OCArticle

Highly Enantioselective Reaction of a-Selenoorganolithium
Compounds with Chiral Bis(oxazoline)s and Preparation of
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The enantioselective reaction of a-seleno carbanions derived from bis(phenylseleno)acetal and bis-
(2-pyridylseleno)acetal in the presence of bis(oxazoline)s with various electrophiles gave products
with high enantioselectivity. The enantioselective reaction of a-lithio benzyl 2-pyridyl selenide gave
the products with stereochemistry reverse to that obtained in the reaction of a-lithio benzyl phenyl
selenide. Mechanistic investigation suggests the enantiodetermination of these reactions at —78
°C depends on dynamic thermodynamic resolution. The enantioselective reaction was applied to
the preparation of enantioenriched olefins and epoxide.

Introduction

Asymmetric reactions of prochiral compounds having
a sufficiently acidic C—H bond are of great importance
in the access to enantiomerically pure compounds. Enan-
tioselective reactions of dipole-stabilized a-alkoxy-! and
o-aminoorganolithium? compounds have been thoroughly
studied and it has been confirmed that these carbanions
are configurationally stable enough to proceed through
an asymmetric deprotonation pathway. However, the
configurational stability of a-seleno carbanion is lower
than that of a-oxy carbanion.? Configurationally labile
o-thio carbanion*® shows lower enantioselectivity than
dipole-stabilized a-oxyorganolithium having a similar
structural arrangement. We have previously reported
highly enantioselective reactions of a-thio carbanions

* Address correspondence to this author. Phone and Fax: +81-52-
735-5217.
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derived from benzyl phenyl and pyridyl sulfides, which
were proven to proceed through different resolution
pathways, i.e., dynamic kinetic resolution for the former
carbanion and dynamic thermodynamic resolution for the
latter.5” These results showed that pivotal resolution
pathways can be chosen by changing the substituent on
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the sulfur. Hoffmann and co-workers have reported that
o-seleno carbanions are more configurationally stable
than o-thio carbanions but less stable than o-oxy car-
banions.?® Since chiral selenides have the potential to
be asymmetric catalysts®® and synthetic intermedi-
ates,'%!! it is important to develop the highly enantio-
selective reaction of a-seleno carbanions and to clarify
the reaction pathways in more detail.’>!3 We now report
enantioselective reactions of o-lithio benzyl phenyl se-
lenide and a-lithio benzyl 2-pyridyl selenide with elec-
trophiles in the presence of an external chiral ligand
(Scheme 1), including the reaction mechanism, on the
basis of Beak’s test using a deficient amount of the
electrophile! and the warm-cool procedure!*—¢ together
with the analysis of the data obtained by the MO
calculation. We also report a highly enantioselective
olefination involving the enantioselective reaction of the
o-seleno carbanion with 4-substituted cyclohexanones
and the subsequent stereospecific elimination reaction.!®

Results

Lithiation—Substitution. We chose bis(arylseleno)-
phenylmethanes 1a,b as the substrates for the formation
of a-seleno carbanions due to the ease of their prepara-
tion and lithiation. Diselenoacetals 1 were prepared on
treatment of selenophenol with benzaldehyde in the
presence of TiCl4!® or dipyridyl diselenide with sodium
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SCHEME 2
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borohydride and subsequently with 1,1-dichlorotoluene
(Scheme 2).

Treatment of a cumene solution of the diselenoacetal
la or 1b with 1.05 equiv of n-BulLi and 1.1 equiv of a
chiral ligand for 10 min at —78 °C formed the lithiated
species Li-1, which was allowed to react with an electro-
phile to give the products 2.1718 The yields and enanti-
oselectivities obtained in the reaction of lithiated 1a and
1b with various electrophiles are summarized in Table
1.19

The reaction of Li-1a with benzophenone and (S)-bis-
(oxazoline)s 3a—d gave the product 2a in moderate yields
with moderate to high enantioselectivities (entries 1—5).
Among the bis(oxazoline)s, (S)-bis(oxazoline)-‘Pr 3a showed
the highest enantioselectivity. Low enantioselectivity was
obtained in the reaction with use of (—)-sparteine 4 (entry
6), which often has been used as a chiral ligand in the
asymmetric reactions of dipole-stabilized a-oxy and a-ami-
no carbanions. The reaction carried out at —50 and —90
°C showed slightly lowered enantioselectivity in com-
parison with that at —78 °C (entries 7, 8, and 9). The
reaction of Li-1a with acetone or cyclohexanone gave the
products 2b and 2c¢ in high yields with high enantio-
selectivities (entries 10—12). It was rather surprising that
acetone and cyclohexanone having acidic protons showed
yields and enantioselectivities as good as those obtained
in the reaction with benzophenone. Methylation and
silylation with (CHj3)2SO, and (CHj3)3SiOTf showed mod-
erate enantioselectivity, whereas the reaction with CH;I
and (CHj3)3SiCl did not show good enantioselectivity
(entries 13—16). We next studied the enantioselective
reaction of a-lithio benzyl 2-pyridyl selenide Li-1b. When
the reaction was carried out under the same reaction
conditions as in the reaction of Li-1a, the product 2f was
obtained with moderate enantioselectivity (entries 17 and
18). The yield was markedly improved when 2.1 equiv of
n-Buli and 2.2 equiv of (S)-bis(oxazoline)-‘Bu 3b were
used, where the seleno alcohol 2f was formed in high
yield but with moderate enantioselectivity (entries 19 and
20). The enantioselectivity in the reaction of Li-1b with
benzophenone varied depending on the temperature of
deprotonation: High enantioselectivity was obtained at

(16) Clarembeau, M.; Cravador, A.; Dumont, W.; Hevesi, L.; Krief,
A.; Lucchetti, J.; Van Ende, D. Tetrahedron 1985, 41, 4793—4812.

