.tlo.n u5||ngf P NM.R spectroscopy.. howed sligh
surface area of 600 #ftm?, which is comparable to that of many Transmission electron microscopy (TEM) images showed slight

porous supports for catalyst immobilization. Nanoparticles can thus aggregation of MNPs after immobilization af (Flgur_e 1,

be used as novel supports to prepare “heterogenized” asymmetricpresumabIy because the [Ru(BINAPO_3)(DPEN)(_ZL] moieties on .
catalysts that are more accessible to the reactants. Aerogel-derive he MNP surfaces are less effective n preventlng.the gggregatlon
nanocrystalline MgO was recently used to prepare a nanohetero-Of the l\_/lNPs_(upon solvent evaporat_lon) than oleic acid. Powder
geneous catalyst for Claiseschmidt condensation of benzalde- X-ray dl_ffractlon (XRD) patt(_erns confirmed that both MNPS were
hydes with acetophenones to yield chalcones, which were converteomagne“t,e' The average sizes of MNPs were es’nm_ated using
to chiral epoxy ketones by subsequent asymmetric epoxidation $cherrers equation, andlthey dld. not change upon the |lmmob|I|za-
reactions’ BINAP-capped Pd nanoparticles were recently shown tion of 1. T_he average diameter is 8.9 nm MNP, while the

to catalyze the asymmetric hydrosilylation of styrene to afford chiral average diameter is 6.6 nm fdrMNP..

Magnetization curves
alcoholst The difficulty in recovering nanoparticle-supported measured at 300 K showed that the MNPs modified with the [Ru-
asymmetric catalysts by settling or filtration, however, precludes p—
their widespread applicatiofs. a) b) ‘ﬁg

Superparamagnetic materials are intrinsically nonmagnetic but
can be readily magnetized in the presence of an external magnetic
field. As a result of this unique property, superparamagnetic
materials have been widely used in biomedical applications, such
as protein purification, cell sorting, MRI contrast enhancement, and

drug targetind. Recent advances in the synthesis of superparamag- % .‘i\ 2
netic nanoparticles facilitate their exploitation in many technological &~
and biomedical applicatiorfsHerein, we wish to report the design 2o - 2
of novel magnetically recoverable heterogenized chiral catalysts
and their applications in highly enantioselective asymmetric |¢) % et
hydrogenation of aromatic ketongs. ‘""F IT:EP
Magnetite nanoparticles (MNPs) used for this work were g 20 B
synthesized by the thermal decomposition (MNP by copre- E — 8
cipitation method (MNB).1° Ruthenium(ll) complex with phos- = 2o 204 tEot =
phonic acid-substituted BINAP [Ru(BINAPPO;H,)(DPEN)CH] -
(1) was synthesized by treating [Ru(benzeng)QVith (R)-2,2- m__ﬂ,,.ﬂ-{
bis(diphenylphosphino)-1;binaphthyl-4-phosphonic acid (BINAP . .
POH,) followed by R R)-1,2-diphenylethylenediamine (DPEN) in H(10/Ce) H0oe)
Figure 1. (a) TEM image of as-synthesized MNRb) TEM image of
t University of North Carolina. 1-MNP;. (c) Magnetization curves for MNRind1-MNP; measured at 300
*Virginia Polytechnic Institute and State University. K. (d) Magnetization curves for MNPand 1-MNP, measured at 300 K.
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Table 1. Enantio Excess Values (% ee) for the Heterogeneous
Hydrogenation of Aromatic Ketones?

QL . MNP or MNP, )Oj
Ar/lkR PTUKOBuIPA A Np
substrate BINAP 1 LMNP,  L-MNP
Ar = Ph, R=Me 83.0 87.0 87.6 81.7
Ar = 1-naphthyl, R= Me 96.9 98.0 98.0 97.6
Ar = 2-naphthyl, R= Me 75.2 84.9 87.6 82.0
Ar = 4'Bu—Ph, R= Me 94.0 94.1 95.1 91.1
Ar = 4-Me—Ph, R= Me 83.1 85.6 87.9 80.5
Ar = 4-ClI—Ph, R= Me 60.0 75.9 76.6 70.6
Ar = 4-MeO—Ph, R= Me 80.7 82.5 87.6 7.7
Ar = Ph, R=Et 85.4 89.0 88.9 86.3

a All of the reactions were carried out at room temperature with 0.1 mol
% of catalyst and 1 mol % of KBu under 700 psi of hydrogen pressure
in 20 h. The ee values were determined by GC on a Sug#bex 120
column. All of the conversions were99% as judged by the integrations
of GC peaks.

