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A highly efficient enantio- and diastereoselective synthesis of chiral cis-f-N-alkyl/arylamino cyclic alcohols has been realized by asymmetric
hydrogenation of racemic a-amino cyclic ketones via DKR catalyzed by [RuCl,((S)-Xyl-SDP)((R,R)-DPEN)]. The enantioselectivities of the reaction
were up to 99.9% ee with 99:1 cis-selectivities. A practical catalytic asymmetric synthesis of all four isomers of conhydrine was also developed.

Catalytic enantioselective construction of chiral molecules
containing more than one stereocenter by a one-step hydro-
genation process has been intensively studied in recent years.*
Asymmetric hydrogenation of racemic o-substituted ketones
viadynamic kinetic resolution (DK R)? has been undoubtedly
demonstrated to be one of the most efficient approaches to
chiral acohols with two adjacent stereocenters.®

Recently, we have reported that the ruthenium complexes
of chird spiro diphosphines, [RuCl,((S)-SDPs)((RR)-diamine)]
(SDP = 7,7"-big(diarylphosphino)-1,1"-spirobiindane),* were
very efficient catalysts for the asymmetric hydrogenation of
N,N-disubstituted racemic a-amino diphatic ketonesvia DKR,
providing a highly enantio- and diastereosel ective method for
the preparation of optically active S-amino akanols.3*® This
catalyst was al so demonstrated to be highly enantioselective
for the asymmetric hydrogenation of unprotected N-mono-
substituted racemic a-amino acyclic aliphatic ketones.®® To

(1) For reviews, see: (a) Ratovelomanana-Vidal, V.; Genét, J.-P. Can,
e 2000, 78, 846. (b) Pellissier, H. hataabaskag 2003, 59, 8291. (c)
Pellissier, H. hataalaaaeag 2008, 64, 1563.

(2) For reviews, see: (a) Noyori, R. Tokunaga, M. Kitamura, M. Bull,

. 1995, 68, 36. (b) Vedejs, E. Jure, M.
Ed. 2005, 44, 3974. Also see ref 1.
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the best of our knowledge, this was the first example of direct
preparation of chiral 5-amino acohols from the Ru-catalyzed
asymmetric hydrogenation of unprotected o-amino ketones.”
Encouraged by this result, we expanded the substrate scope
from N-monosubstituted racemic a-amino acyclic aiphatic
ketones to the corresponding cyclic o.-amino ketones, which
led the highly efficient synthesis of cis-3-N-alkyl/arylamino
cyclic alcohols. Herein, we disclose the details of this

(3) For recent examples of asymmetric hydrogenation of racemic

a-substituted cycloketones, see: (8) Scalone, M.; Waldmeier, P.
. 2003, 7, 418. (b) Ohkuma, T.; Li, J.; Noyori, R. Synlett 2004,

1383. (c) Xie, J-H.; Liu, S; Huo, X.-H.; Cheng, X.; Duan, H.-F.; Fan,
B.-M.; Wang, L.-X.; Zhou, Q.-L. deinitisiagis 2005, 70, 2967. (d) Liu,
S,; Xie, J-H.; Wang, L.-X.; Zhou, Q.-L. | . 2007, 46,
7506. (e) Xie, J-H.; Liu, S,; Kong, W.-L.; Bai, W.-J.; Wang, X.-C.; Wang,
L.-X.; Zhou, Q.-L. . 2009, 131, 4222. For asymmetric
hydrogenation of racemic a-substituted acyclic aryl ketones, see: (f) Arai,
N.; Ooka, H.; Azuma, K.; Yabuuchi, T.; Kurono, N.; Inoue, T.; Ohkuma,
T. . 2007, 9, 939. For asymmetric hydrogenation of racemic
a-substituted acyclic dialkyl ketones, see: (g) Chen, C.-Y.; Frey, L. F,;
Shultz, S.; Wallace, D. J.; Marcantonio, K.; Payack, J. F.; Vazquez, E,;
Springfield, S. A.; Zhou, G.; Liu, P.; Kieczykowski, G. R.; Chen, A. M.;
Phenix, B. D.; Singh, U.; Strine, J; 1zzo, B.; Krska, S. W. mifiisteass
Basalgy- 2007, 11, 616.