(17) Cumene was found to be a solvent suitable for maximizing the
difference in the reaction rate between the catalyzed and noncatalyzed
reactions: see ref 6. When the reaction was carried out in a coordi-
native solvent such as THF or Et;O, the selenoacetal 1a was spontane-
ously lithiated on treatment with n-BuLi without addition of a chiral
ligand to give the product 2 in high yield but with low enantioselec-
tivity.

(18) When the aging time for lithiation in the presence of a chiral
ligand was longer, the yield was lower.

(19) These results were replicated at least 2 times and they were
reproducible to <3%.
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TABLE 1. Enantioselective Reaction of Li-1a and Li-1b
with Electrophiles in the Presence of Various Chiral
Ligands

1) n-BuLi

ArSeYSeAr 2) chiral ligand ArSeYLi'Ln*
Ph cumene, temp. Ph
1a: Ar=Ph Li-1

1b: Ar = 2-Py

electrophile  aArse s _E
—_—

2
o] QO
N N
R R
3a:R="Pr 4
b: R = Bu
c:R=Ph
d: R=CHyPh

seleno- chiral electro- temp yield ee®
entry acetal ligand phile (°C) product (%) (%)
1 la 3a PheCO —78 2a 60 85
2 1a 3b  PhyCO —78 2a 63 170
30 1a 3b PhyCO —78 2a 78 178
4 1a 3¢ PhyCO —78 2a 62 81
5 la 3d PheCO —78 2a 51 67
6 1a 4 PhyCO —78 2a 79 5
7 1a 3a PhyCO -90 2a 62 80
8 la 3a  PheCO -50 2a 56 62
9 1a 3b PhyCO -90 2a 63 172
10 1a 3a (CHj)CO —78 2b 73 95

11 la 3a
12 la 3b

cyclohexanone —78 2¢ 71 88
cyclohexanone —78 2¢ 83 95

13 1a 3a CHsl —78 2d 63 17
14 la 3a (CH3)2S04 —78 2d 62 41
15 la 3a (CHj3)3SiCl —78 2e 80 3
16 la 3a (CHj3)sSiOTf  —78 2e 59 65
17 1b 3a  PhyCO —78 2f 50 56
18 1b 3b  PheCO =78 2f 51 41
19¢ 1b 3a  PheCO —78 2f 99 39
20° 1b 3b PheCO —78 2f 85 46
21¢ 1b 3b PhyCO =50 2f 73 77
22¢ 1b 3b  PheCO —-30 2f 64 47
23¢ 1b 3a PheCO -50 2f 49 73
24¢ 1b 3¢ PheCO —50 2f 77 64

@ Determined by the HPLC analysis with a Chiralcel OD-H. ¢ n-
Buli (1.3 equiv), 1.4 equiv of 3, and 2.0 equiv of PhyCO were used.
¢ n-Buli (2.10 equiv), 2.2 equiv of 3, and 2.3 equiv of PhaCO were
used.

—50 °C with (S)-bis(oxazoline)-‘Bu 3b which gave higher
enantioselectivity than other bis(oxazoline)s (entries 21—
24).20

The absolute configuration of 2a was determined to be
S by stereospecific conversion to the epoxide 5 (Scheme
3).21 Thus, treatment of the product 2a with trimethyl-
oxonium tetrafluoroborate gave the selenonium ion,
which was then allowed to react with K;COj to give the

(20) Determination of the optical purity of the products obtained in
the reaction of Li-1b with other electrophiles such as acetone, cyclo-
hexanone, CH3I, and (CH3)3SiCl could not be determined because of
their insufficient separation by the HPLC analyses with use of various
chiral columns.

(21) Shanklin, J. R.; Johnson, C. R.; Ollinger, dJ.; Coates, R. M. .
Am. Chem. Soc. 1973, 95, 3429—3431.
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SCHEME 3
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o

h MeNO,, 1t Ph Ph

(S)-2a: 85% ee (R)-5
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[oJp>® -36.0 (¢ 0.76, EtOH)

SCHEME 4

OH 1) m-CPBA
PyS h 2) NaOH Ph, Q .Ph
yoe B I\
Ph H,0, CHyCh, it H Ph
(R)-2f: 66% ee (S)-5
10%, 58% ee

epoxide 5. The epoxide 5 was confirmed to have an
R-configuration by comparison of the value of the specific
rotation with that reported.?? Since a reaction of the
pyridylseleno alcohol 2f similar to the above failed to give
the epoxide, 2f was converted to the selenoxide with
m-CPBA, which was then treated with aqueous NaOH
solution to give the known epoxide (S)-5. Thus, the
absolute configuration of 2f obtained in the reaction of
o-lithio benzyl 2-pyridyl selenide Li-1b with benzophe-
none was determined to be R (Scheme 4).2
Preparation of Axially Chiral Compounds. The
Horner—Wadsworth—Emmons reaction is one of the most
useful methods for making a double bond from carbonyl
compounds. Recently, the asymmetric Horner—Wads-
worth—Emmons reactions using external chiral ligands
have been reported.?* We have reported stereospecific
transformation of o-seleno alcohols into (Z)-olefins a to
a carbonyl group.?’ The above stereospecific S-elimination
of 3-seleno alcohols allowed us to examine application of
the present reaction to the synthesis of axially chiral
olefins.'® First, Li-1a was allowed to react with 4-tert-
butylcyclohexanone in the presence of chiral ligands
3a—c affording cis- and ¢rans-seleno alcohols 6—8 (Table
2, entries 1—3). The highest enantioselectivity was
obtained when bis(oxazoline)-‘Bu 3b was used.?® The
reaction with other 4-substituted cyclohexanones and 3b
also afforded the seleno alcohols 7 and 8 with high
enantioselectivity (entries 4 and 5). Each diastereomer
was easily separated by column chromatography.??