Table 2. Results of Catalyst Reuse Experiments

1-MNP, 1-MNP,
run conversion % ee conversion % ee
1 100 98.0 100 97.0
4 100 98.0 100 97.6
5 92 97.5 100 97.7
6 35 96.8 100 97.8
10 100 97.7
14 99 96.7
15 35 95.1

(BINAP—PG;)(DPEN)CL] moieties are superparamagnetic (Figure
1). 1-MNP; and 1-MNP, have a saturation magnetizatiosy)( of

runs, but began to drop for the fifth run. TheMNP, system could

be used for asymmetric hydrogenation for an impressive number
of 14 times (with no deterioration of conversion and enantiomeric
excess)?

In summary, we have designed novel magnetite nanoparticle-
supported chiral Ru complexes that catalyze heterogeneous asym-
metric hydrogenation of aromatic ketones with remarkably high
activity and enantioselectivity. The heterogenized catalysts can be
readily recycled by magnetic decantation and used for asymmetric
hydrogenation for up to 14 times without loss of activity and
enantioselectivity. Orthogonal nature of the present catalyst im-
mobilization approach should allow the design of other superpara-
magnetic nanoparticle-supported asymmetric catalysts for a wide
range of organic transformations.

Acknowledgment. W.L. thanks the NSF (CHE-0512495) for
financial support, and G.T.Y. thanks the NSF (CHE-023488) for
the SQUID magnetometer. W.L. is an A.P. Sloan Fellow, a
Beckman Young Investigator, a Cottrell Scholar of Research Corp,
and a Camille Dreyfus Teacher-Scholar. We thank Dr. Bin Cheng
for help with TEM images, and Dr. Guangbin Wang for magnetic
measurements.

Supporting Information Available: Experimental procedures and
five figures. This material is available free of charge via the Internet at
http://pubs.acs.org.

References

(1) (a) Knowles, W. SAdv. Synth. Catal2003 345, 3. (b) Noyori, RAngew.
Chem., Int. Ed2002 41, 2008 and references therein. (c) Hayashi, T.;
Yamasaki, K.Chem. Re. 2003 103 2829. (d) Ireland, T.; Tappe, K,;
Grossheimann, G.; Knochel, Bhem—Eur. J.2002 8, 843. (e) Pu, L.;
Yu, H.-B. Chem. Re. 2001, 101, 757.

57.5 and 50.5 emu/g, respectively. These values are essentially the (2) (a) Song, C. E.; Lee, S. @hem. Re. 2002 102, 3495. (b) Fan, Q. H.;

same as those of the as-synthesized MNPs and slightly smaller than

that of bulk magnetite (92 emu/g), which is consistent with the
presence of surface coatings of Ru catalysts. The modified MNPs
are readily dispersible in common organic solvents and can be
efficiently attracted with a small magnet (surface field~e4000

G).

With the readily accessible surface-bound [Ru(BINAFO;)-
(DPEN)CE] functionality, the modified MNPs have been used for
the hydrogenation of aromatic ketones with high reactivity and
enantioselectivity! 1-Acetonaphthone was, for example, hydro-
genated with 0.1 mol % of-MNP; or 1-MNP; in 2-propanol to
afford a-(1-naphthyl)ethanol with complete conversion and 98.0
or 97.6% ee, respectivel§. As shown in Table 1, a wide range of

Li, Y. M.; Chan, A. S. C.Chem. Re. 2002 102 3385. (c) Sinou, D.
Adv. Synth. Catal2002 344, 221. (d) Pu, LChem. Re. 1998 98, 2405.

(e) Ngo, H. L.; Hu, A.; Lin, W.Chem. Commur2003 1912. (f) Brown,

R. A.; Pollet, P.; McKoon, E.; Eckert, C. A.; Liotta, C. L.; Jessop, P. G.
J. Am. Chem. So@001, 123 1254. (g) Hu, A.; Ngo, H. L.; Lin, W.
Angew. Chem., Int. ER003 42, 6000. (h) Dhas, N. A.; Ekhtiarzadeh,
A.; Suslick, K. S.J. Am. Chem. So@001, 123 8310.