(4) Xie, J-H.; Wang, L.-X.; Fu, Y.; Zhu, S.-F.; Fan, B.-M.; Duan, H.-
F.; Zhou, Q.-L. insinnSissmmiies 2003, 125, 4404.



chemistry, including a practical synthesis of all four isomers
of natural alkaloid conhydrine.

We started our study with the racemic 2-(phenylamino)cy-
clohexanone (1a) as a standard substrate. The initial hydro-
genation experiment was carried out with catalyst (S,RR)-
3a (Figure 1) in 2-propanol under 50 atm of H, pressure at
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Figure 1. Chira [RuCl,(diphosphine)(diamine)] complexes.

(S2,S,5)-3d (Ar = 3,5-(CH3),CeH3)

(Ra,R,R)-5 (Ar = CgHs)

room temperature. The reaction proceeded smoothly, and the
product cis-2-phenylaminocyclohexanol (cis-2a) was isolated
in 97% yield with 98% ee and >99:1 of cis-selectivity within
2 h (Table 1, entry 1). A systematic study of the ligands in

Table 1. Asymmetric Hydrogenation of 1a: Optimization of
Reaction Conditions®

A OF 4
N. H [RuCly(diphosphine)(diamine)] ‘N
+ > oN<
Ph + M fBUOK, ‘PrOH, rt O P
44 24
Pys  time ee’
entry catalyst diphosphine (atm) (h) cis/trans® (%)
1 (SuR,R)-3a (S)-SDP 50 2 >99:1 98
2  (S,R,R)-83b (S)-Tol-SDP 50 2 >99:1 99
3  (Su,R,R)-8¢c (S)-An-SDP 50 2 >99:1 92
4  (Sy,R,R)-3d (S)-Xyl-SDP 50 2 >99:1 99.6
5  (S4,S,9-3d (S)-Xyl-SDP 50 5 93:7 75
6% (S.,R,R)-3d (S)-Xyl-SDP 50 24 >99:1 99.6
7  (Su,R,R)-3d (S)-Xyl-SDP 10 4 >99:1  99.6
8 (R.,R,R)-4a (R)-BINAP 10 6 >99:1 89
9 (R,R,R)-4b (R)-Xyl-BINAP 10 6 >99:1 70
10 (R,R,R)-5 (R)-SYNPHOS 10 4 >99:1 79

 Reaction conditions: §/C =1000, [1a] = 0.6 mmol/mL, ['BuOK] =
0.06 mmol/mL, 'PrOH, room temperature, 100% conversion. ® Determined
by HPLC. ©ee values for cis-isomer determined by HPLC. The absolute
configuration of the product 2a is (1S2R). ¢ SC = 10000.

the catalysts RuCl,(SDPs)(diamine) showed that the ligand
Xyl-SDP was the most enantioselective. With the catalyst
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[RUCI,((9)-Xyl-SDP)((R,R)-DPEN)] ((S,R,R)-3d, DPEN =
trans-1,2-diphenylethylenediamine), the enantiosel ectivity of
the hydrogenation of 1a reached 99.6% ee (entry 4), while
the catalyst [RUCI((9-Xyl-SDP)((SS-DPEN)] ((S.S9-3d)
has mismatched configurations, which afforded the product
cis-2ain low enantiosalectivity (75% ee) with along reaction
time (24 h) (entry 5). The catalysts (S.,S9-3d and (S,RR)-
3d gave the same configuration of product, indicating that
the configuration of the product was determined by the
configuration of the ligand Xyl-SDP instead of the ligand
DPEN. The activity of the catalyst (S,R,R)-3d was remark-
able; it can catalyze the hydrogenation of 1a at a very low
catalyst loading (S)C = 10000) (entry 6) or under low
hydrogenation pressure (10 atm) (entry 7). Other types of
chira diphosphine ligands such as BINAP (R, R R)-4a), Xyl-
BINAP ((R,RR)-4b), and SYNPHOS ((R.,RR)-5) can also
catalyze this hydrogenation reaction, athough the enanti-
oselectivities were lower (70—89% ee) (entries 8—10).

