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An operationally simple and recoverable fluorous CBS methodology was developed. The in situ-generated fluorous oxazaborolidine efficiently
catalyzed the reduction of ketones with high enantioselectivity and reactivity. The subsequent recycling of the fluorous prolinol precatalyst
was achieved by fluorous solid-phase extraction.

Enantioselective borane reduction of ketones in the presencegeneous analogues were synthesized and stédiediow-

of chiral oxazaborolidines has emerged as a standard methoever, these challenges have generally appeared to be asso-
for the synthesis of chiral secondary alcoh@mong the ciated with reduced enantioselectivity and reactivity. These
several catalysts which have been disclosed in the literature experiences indicated that the diffusional limitation inside
the system devised by Corey, Bakshi, and Shibata, knownthe polymer support slowed the rate of catalyzed reduction
as CBS catalyst 1), excels in enantioselectivites and so that the competing, nonselective reduction in the bulk

chemical yields eq 1. phase decreased the overall enantioselectivity. To avoid the

diminished kinetics of the biphasic, resin-mediated reactions,

H Pon a homogeneous, soluble polymer was used instead of a

Cj/k 1a,b heterogeneous suppdérHowever, application of ultra- and
] NP (0.1 equiv) HO H X . )

B : nanofiltration was necessary for catalyst retention or recov-

__R - (™) ery.
1 equiv BHg=THF, 23 °C, To develop an operationally simple methodology for CBS

THF, 100 %, 97-99 % ee

a:R=H,b:R=Me catalyst immobilization for which no special instruments and

B ) (2) (a) Corey, E. J.; Bakshi, R. K.; Shibata,l5 Am. Chem. S0d.987,
To facilitate the recovery of this useful catalyst and 109,5551. (b) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh,

; ; ; i ; _ _ V. K. J. Am. Chem. S0d.987,109, 7925.
simplify reaction conditions, various polymer-bound hetero (3) Catalysts are bound via the boronic acid: (a) Franot, C.; Stone, G.

B.; Engeli, P.; Spondlin, C.; Waldvogel, Eetrahedron: Asymmetr3995
T Institute of Biomolecular Chemistry. 6, 2755.
*Institute of Structural Chemistry. (4) Catalysts are bound via the phenyl residue: (a) Price, M. D.; Sui, J.
(1) Reviews with extensive literature background: (a) Wallbaum, S.; K.; Kurth, M. J.; Schore, N. EJ. Org. Chem2002,67, 8086. (b) Kell, R.
Martens, J.Tetrahedron: Asymmetr§992, 3, 1475. (b) Singh, V. K. J.; Hodge, P.; Snedden, P.; Watsonbg. Biomol. Chem2003,1, 3238.

Synthesisl992, 605. (c) Srebnik, M.; Deloux, LlChem. Rev1993, 93, (c) Degni, S.; Wilén, C.-E.; Rosling, ATetrahedron: Asymmetr004,
763. (d) Corey, E. J.; Helal, C. Angew. Chem., Int. EA.998,37, 1986. 15, 1495.

(e) Itsuno, S. INOrganic Reactions; John Wiley: New York, 1998; Vol. (5) Microgel-support bound via the boronic acid: Schunicht, C.; Biffis,
52, p 395. A.; Wulff, G. Tetrahedron2000,56, 1693.
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techniques are required, we turned our attention to fluorous ||| | | N I

chemistry as a promising option for catalyst recovefhis Scheme 1. Synthesis of Fluorous Prolingl
recently introduced methodology is an alternative solution- Br
phase tagging approach in catal§sasd high-throughtput Mgr

synthesi$. Highly hydrophobic perfluoroalkyl phase-tags, O

instead of polymers, are used to facilitate the separation ofl_)‘COOH C,Zggf‘ & cooMe 1
the fluorous compounds from a reaction mixture using } N ' o
fluorous liquid—liquid or solid—liquid extraction. MeOH  COOEt THF,0°C  COOEt
Inspired by the achievements of the fluorous chemistry, 5 s R4
we reasoned that it might be possible to prepare the fluorous ' ®
analogue of CBS catalystl@§ or 1b) and employ it in NaOH/ O O
enantioselective reduction of ketones. To minimize the cp,on (1M Regl, Cu

e ve st v e O O
interference with the catalyst active site, we envisaged a 50 e 120°C )0
° s

fluorous analogue that has the perfluorinated tags in the para

position of the phenyl residue. Res °
We built upon the sequence described by Kanth and