(22) Wang, Z.-X.; Tu, Y.; Frohn, M.; Zhang, J.-R.; Shi, Y. J. Am.
Chem. Soc. 1997, 119, 11224—11235.

(23) Ceccherelli, P.; Curini, M.; Epifano, F.; Marcotullio, M. C.;
Rosati, O. J. Org. Chem. 1995, 60, 8412—8413.

(24) For enantioselective Wittig—Horner and Horner—Wadsworth—
Emmons reactions with external chiral ligands, see: (a) Toda, F.; Akai,
H. J. Org. Chem. 1990, 55, 3446—3447. (b) Kumamoto, T.; Koga, K.
Chem. Pharm. Bull. 1997, 45, 753—755. (¢) Mizuno, M.; Fujii, K,;
Tomioka, K. Angew. Chem., Int. Ed. 1998, 37, 515—517. (d) Arai, S.;
Hamaguchi, S.; Shioiri, T. Tetrahedron Lett. 1998, 39, 2997—3000. (e)
Sano, S.; Yokoyama, K.; Teranishi, R.; Shiro, M.; Nagao, Y. Tetrahedron
Lett. 2002, 43, 281—284. For the enantioselective Peterson olefination,
see: Iguchi, M.; Tomioka, K. Org. Lett. 2002, 4, 4329—4331.

(25) (a) Toru, T.; Hayakawa, T.; Nishi, T.; Watanabe, Y.; Ueno, Y.
Phosphorus Sulphur Silicon 1998, 653—658. (b) Nakamura, S.; Hay-
akawa, T.; Nishi, T.; Watanabe, Y.; Toru, T. Tetrahedron 2001, 57,
6703—6711. See also reviews: (c) Clive, D. L. J. Tetrahedron 1978,
34, 1049—-1132. (d) Krief, A. Tetrahedron 1980, 36, 2531—2640.

(26) The reaction of o-thio carbanions with 4-alkylcyclohexanones
showed high enantioselectivity; see ref 15.

(27) We also examined the enantioselective reaction of Li-1b with
4-substituted cyclohexanones, but the attempts to separate the ob-
tained diastereomeric isomers by column chromatography failed.
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TABLE 2. Enantioselective Reaction of Li-la with
4-Substituted Cyclohexanones

1) n-BuLi (1.3 equiv)

2) bis(oxazoline) 3 (1.4 equiv)

3)
PhSeYSePh R4<:>:O(2.0 equiv)

Ph cumene, -78 °C
1a
OH Ph.,, _sePh
PhSe
A e Lok
Ph
cis-6-8 trans-6-8
electrophile yield ratio® ee (%)
entry ligand R product (%) cis:itrans cis trans®
1 3a ‘Bu 6 79 60:40 74° 67
2 3b ‘Bu 6 68 65:35 86° 90
3 3c ‘Bu 6 58 71:29 73> 39
4 3b Me 7 74 69:31 91¢ 90
5 3b Ph 8 65 51:49 90¢ 89

@ Determined by 'H NMR analysis. ® Enantiomeric excess was
determined after conversion to olefins. ¢ Determined by HPLC
analysis with Chiralpak AD-H. ¢ Determined by HPLC analysis
with Chiralcel OJ-H. ¢ Determined by HPLC analysis with Chiral-
cel OD-H.

TABLE 3. Preparation of Axially Chiral Olefins 9—11
from Seleno Alcohols 6—8

OH

PhSeM MSCI, EtsN
: R — R
Ph CH,Cl,, 0°C P

cis-6: X =Se, R="Bu
cis-7: X=S8e, R=Me
cis-8: X=8e, R=Ph

Ph.., _sePh
HO&/R

(M)-9-11

MsCLEtN PN < >
R
CH,Cl,, 0 °C
trans-6: X = Se, R='Bu (P)-9-11
trans-7: X = Se, R=Me
trans-8: X = Se, R=Ph
ee yield ee
entry  substrate (%) product (%) (%)*  config.
1 cis-6 86 9 89 86 M)
2 cis-7 91 10 91 91 (M)
3 cis-8 90 11 92 90 (M)
4 trans-6 9 91 90 P)
5 trans-7 10 90 90 (P)
6 trans-8 11 88 89 (P)

@ Determined by HPLC analysis with Chiralcel OD-H.