The scope of substrates for the reaction was studied with
catalyst (S,,RR)-3d. Various racemic a-N-alkyl/arylamino
cyclohexanones can be hydrogenated to cis-(-alkyl/arylamino
cyclohexanols in high yields with excellent enantioselec-
tivities and diastereoselectivities. The substituents on the
N-phenyl ring, whether electron-withdrawing or electron-
donating, had a negligible effect on the enantioselectivity
and diastereoselectivity of the reaction (Table 2, entries
1—12). The hydrogenation reactions of 1e, 1i, and 1j, as well
as 1m, were quite slow, mainly due to the low solubility of
these substrates in 2-propanol (entries 5, 9, 10, and 13). If
the arylamino groups in the substrates were changed to
alkylamino groups, the hydrogenation still went very well,
and the corresponding chiral cis-3-akylamino cyclic alcohols
were obtained with high enantiosel ectivities (98—99.9% ee)
and high diastereoselectivities (>98:2) (entries 14—16). The
o-butylamino cyclohexanone (1p) had the fastest reaction
rate, and its turnover frequency (TOF) in the hydrogenation
was as high as 2000/h (entry 16). When the substrates with
a five-membered ring (1qg) and a seven-membered ring (1r)
were subjected to the hydrogenation the desired chiral cis-
p-dkylamino cyclic acohols were obtained with high
enantiosel ectivities (91% and 94% ee, respectively) and high
diastereosdl ectivities (cigtrans = 98:2 and 99:1, respectively)
(entries 17 and 18).

We next focused our attention on the synthesis of 2-(1-
hydroxyalkyl)piperidine, a ubiquitous structural unit existing
in natural products and therapeutics.® Conhydrine is one of
the alkaloids containing this type of hydroxylated piperidine
structure isolated from the seeds and leaves of hemlock

(5) For examples of Rh-catalyzed asymmetric hydrogenation of a-N-
monoal kyl/monoarylamino ketones, see: (a) Shang, G.; Liu, D.; Allen, S. E,;
Yang, Q.; Zhang, X. iisiiesisies 2007, 13, 7780. (b) Liu, D.; Gao, W.;
Wang, C.; Zhang, X. | I 2005, 44, 1687. Noyori and
co-workers reported [RUCl,((S)-Xyl-BINAP)(R)-Dai PEN]-catalyzed asym-
metric hydrogenation of racemic o-amino cyclohexanone, but the amino
group was protected by tert-butoxycarbonyl; see: (c) Ohkuma, T.; Ishii,
D.; Takeno, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 6510.

(6) For reviews, see: (a) Elbein, A. D.; Molyneux, R. J. In Alkaloids:
Chemical and Biological Perspective; Pelletier, J. W., Ed.; Pergamon: New
York, 1986; Vol. 5, pp 1-54. (b) Casiraghi, C.; Zanardi, F.; Rassu, G.;
Spanu, P. Ehesseigs. 1995, 95, 1677. (c) Michadl, J. P. .
1997, 14, 619. (d) O'Hagan, D. igimiasmiEgs 2000, 17, 435.
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Table 2. Asymmetric Hydrogenation of Racemic a-N-Alkyl/
Arylamino Cyclic Ketones 1 Catalyzed by (S,,RR)-3d*