Periasam¥f to synthesizé and applied similar methodology KOH / CHOH (2.5 M) O

for the preparation of7. Moreover, our synthetic path is CF3CsHs

basically the same as the one Bolm and Kim developed reflux, 5 h H OH Res

recently for the synthesis of fluorous prolinol derivativés.

We converted -proline (2) into its N-protected methyl
ester derivative3 in a one-pot procedure, followed by
addition of 4-bromophenylmagnesium bromide to afférd
Subsequent treatment with NaOH gave cyclic carbarbate
quantitatively. To access the fluorous derivattyeve made
use of the Ullmann-type reaction between perfluorooctyl
iodide and cyclic carbamat® in the presence of freshly
activated copper powder. Contrary to a recent repdttis
coupling step worked well in our hands, providing easy
access to fluorous proline derivati@eFinally, the hydrolysis
of 6 gave the free amino alcohd@lin an excellent yield. In
performing asymmetric reduction with diphenyl prolingl
it is essential to prepare and use its oxazaborolidine derivative
prior to the catalytic application (Figure 1).

Following established procedures, the fluorous analogue
8a was formed by the addition of trimethylboroxine to a
solution of 7 in toluene. However, NMR analysi¢H and
DOSY experiments) of the oxazaborolidine prod8a
indicated the formation of unidentified fluorous impurities.
This catalyst, although not pure, was tested in asymmetric
reduction, since our aim was to determine whether it was
catalytically efficient and also establish the catalyst endurance
under recycling conditions. To comparatively evaluate our
catalyst, acetophenon®)( was reduced with BHTHF

complex in tetrahydrofuran at room temperature. The result
showed that fluorous cataly8a perfomed as efficiently as
the original catalysib (Table 1, entry 1). Once a reduction
was complete, it was worked up using fluorous SPE
methodology*? Unfortunately, the cataly@a did not remain
intact under the recycling conditions, hydrolysis of the
oxazaborolidine catalyst to fluorous prolin@l occurred.
Although we were glad that the cataly8a performed as
well as the original catalystb and that it could be easily
separated from the reaction products, the recovery of this
fluorous catalyst is not viable in this way because of its
hydrolysis.

As the above protocol returned the cata§atn the form
of fluorous prolinol7, we reasoned that the utilization of in
situ-generated oxazaborolidine might be the key to the
development of recoverable CBS reduction methodology.
Furthermore, the in situ formation of catalyst eliminates the
necessity of isolating the catalyst as a discrete step, providing
a simple method for asymmetric ketone reduction. The in
situ preparation and usage of chiral oxazaborolidines is a
known procedur® that was employed successfully even on
an industrial scalé

To demonstrate the ability of fluorous prolindito serve
as a catalyst precursor, first we generated theOBle

(6) Giffels, G.; Beliczey, J.; Felder, M.; Kragl, Jetrahedron: Asym-

" @ Curran & -
(7) (&) Curran, D. P. IrStimulating Concepts in Chemistrgtoddard,

F., Reinhoud, D., Shibasaki, M., Eds.; Wiley-VCH: New York, 2000; p
25. (b) Gladysz, J. A.; Curran, D. Fetrahedron2002,58, 3823 and the
following articles in this special issue entitled “Fluorous Chemistry”. (c)
The Handbook on Fluorous Chemistrladysz, J. A., Horvath, I. T,
Curran, D. P., Eds.; Wiley-VCH: New York, 2004.