The separated diastereomeric seleno alcohols 6—8 were
treated with methanesulfonyl chloride and Et;N in CH-
Cl; to give axially chiral olefins 9—11 with high optical
purity (Table 3). The optical purity of the chiral olefins
was determined by the HPLC analysis with Chiralcel
OD-H and the olefination was found to proceed without
loss of optical purity. The absolute stereochemistry of the
chiral olefins 9—11 was assigned by comparison of the
values of the specific rotation with those reported.?®

Discussion

Diselenoacetals 1a,b were lithiated by the Se—Li
exchange reaction with n-Buli to afford the organo-

JOC Article

SCHEME 5
1) n-BuLi
2) 3aor3b OH
ArSeYSeAr 3) Ph,CO (X equiv) Afse%,fﬁ
Ph cumene, -78 °C Ph
1a:Ar =Ph 2a,b

1b:Ar=2-Py (S)-2a (using 3a):X = 1.2 equiv 60%, 85% ee (S)
X=0.2 equiv 75%, 41% ee (S)

(R)-2b (using 3b):X = 1.2 equiv 51%, 41% ee (R)

X =0.2 equiv 55%, 6% ee (R)

lithium species Li-1, which was treated with an electro-
phile to give the products 2a—f. It is not likely that the
reaction proceeds through an enantioselective replace-
ment of the prochiral seleno group with lithium, i.e.,
through an enantioselective deselenenylation pathway,
because configurational stability of the a-seleno carban-
ion is assumed to be insufficient. Thus, asymmetric
induction occurs in a postdeselenenylation step through
an asymmetric substitution pathway controlled either by
the stability of lithium carbanion—chiral ligand com-
plexes, i.e., through dynamic thermodynamic resolution,?®
or by the complex—electrophile interaction in the transi-
tion state, i.e., dynamic kinetic resolution.?® The reaction
with a different amount of an electrophile enables us to
differentiate these resolution pathways. In the case of
dynamic kinetic resolution, the enantiomer ratio depends
solely upon the difference between the activation energies
in the formation of enantiomers (AAG*) and is indepen-
dent of the amount of electrophile. In the case of dynamic
thermodynamic resolution, the amount of electrophile
affects the enantioenrichment of the product, because the
two diastereomeric complexes would have different ac-
tivation energies for the reaction with the electrophile.
In fact, the reaction of 1a or 1b afforded the products
(S)-2a and (R)-2b in different enantiomer ratios depend-
ing on the reactions with a different amount of benzophe-
none (Scheme 5).

These results suggest that the enantioselective reaction
of 1a or 1b proceeds through a dynamic thermodynamic
resolution pathway, i.e., the reaction with a benzophe-
none occurs before the inversion between diastereomeric
complexes of lithiated 1a or 1b with the bis(oxazoline).3!
In this case, the enantiomeric excess of the product
formed from the reaction of Li-1 with benzophenone
depends on the difference in the stability between the
two diastereomeric Li-1—bis(oxazoline) complexes (AAG
in Figure 4). The decrease in the enantiomer ratios of
2a and 2b in the reaction with a limited amount of

(28) (a) Denmark, S. E.; Chen, C.-T. J. Am. Chem. Soc. 1992, 114,
10674—10676. (b) Henessian, S.; Beaudoin, S. Tetrahedron Lett. 1992,
33, 7655—7658.

(29) Beak, P.; Anderson, D. R.; Curtis, M. D.; Laumer, J. M.; Pippel,
D. J.; Weisenburger, G. A. Acc. Chem. Res. 2000, 33, 7T15—7217.

(30) (a) Noyori, R.; Tokunaga, M.; Kitamura, M. Bull. Chem. Soc.
Jpn. 1995, 68, 36—56. (b) Ward, R. S. Tetrahedron: Asymmetry 1995,
6, 1475—1490. (¢) Caddick, S.; Jenkins, K. Chem. Soc. Rev. 1996, 447—
456. (d) Pellissier, H. Tetrahedron 2003, 59, 8291—8327.

(31) The same range of enantioselectivity should be obtained ir-
respective of the electrophile through a dynamic thermodynamic
resolution process. The reactions with CH;3l, (CH;3)2SO,4, (CHj)3SiCl,
and (CHj3)3SiOTf gave the products with lower enantioselectivity than
that obtained in the reaction with benzophenone. The decreased
enantioselectivity in the reaction with alkylating reagents is ascribed
to the activation energy. The alkylation of Li-la, in which the
alkylating reagent approaches without coordination to lithium, would
have higher activation energy than the reaction with carbonyl com-
pounds and proceed not only through a dynamic thermodynamic
resolution but also through a dynamic kinetic resolution.
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FIGURE 1. Geometry optimization of anti- and syn-Li-la—TMEDA Complexes.

benzophenone also implies that a more stable diastere-
omeric complex has higher activation energy to react with
benzophenone (AGxr* > AGs* in Figure 4). Interestingly,
the enantioselective reaction of a-lithiated benzyl phenyl
sulfide proceeds through a dynamic kinetic resolution
pathway with high enantioselectivity,® indicating that the
a-seleno carbanion (Li-1a) has a higher inversion barrier
than that of the a-thio carbanion of benzyl phenyl sulfide.
The inversion barrier of a-thio- and o-seleno carbanions
can be ascribed to the stabilization energy of the n—ox_¢
negative hyperconjugation.?? Thus, we performed the MO
calculation for the Li-1a-TMEDA. The calculations for
these complexes by Gaussian 98 HF/3-21G, HF/6-
31+G*3 and MOPAC 93/PM3%* methods showed a
significant level of difference in energy between anti- and
syn-Li-la—TMEDA complexes as shown in Figure 2.
The anti arrangement of the C—Li bond to the Se—
Cips bond of Li-1a was clearly shown to be a preferable
conformation by these calculations. This would be due
to an n—o¥s.—¢ negative hyperconjugation, where the
unshared electron pair of carbanions can overlap with
the antibonding Se—C bond (0¥g.—¢) in the present model

(32) (a) Lehn, J.-M.; Wipff, G.; Demuynck, J. Helv. Chim. Acta 19717,
60, 1239—1246. (b) Ruhland, T.; Dress, R.; Hoffmann, R. W. Angew.
Chem., Int. Ed. Engl. 1993, 32, 1467—1468. (c) Dress, R. K.; Rélle, T.;
Hoffmann, R. W. Chem. Ber. 1995, 128, 673—677. (d) Hoffmann, R.
W.; Dress, R. K.; Ruhland, T.; Wenzel, A. Chem. Ber. 1995, 128, 861—
870.