9 H (SsR.R)-3d AT
M e o )R
b (10 atm) BuOK, 'PrOH, rt Q)n
4 9

entry R! n product time (h) cis/tran® ee (%)
1 CeHs 2 2a 6 >99:1 99.6
2 4-MeCgH, 2 2b 8 >99:1 99.1
3 4-MeOCgH, 2 2¢c 4 >99:1 99.9
4 4-CICgH,4 2 2d 4 >99:1 99.6
54 4-BrCgH, 2 2e 46 >99:1 99.3
6 3-MeCgH, 2 2f 3 >99:1 99.6
7 3-CICgH,4 2 2g 3 >99:1 99.4
8 2-MeCgH, 2 2h 3 >99:1 99
9 2-MeOCgH, 2 2i 17 >99:1 99
10 2-FCgHy 2 2j 24 >99:1 99
11 2-CIC¢H,4 2 2k 3 >99:1 98
12 2-I-4-MeCgH3 2 2L 1 >99:1 96
13° 2-Py 2 2m 20 97:3 99.8
14 CgH5CH, 2 2n 18 >99:1 99.9
15 c-Hex 2 20 1 >99:1 99.9
16 n-Bu 2 2p 0.5 98:2 98
17 CeHs 1 2q 8 98:2 91
18 CeHs 3 2r 10 99:1 94

@ Reaction conditions are same as those in Table 1, entry 7. 100%
conversion, isolated yield >90%. P Determined by GC or HPLC. ° Determined
by HPLC. ® The configuration of 2eis (1S,2R) determined by X-ray single-
crystal analysis. 50 atm of H,.

Conium maculatum L.” The first synthesis of (+)-a-conhy-
drine was reported by Galinovsky and Mulley in 19488
During the following decades many enantiosel ective methods
have been developed for the preparation of conhydrine and
its isomers.® However, most of these methods used tedious
steps or had low yields. Thus, the development of short and
highly efficient procedures for the enantiosel ective synthesis
of conhydrine and its analogues is desirable.

Analysis of the synthesis of conhydrine led usto consider
a piperidine-containing racemic o-amino ketone 6 as a key
intermediate, which might be hydrogenated with a chiral
ruthenium catalyst to a-conhydrine. The obtained o.-con-
hydrine was then converted to 5-conhydrine via a simple
configuration transformation. Therefore, all four isomers

(7) Isolation: Wertheim, T. Liebigs Ann. Chem. 1856, 100, 328.

(8) Galiovsky, F.; Mulley, H . 1948, 79, 426.

(9) For selected recent papers for the synthesis of (+)-o-conhydrine,
see: (a) Roy, S;; Sharma, A.; Mula, S.; Chattopadhyay, S. ikl
2009, 15, 1713. (b) Rodrlguez D.; Pico, A.; Moyano, A.
2008, 49, 6866. (c) Petersen, K. S,; Posner G. H. Qugealagli. 2008, 10
4685. (d) Jamieson, A. G,; Sutherland A. Qigedeitl. 2007, 9, 1609. (€)
Chang, M.-Y.; Kung, Y.—H.; Chen, S-T. 2006, 62, 10843. (f)
Nagata, K.; Toriizuka, Y.; Itoh, T. 2005, 66, 107. For (— )
a- conhydrme see: (9) V0|tur|ez A.; Ferreira, F.; Chemla, F.
2007, 72, 5358. (h) Kandula, S. R. V. ; Kumar, P.
2005, 16, 3268. (i) Kandula, S. R. V.; Kumar, P. iminsisssasssisl 2003,
44, 1957. For (+)--conhydrine, see: (j) Lebrun, S.; Couture, A.; Deniau,
E.; Grandclaudon, P. Tetrahedron: Asymmetry 2008, 19, 1245. For (—)-f3-
conhydrine, see: (k) Saikia, P. P.; Baishya, G.; Goswami, A.; Barua, N. C.