(8) Horvath, I. T.; Rabai, JSciencel994,266, 72.

(9) Studer, A.; Hadida, S.; Ferritto, R.; Kim, S.-Y. Jeger, P.; Wipf, P.;
Curran, D. PSciencel997,275, 823.

(10) Kanth, J. V. B.; Periasamy, M.etrahedron1993,49, 5127.

(11) Park, J. K.; Lee, H. G.; Bolm, C.; Kim, B. MChem. Eur. J2005,
11, 945. During the preparation of this manuscript, we became aware of
the presence of this recent paper closely related to our work. Compounds
4,5, and6 are also intermediates in their synthetic path. However, their o
target was a fluorous N-Me diphenylprolinol derivative that was used in Figure 1. Fluorous oxazaborolidine catalysts.
asymmetric diethyl- and diphenylzinc addition.

8a—c
(a:R=Me,b:R=MeO, c:R=H)
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Table 1. Catalytic Asymmetric Reduction of Acetophenor$) (
with BH3*THF Complex

(o] OH
BHy*THF/
catalyst 8a—c
9 10
entry catalyst catalystload BHjzexcess % yield® % ee®
1 8a 18 2¢ 99 97
2 8b 10 1 99 92
3 8c 10 2 929 92
4 8c 20 2 929 95
5 8c 10 0.6 929 95
6 8c 10 2¢ 929 86
7 8c 104 0.6 929 95
8 8c 10¢ 0.6 929 95
9 8c 10 0.6 89/ 95

aDetermined either by GC or HPLC in 0.5 mmol scale reactions.
b Determined either by chiral GC (Cyclosil-B) or chiral HPLC (Chiralcel
OD). ¢ Performed with 0.005 M NaBlistabilized BH-THF. ¢ Second cycle
of 7. e Third cycle of 7. fIsolated yield in a 5.0 mmol scale reaction.

oxazaborolidine8b in situ. Combination of7 with a
stoichiometric quantity of trimethyl borate ester in THF at
ambient temperature generated the oxazaborolgliria 30
min. Addition of acetophenone (9) to this solution of
oxazaborolidine containing 1 equiv borane afforded the
alcohol productl0 with high enantioselectivity (Table 1,
entry 2). Moreover, recovery of the fluorous amino alcohol
7 over 98% yield was achieved by fluorous SPE methodol-
Ogy_lz

To simplify this fluorous in situ procedure further, we
attempted to employ BHTHF complex as a boron source
to inititate the formation of oxazaborolidingc. Although
the preparation of oxazaborolidirka from its diphenyl-
prolinol precursor requires extended heating with excess BH
under increased pressuffequite suprisingly this reaction

seemed to proceed smoothly (ambient temperature, atmo
spheric pressure, 60 min) in the case of the fluorous prolinol

Table 2. Catalytic Asymmetric Reduction of Ketones with
BH3- THF Complex

Pl 01eq.7 )O\H
R{” "R, BHsTHF, THF R "R,
11a-g 12a-g
entry product BH;THF equiv =~ %yield® % ee’
OH
1 2 93 91
2 0.6 92 93
cl
12a
cl OH
3 2 92 76
4 0.6 90 38
cl
12b
oH
5 2 81 90
6 ~o 0.6 83 91
12¢
OH
7 2 82 90
8 0.6 82 95
12d
OH
9 2 74 71
10 0.6 73 71
12e
oH
11 O O 2 85 90
12 0.6 81 73
12f
OH
13 @/Br 2 67 90
14 0.6 72 90

a|solated yields after fluorous SPE workiiDetermined by chiral HPLC
(Chiracel OD or OJ).

in lower enantioselectivity (entry 6). This detrimental effect
of the stabilizer is known in the literatifeand could be

avoided by employing nonstabilized BHHF complex.