(33) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J.
A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W_;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98, Revision A.6; Gaussian, Inc.: Pitts-
burgh, PA, 1998. For the Becke3LYP hybrid method, see: (b) Stephens,
P. J; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem.
1994, 98, 11623—11627.

(34) (a) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209—220. (b)
For the lithium parameter for PM3, see: Anders, E.; Koch, R,
Freunscht, P. J. Comput. Chem. 1993, 14, 1301—1312.

(35) No negative frequency of these optimized structures was
confirmed by the frequency calculation.
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\\ stabilization energy of n-o* hyperconjugation

ox __ N
l )v) ' X =8e 15.0 kcal/mol
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L
Ph HF/6-31+G* NBO analysis
FIGURE 2. Stabilization energy of n—o* negative hypercon-
jugation.

compounds. We also calculated the n—o™x_¢ negative
hyperconjugation energies of a-lithiated benzyl phenyl
selenide and o-lithiated benzyl phenyl sulfide by the
natural bond orbital (NBO) analysis at the HF/6-31+G*
level?%37 (Figure 2). Both compounds were found to have
a significant level of stabilization energy by the n—o*
negative hyperconjugation. The a-seleno carbanion was
found to be more stabilized by the negative hyperconju-
gation than the a-thio carbanion by 1.3 kcal/mol, showing
the former has a higher inversion barrier than the
latter.38

The stability of diastereomeric complexes of Li-1a with
3a was estimated by the MO calculation with use of HF/
3-21G and the (R)-Li-1a—3a complex was found to be
slightly more stable than the (S)-Li-la—3a complex as
shown in Figure 3. Thus, it was reasonably inferred that
the reaction of Li-1a with electrophiles such as aldehydes
and ketones proceeded with retention of configuration
through coordination of a carbonyl oxygen to lithium to
afford the (S)-isomer (Sg2.: reactions?).40 This reaction
pathway is well-illustrated by the energy diagram of the
enantioselective reaction of Li-1a as shown in Figure 4.

(36) NBO Version 3.1; Glendening, E. D.; Reed, A. E.; Carpenter,
J. E.; Weinhold, F. See also: (a) Reed, A. E.; Weinstock, R. B
Weinhold, F. J. Chem. Phys. 1985, 83, 735—746. (b) Reed, A. E;
Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899—926.

(37) (a) Salzner, U.; Schleyer, P. R. JJ. Org. Chem. 1994, 59, 2138—
2155. (b) Cortes, F.; Tenorio, J.; Collera, O.; Cuevas, G. J. Org. Chem.
2001, 66, 2918—2924. (c) Hetényi, A.; Martinek, T. A.; Lazar, L.; Zalan,
Z.; Filop, F. J. Org. Chem. 2003, 68, 5707—5705.

(38) By the 'H NMR spectral analysis, Hoffmann and co-workers
have estimated a higher inversion barrier of the o-seleno carbanion
than that of the a-thio carbanion by 1.1 kcal/mol, which accords with
our calculation results, see refs 12 and 31d.

(39) Gawley, R. E. Tetrahedron Lett. 1999, 40, 4297—4300.

(40) The inversion/inversion pathway is unlikely, because carbonyl
compounds usually react with organometallic compounds in a retentive
manner through coordination with the metal center.
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FIGURE 4. The assumed energy diagram of the enantio-
selective reaction for the Li-1a under dynamic thermodynamic
resolution.

The enantioselectivity in the reaction of Li-1b with
benzophenone depends on the temperature of the depro-
tonation (Table 1, entries 18, 21, and 22). These results
indicate that the enantioselective reaction of Li-1b
proceeds through a dynamic thermodynamic resolution
pathway. Beak’s “warm-cool procedure”#2 ¢ also con-
firmed this assumption. A cumene solution of 1b was
treated with 2.1 equiv of n-BuLi at —78 °C for 10 min,
and then 2.2 equiv of bis(oxazoline)-‘Bu 3b was added.
After being stirred for 30 min at —50 °C, the reaction
mixture was cooled to —78 °C, and then 2.3 equiv of
benzophenone was added (Scheme 6). The enantioselec-
tivity in this reaction was substantially the same as that
obtained in the reaction performed at —50 °C (77% ee,
Table 1, entry 21), and was lowered when the reaction
was performed at —78 °C (46% ee, Table 1, entry 20) as
shown in Scheme 6.

These results indicate that the diastereomeric com-
plexes derived from Li-1b and bis(oxazoline)-‘Bu 3b are
configurationally stable at temperatures lower than —50
°C at least on the time scale of the reaction with
electrophiles, i.e., the diastereomeric complexes of Li-1b

SCHEME 6
1) n-BulLi
2) chiral ligand 3b, T oc
warmed to T2 °C OH
cooled to T° °C N SeR Eh
PySeYSePy 3) Ph,CO | = h
L, aumene  ~~ FPh
1b 2f

T'=T3=.78 °C, T%= -50 °C 75%, 74% ee
T1=T2=T3= .50 °C 73%, 77% ee
T1=72=T3= .78 °C 85%, 46% ee

with 3b equilibrate at —50 °C, and the enantiomeric
excess of 2f reflects the ratio of these two diastereomeric
complexes. To gain more quantitative insight into the
reaction mechanism of Li-1b, the diastereomeric com-
plexes with 3b were estimated by the MO calculation by
using the HF/3-21G and MOPAC 93/PM3 methods. The
relative energies of the optimized structures obtained by
these calculations are depicted in Figure 5.