. 2008, 49, 6508. (I) Kandula, S. R. V.; Kumar, P.
nianiaasememingli. 2005, 46, 4091.
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of conhydrine would be efficiently synthesized by ruthe-
nium-catalyzed asymmetric hydrogenation as a key step
(Figure 2).
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Figure 2. Conhydrines and their retrosynthetic analysis.
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The racemic a-amino ketone 6 was prepared easily from
piperidine.’ Piperidine was first reacted with N,N-dimethyl-
N’-tert-butylformamidine (7) to provide the compound 8 in
93% yield (Scheme 1). Lithiation of compound 8 with tert-

Scheme 1. Asymmetric Synthesis of (—)-a-Conhydrine

7, (NH4)2304 E j

1) 'BuLi, THF/E,0, -78 °C

” toluene reflux k 2) EtCHO, THF, -78 °C
93% NBut
Piperidine
(j\(\ QA Jones' Reagent
MeOH/HZO MeOHH,0, 60°C. N acetone, rt
3qu three steps, 63%|

KO'Bu, PrOH, rt
HCI o} 96%
97% ee

anti/syn =919

50 atm Hy
0.01 mol % (S,,R,R)-3d )
- ”“ Y
OH

(—)-a-conhydrine

butyllithium in THF/Et,O followed by trestment with pro-
pionaldehyde afforded alcohol 9. The acohol 9 was then
deprotected by hydrolysis with aqueous NaOH in methanol
at 60 °C to give unprotected acohol 10.** Oxidation of
alcohol 10 with Jones’ reagent produced amino ketone 6 as
ahydrochloride salt in 63% yield for three steps. Asymmetric
hydrogenation of ketone 6 was carried out by using catalyst

(10) For the synthesis of amino ketone 6 using other methods, see: Naef,
R.; Velluz, Alain, Y.; Mayenzet, F.; Starkenmann, C.; Sun, H.-D. JaAkgkie
Beadmaiag 2005, 53, 9161.

(11) Meyers, A. |.; Edwards, P. D.; Rieker, W. F.; Bailey, T. R. L.Am,
Ehsmasas. 1984, 106, 3270.
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(S,RR)-3d in 2-propanol at S/C = 10000 to give (—)-a-
conhydrine in 96% vyield with 97% ee and 91:9 anti-
selectivity.’? By using (R.,S9-3d as a catalyst and under
the same reaction conditions, (+)-o-conhydrine was pro-
duced in 95% yield with nearly the same ee value and anti-
selectivity. Thus, (+)- or (—)-a-conhydrine was synthesized
through a five-step process from piperidine with an overall
yield of 56%.

With (—)-a-conhydrine in hand, we then reacted it with
sulfuryl dichloride (SO.Cl,) to furnish the cyclic sulfate 11.
The replacement of activated hydroxyl group in compound
11 by NaOAc in DMF yielded acetate compound 12 with a
reverse configuration (Scheme 2). Finaly, the acetate

Scheme 2. Transformation of (—)-a-Conhydrine to
(+)--Conhydrine

|(IA S0.Cly, Et3N ENI/\ NaOAc, 18-crown-6
T —_—

CHZCl, 0 0=—35 DMF, 60 °C

61% 5
_ KGO
MeOH rt
Ac two steps, 76%

Ghog-conhvdrine

—)-a-conhydrine
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compound 12 was hydrolyzed with K,CO; as a base to
provide (+)--conhydrine in 76% yield for two steps. By
using the same procedure, (+)-o-conhydrine was converted
to (—)-p-conhydrine in the same yield.

In conclusion, we have developed an effective protocol
for the highly enantio- and diastereoselective synthesis of
chiral cis-3-N-akyl/arylamino cyclic alcohols by catalytic
asymmetric hydrogenation of racemic a-amino cyclic ketones
via DKR. This new method provided a direct and practical
approach to the asymmetric syntheses of all four isomers of
piperidine alkaloids conhydrine.
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(12) The anti-selectivity of this hydrogenation reaction can be interpreted
by the proposed transition state model involving a hydrogen bond between
the amino group of the substrate and the NH, group of the chiral diamine
in the catalyst. See ref 3e.
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