Next, the recycling of the precatalygtwas tested. On

7. This was suggested by the facts that comparable enanfonsumption of the acetophenor#, (the reaction mixture

tioselectivity was achieved in acetopheno®@ (eduction
(entry 3) and that oxazaborolidin8s and its borane adduct
were detected in MS experimeritsWe assume that this
difference in reactivity of the diphenylprolinols may stem
from the electron-withdrawing nature of the perfluoroalkyl
tags.

was quenched with MeOH and worked up using the fluorous
SPE protocot? The recovery of the precatalygtvas almost
guantitative (99% recovery) when it was washed from the
fluorous silica gel. The fluorous prolindl proved to be
sufficiently chemically robust to withstand reaction cycles,
since it was recycled two more times without any deleterious

As might be expected, the application of a higher catalyst effect on enantioselectivity (entries 7, 8). Parallel with this,

load resulted in higher enantioselectivity (entry 4). Further-

the purity of the recycled catalyst was also checked by NMR

more, we found that even 0.6 equiv of borane was sufficient 27d MS experiments. Finally, when the reaction was run in

for complete reduction of acetophenon®) (with better
enantioselectivity (entry 3 vs entry 5). Finally, it is important
to note that the usage of NaBidtabilized BH-THF resulted

(12) See Supporting Information.

(13) (a) Masui, M.; Takayuki, SSynlett1997, 273. (b) Gilmore, N. J.;
Jones, S.; Muldowney, M. POrg. Lett.2004,6, 2805.

(14) Duquette, J.; Zhang, M.; Zhu, L.; Reeves, RO8g. Process Res.
Dewv. 2003,7, 285.

(15) El, m/zfor 8cis [1099], m/zfor 8¢ + BH3 [1113].
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a small preparative scale, we obtained the same enantio-
selectivity for the reduction and isolated the pure alcohol
10 as a volatile colorless liquid with 89% yield (entry 9).
Having developed a one-pot procedure for fluorous CBS-
mediated asymmetric ketone reduction, the in situ-generated
oxazaborolidine catalysBc was applied to a number of

(16) Nettles, S. M.; Matos, K.; Burkhardt, E. R.; Rouda, D. R.; Corella,
J. A.J. Org. Chem2002,67, 2970.
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ketone reductions (Table 2). No attempt was made to ogy has several practical advantages: it eliminates the
optimize reaction enantioselectivity; however, in all cases, necessity of prior synthesis of the catalyst, works in
the selectivities were high. In general, the excess of boranehomogeneous conditions, and affords high levels of enan-
had a slight influence on enantioselectivities and 0.6 equiv tioselectivities, and the precatalystan be easily separated
of borane was sulfficient for complete reduction of ketones. from the reaction mixture using fluorous SPE and recycled
It is worth mentioning that the enantioselectivity was in almost quantitative yield.
surprisingly higher when we used 2.0 equiv of Bid the
case of biaryl ketond 1f reduction (entries 11, 12). This Acknowledgment. T.S. thanks Bolyai Foundation for an
can be explained if the rate-limiting step of the catalytic cycle award. Grants OTKA (F37698), 1/A/005/2004 NKFP Medi-
was not the complexation of the ketonéf to catalyst or ~ ChemBats2 and QLK2-CT-2002-90436 are gratefully ac-
the hydrid transfer but rather the regeneration of the catalystknowledged. We thank Antal Csampai for running 500 MHz
via addition of BH to oxazadiboretane intermedidfe. NMR experiments.

In summary, we have synthesized fluorous diphenyl
prolinol derivative7 and generated a procedure where the
active catalytic species was prepared in situ. This methodol-

Supporting Information Available: Complete experi-
mental procedures and characterization of novel compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.

(17) Recent paper with extensive literature background: Alagona, G.;
Ghio C.; Persico, M.; Tomasi, S. Am. Chem. So2003,125, 10027. 0OL051024J
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