In each optimized structure, a nitrogen of pyridine is
coordinated to the lithium ion together with the two
nitrogens of the bis(oxazoline), giving the fully coordi-
nated lithium complex. Calculations by both methods
showed that the (R)-Li-1b—3b complex is more stable
than the (S)-Li-1b—3b complex. Since the lithium ion is
fully coordinated, the substitution reaction may occur
with inversion of configuration (Sg2i,y).?%*!

Conclusion

In summary, we have demonstrated a highly enantio-
selective reaction of the configurationally labile o-car-
banions derived from benzyl phenyl selenide and benzyl
2-pyridyl selenide in the presence of bis(oxazoline)s as a
chiral ligand. We established the enantiodetermining
step to be a dynamic thermodynamic resolution. Conve-

(41) This stereochemical pathway is in accord with that in the
reaction of lithiated benzyl 2-pyridyl sulfide, see ref 6.
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FIGURE 5. Geometry optimization of (R)- and (S)-Li-1b—3b complexes.

nient removal of the seleno group from the products
provides an efficient method for the preparation of axially
chiral olefins or a chiral epoxide.

Experimental Section

Preparation of Diselenoacetals: Bis(2-pyridylseleno)-
phenylmethane (1b). To a solution of di(2-pyridyl) diselenide
(1.0 g, 3.18 mmol) in ethanol (10 mL) was added NaBH, (263
mg, 6.94 mmol) at room temperature, and the solution was
stirred for 30 min. Benzal chloride (0.37 mL, 2.88 mmol) was
then added and the solution was heated to reflux for an
additional 24 h. The reaction was quenched with a 1 mol/L
HCI solution and extracted with CH3Cls. The combined organic
extracts were washed with brine, dried over NagSQOy, filtered,
and concentrated under reduced pressure to give a crude oil
that was purified by column chromatography (silica gel 20 g,
hexane/CH,Cly 80/20) to afford 1b (818 mg, 70%). R; 0.20
(hexane/ethyl acetate 80/20); 'H NMR(CDCls) ¢ 6.74 (s, 1H),
6.98—7.66 (m, 10H), 7.76—7.84 (m, 2H), 8.40—8.48 (m, 2H);
13C NMR (CDCl3) ¢ 39.2, 120.7, 125.5, 127.4, 128.0, 128.2,
136.0, 141.1, 149.7, 156.1; IR (KBr) 1570, 1442, 1411, 1273,
1108, 1052 cm™1; MS (EI) m/z 403 (M*). Anal. Caled for
C17H14NoSes: C, 50.51; H, 3.49; N, 6.93. Found: C, 50.49; H,
3.52; N, 6.91.

Enantioselective Reaction of Lithiated Benzyl Phenyl
Selenide (Li-1a) with an Electrophile in the Presence
of a Chiral Ligand: 1,1,2-Triphenyl-2-(phenylseleno)-
ethanol (2a). To a solution of bis(phenylseleno)phenyl-
methane (1a) (27 mg, 0.068 mmol) in cumene (0.45 mL) was
added n-BuLi (0.050 mL, 1.43 mol/L solution in hexane, 0.072
mmol) at —78 °C, and the solution was stirred for 10 min. Bis-
(oxazoline)-"Pr (20 mg, 0.075 mmol) was then added and the
solution was stirred for an additional 10 min. A solution of
benzophenone (15 mg, 0.082 mmol) in cumene (0.20 mL) was
then added. After the mixture was stirred for 5 min, the
reaction was quenched with saturated aqueous NH4Cl and the
aqueous solution was extracted with CH3Cls. The combined
organic extracts were washed with brine, dried over NagSOy,
filtered, and concentrated under reduced pressure to give a
crude oil that was purified by column chromatography (silica
gel 10 g, hexane/ethyl acetate 95/5) affording 2a (18 mg, 62%)
as a colorless solid. Rr 0.36 (hexane/ethyl acetate 90/10); mp
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127—128 °C; [a]?°p +38.8 (¢ 0.40, CHCIl;); 'H NMR 6 3.55 (s,
1H), 5.46 (s, 1H), 6.95—7.30 (m, 18H), 7.59—7.65 (m, 2H); 3C
NMR 6 60.6, 80.6, 125.8, 126.0, 126.3, 126.6, 127.1, 127.6,
128.1, 128.6, 130.2, 135.6, 138.9, 144.2, 146.2; IR (KBr) 3450,
3020, 1492, 1448, 1332, 1171 cm™%; MS (EI) m/z 255 (M* —
PhSeOH). Anal. Caled for CysH22OSe: C, 72.71; H, 5.16.
Found: C, 72.63; H, 5.06. HPLC (Daicel Chiralcel OD-H,
hexane/'PrOH 97/3, 0.5 mL/min) tr 13.8 (R) and 40.2 (S) min
(82% ee).
2-Methyl-1-phenyl-1-(phenylseleno)-2-propanol (2b): R,
0.21 (hexane/ethyl acetate 90/10); [a]%°p +307.9 (¢ 0.42, CHCly);
H NMR 6 1.30 (s, 3H), 1.32 (s, 3H), 4.27 (s, 1H), 5.29 (s, 1H),
7.13—7.45 (m, 10H); 3C NMR 6 27.8, 65.0, 73.5, 126.9, 127.2,
127.8, 128.7, 129.2, 130.2, 133.8, 140.5; IR (neat) 3450, 3057,
2971, 1578, 1476, 1369, 1332 cm1; MS (EI) m/z 289 (M* —
H0). Anal. Caled for C16H150Se: C, 62.95; H, 5.94. Found:
C, 62.95; H, 6.28. HPLC (Daicel Chiralcel OD-H, hexane//PrOH
95/5, 0.5 mL/min) tg 12.3 (R) and 15.5 (S) min (95% ee).
1-[1-Phenyl-1-(phenylseleno)methyl]-1-cyclohexanol
(2¢): R;0.30 (hexane/ethyl acetate 90/10); [a]%p +242.2 (¢ 0.72,
CHCl,); 'TH NMR 6 1.40—1.65 (m, 8H), 1.84—2.00 (m, 2H), 2.10
(s, 1H), 4.25 (s, 1H), 7.09—7.43 (m, 10H); 3C NMR 6 22.1, 22.3,
25.6, 35.5, 37.3, 64.6, 74.0, 126.8, 127.2, 127.8, 128.7, 128.9,
129.4, 134.0, 140.3; IR (KBr) 3483, 2936, 2852, 1578, 1477
cm ™5 MS m/z 329 (M* — H0). Anal. Caled for C19Hs208Se: C,
66.08; H, 6.42. Found: C, 66.13; H, 6.72. HPLC (Daicel
Chiralcel OD-H, hexane/2-propanol 98/2, 0.5 mL/min) ¢tg 14.0
(R) and 18.0 (S) min (95% ee).
1-Phenyl-1-(phenylseleno)ethane (2d):*> Ry 0.22 (hex-
ane); 'H NMR 6 1.74 (d, J = 7.2 Hz, 3H), 4.44 (q, J = 7.2 Hz,
1H), 7.12—-7.48 (m, 10H). HPLC (Daicel Chiralcel OD-H,
hexane, 0.5 mL/min) ¢tg 20.9 and 22.9 min (41% ee).
1-Phenyl-1-(phenylseleno)-1-trimethylsilylmethane (2e):
42043 R 0.29 (hexane); [a]?'p +202.9 (c 0.44, CH.Cly); '"H NMR
5 0.14 (s, 9H), 3.74 (s, 1H), 7.10—7.36 (m, 10H); 3C NMR o
—1.8,38.0,125.1, 126.4, 127.9, 128.1, 128.5, 131.7, 131.9, 142.0;
IR (neat) 3057, 3020, 2955, 2895, 1578, 1476, 1248 cm~; MS