(3) Choudary, B. M.; Kantam, M. L.; Ranganath, K. V. S.; Mahendar, K;
Sreedhar, BJ. Am. Chem. SoQ004 126, 3396.

(4) Tamura, M.; Fujihara, HJ. Am. Chem. So@003 125, 15742.

(5) Hutten, A.; Sudfeld, D.; Ennen, |.; Reiss, G.; Hachmann, W.; Heinzmann,
U.; Wojczykowski, K.; Jutzi, P.; Saikaly, W.; Thomas, &.Biotechnol.
2004 112 47.

(6) (a) Jeong, U.; Herricks, T.; Shahar, E.; Xia,X¥.Am. Chem. So005
127, 1098. (b) Xu, C.; Xu, K.; Gu, H.; Zheng, R.; Liu, H.; Zhang, X,;
Guo, Z.; Xu, B.J. Am. Chem. So@004 126, 9938. (c) Gu, H.; Yang,
Z.; Gao, J.; Chang, C. K.; Xu, Bl. Am. Chem. So005 127, 34. (d)
Kohler, N.; Fryxell, G. E.; Zhang, Ml. Am. Chem. So2004 126, 7206.

(e) Berry, C. C.; Curtis, A. S. Gl. Phys. D: Appl. Phy2003 36, R198.

aromatic ketones were hydrogenated to their corresponding second- (7) (a) Hyeon, T.Chem. Commur2003 927. (b) Park, J.; An, K.; Hwang,

ary alcohols in the presence BMNP; and1-MNP, with complete

Y.; Park, J.-G.; Noh, H.-J.; Kim, J.-Y.; Park, J.-H.; Hwang, N.-M.; Hyeon,
T. Nat. Mater 2004 3, 891.

conversion. The enantiomeric excess values are significantly higher (8) Superparamagnetic nanoparticles have also been used for the immobiliza-

than those of the parent homogeneous catalyst [Ru(BINAP)(DPEN)-
Cly] and comparable to those of the homogeneous counterpart

The supernatant (before or after hydrogenation reactions) is not
active for hydrogenation of aromatic ketones, indicating heteroge-

neous nature of the present MNP-supported catalyst system. The

MNP-supported Ru catalysts were easily recovered by decanting
the reaction mixture while attracting the modified MNPs with an
external magnétt Pure chiral secondary alcohols obtained by
magnetic decantation are free from contamination of either Ru
catalyst or MNPs.

We have also successfully reused bbtkINP,; and1-MNP; for
asymmetric hydrogenation of 1-acetonaphthone without the dete-
rioration of enantioselectivity. As shown in Table 2, thé/INP,
system was used for six cycles of hydrogenation without loss of
enantioselectivity. The activity did not decrease for the first four

tion of (nonstereoselective) homogeneous catalysts. See: (a) Tsang, S.
C.; Caps, V.; Paraskevas, I.; Chadwick, D.; ThompsetAiyew. Chem.,
Int. Ed. 2004 43, 5645. (b) Yoon, T.-J.; Lee, W.; Oh, Y.-S,; Lee, J.-K.
New J. Chem2003 27, 227.
(9) Sun, S.; Zeng, HJ. Am. Chem. So2002 124, 8204.

(10) Sahoo, Y.; Pizem, H.; Fried, T.; Golodnitsky, D.; Burstein, L.; Sukenik,
C. N.; Markovich, G.Langmuir2001, 17, 7907.

(11) (a) Sandoval, C. A.; Ohkuma, T.; Muniz, K.; Noyori, R.Am. Chem.
S0c.2003 125 13490. (b) Ohkuma, T.; Ooka, H.; Hashiguchi, S.; Ikariya,
T.; Noyori, R.J. Am. Chem. S0d.995 117, 2675.

(12) The catalyst loading was calculated based on the amount of surface-bound
[Ru(BINAP—PQO;)(DPEN)CL].

(13) We have recently shown the positive effects of-§ubstituents on BINAP
in homogeneous asymmetric hydrogenation. See: Hu. A.; Ngo, H. L;
Lin, W. Org. Lett 2004 6, 2937.

(14) For highly viscous reaction mixtures, equal amounts of hexane or diethyl
ether were added to facilitate magnetic separation.

(15) The eventual loss of catalyst activity and enantioselectivity is probably a
result of their air-sensitivity. It was not possible to completely exclude
air with our current experimental setup.

JA0538810

J. AM. CHEM. SOC. = VOL. 127, NO. 36, 2005 12487