(42) (a) Lapkin, I. I.; Bogoslovskii, N. I. Zh. Obsh. Khim. 1972, 49,
1972—1974. (b) Reich, H.-J.; Shah, S. K. J. Am. Chem. Soc. 1975, 97,
3250—3252. (c) Reich, H. J.; Wollowitz, S.; Trend, J. E.; Chow, F.;
Wendelborn, D. F. JJ. Org. Chem. 1978, 43, 1697—1705.

(43) Reich, H. J.; Shah, S. K. J. Org. Chem. 1977, 42, 1773—1776.
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m/z 320 (M™, 40), 163 (80), 135 (100). Anal. Caled for CigHsgo-
SiSe: C, 60.17; H, 6.31. Found: C, 60.32; H, 6.38. HPLC
(Daicel Chiralpak AD-H, hexane, 0.5 mL/min) ¢g 8.1 (S) and
8.9 (R) min (66% ee).

1,1,2-Triphenyl-2-(2-pyridylseleno)ethanol (2f): R;0.34
(hexane/ethyl acetate 80/20); mp 141 °C; [a]?*p +32.8 (¢ 0.67,
CH:Cly); '"H NMR 6 5.93 (s, 1H), 5.97 (s, 1H), 6.95—7.45 (m,
16H), 7.65—7.75 (m, 2H), 8.45—8.50 (m, 1H); 3C NMR ¢ 58.6,
81.0, 121.1, 125.7, 126.0, 126.4, 125.4, 127.3, 127.5, 127.8,
129.9, 136.7, 139.6, 144.7, 147.8, 148.3, 152.8; IR (KBr) 3200,
1577, 1451, 1413, 1109, 1049 cm™~'; MS (EI) m/z 255 (PhCH=
CPhy"). Anal. Calced for Co5H21NOSe: C, 69.76; H, 4.92; N, 3.25.
Found: C, 69.73; H, 4.70; N, 3.32. HPLC (Daicel Chiralcel OD-
H, hexane/2-propanol 80/20, 0.5 mL/min) ¢r 14.8 (R) and 19.5
(S) min (77% ee).

Conversion of 2a to (R)-5. To a solution of the seleno
alcohol 2a (128 mg, 0.298 mmol) in nitromethane (2 mL) was
added trimethyloxonium tetrafluoroborate (88 mg, 0.596 mmol)
at room temperature and the mixture was stirred for 45 min.
Then the mixture was added to a methanol (1 mL) solution of
potassium carbonate (82 mg, 0.596 mmol). After 1 h, a
saturated aqueous NaCl solution was added and the mixture
was extracted with CH2Cly. The combined organic extracts
were dried over NasSQy, filtered, and concentrated under
reduced pressure to give a crude oil that was purified by
column chromatography (silica gel 10 g, hexane/ethyl acetate
95/5) affording (R)-5 (38 mg, 47%). Ry 0.39 (hexane/ethyl
acetate 90/10); [a]p?® —36.0 (83% ee, ¢ 0.76, EtOH) [lit.?! [a]p?®
—43.2 (¢ 0.82, EtOH)]; '"H NMR 06 4.33 (s, 1H), 7.00—7.40 (m,
15H).

Conversion 2f to (S)-5. To a solution of the seleno alcohol
2f (66% ee, 60 mg, 0.139 mg) in CHyCl; (1 mL) was added
m-chloroperbenzoic acid (172 mg, 70% purity, 0.697 mmol) and
the solution was stirred for 5 min at room temperature. A 1
mol/LL aqueous NaOH solution (3 mL) was added and the
mixture was stirred for 12 h. Workup and purification as above
gave (S)-5 (4 mg, 10%). HPLC (Daicel Chiralcel OD-H, hexane/
2-propanol 95/5, 1.0 mL/min) ¢ 5.1 (S) and 10.2 (R) min (58%
ee).

(S)-1-[1-Phenyl-1-(phenylseleno)methyl]-4-tert-butyl-
cyclohexan-1-ol (cis- and trans-6): cis-6: R;0.34 (hexane/
ethyl acetate 90/10); mp 94—95 °C; [a]®p +208.3 (¢ 1.62,
CHCI;); '"H NMR 6 0.82 (s, 9H), 1.25—1.58 (m, 8H), 1.99—2.10
(m, 1H), 2.11 (s, 1H), 4.19 (s, 1H), 7.15—7.40 (m, 10H, Ar); 13C
NMR ¢ 22.7,22.9, 27.7, 32.4, 35.6, 37.4,47.5, 65.7, 73.5, 126.8,
127.2, 127.7, 128.7, 129.4, 130.4, 133.8, 140.3; IR (KBr) 3449,
3056, 2956, 2865, 1578, 1479, 1435, 1364, 1262, 1245, 1074,
963, 729, 700, 688 cm~!; MS (FAB) m/z 385 (M™ — OH). Anal.
Caled for Co3H300Se: C, 68.81; H, 7.53. Found: C, 68.59; H,
7.75. HPLC (Daicel Chiralpak AD-H, hexane/PrOH 96/4, 0.5
mL/min) ¢g 15.2 (R) and 19.9 (S) min (86% ee). trans-6: Ry 0.23
(hexane/ethyl acetate 90/10); [a]?°p +183.4 (¢ 0.97, CHCl3); 'H
NMR 6 0.75 (s, 9H), 0.96—1.52 (m, 8H), 2.01 (s, 1H), 2.45—
2.54 (m, 1H), 4.45 (s, 1H), 7.06—7.33 (m, 10H); 3C NMR 0o
23.9,24.4,27.7,32.4,36.7,39.4,47.1,57.1, 74.7, 126.7, 127.3,
127.9, 128.6, 129.1, 130.1, 134.8, 140.3; IR (neat) 3446, 3058,
3024, 2945, 2867, 1475, 1453, 1437, 1365, 1074, 1053, 736, 692
cm~1; MS (FAB) m/z 385 (M* — OH). Anal. Calcd for Ce3Hso-
OSe: C, 68.81; H, 7.53. Found: C, 68.53; H, 7.81.

(S)-1-[1-Phenyl-1-(phenylseleno)methyl]-4-methylcy-
clohexan-1-ol (cis- and trans-7): cis-7: R;0.35 (hexane/ethyl
acetate 85/15); mp 73.5—74.5 °C; [a]?°p +272.4 (¢ 1.65, CHCly);
H NMR 6 0.87 (d, 3H, J = 5.6 Hz), 1.20—1.60 (m, 8H), 1.97—
2.05 (m, 1H), 2.08 (s, 1H), 4.19 (s, 1H), 7.12—7.38 (m, 10H);
13C NMR 6 22.3, 30.4, 30.5, 32.0, 35.2, 36.9, 65.6, 73.5, 126.8,
127.2,127.7, 128.7, 129.4, 130.3, 133.9, 140.3; IR (KBr) 3481,
3057, 3025, 2921, 2852, 1578, 1491, 1476, 1438, 1371, 1158,
1022, 987, 737, 700, 662 cm™1; MS (FAB) m/z 343 (M* — OH).
Anal. Calced for CyoHg4OSe: C, 66.84; H, 6.73. Found: C, 66.65;
H, 6.95. HPLC (Daicel Chiralcel OD-H, hexane//PrOH 99/1,
0.5 mL/min) tg 16.8 (R) and 24.6 (S) min (91% ee). trans-7: Ry
0.24 (hexane/ethyl acetate 85/15); [a]?’p +267.0 (¢ 1.25, CHCly);
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H NMR ¢ 0.87 (d, 3H, J = 6.4 Hz), 1.00—1.75 (m, 8H), 2.13
(s, 1H), 2.23—2.30 (m, 1H), 4.45 (s, 1H), 7.13—-7.40 (m, 10H);
13C NMR 6 20.8, 30.7, 31.1, 34.9, 37.2, 59.2, 74.5, 126.7, 127.3,
127.8, 128.6, 129.2, 130.1, 134.7, 140.4; IR (neat) 3446, 3059,
2925, 2855, 1455, 1375; 1156, 1045, 989, 737, 700 cm™!; MS
(FAB) m/z 385 (M™ — OH). Anal. Calcd for CyH240Se: C,
66.84; H, 6.73. Found: C, 66.71; H, 6.93.

(S)-1-[1-Phenyl-1-(phenylseleno)methyl]-4-phenylcy-
clohexan-1-ol (cis- and trans-8): cis-8: R;0.25 (hexane/ethyl
acetate 90/10); mp 132—133 °C; [a]?5p +199.1 (c 0.53, CHCly);
HNMR 6 1.12—2.42 (m, 8H), 2.01—-2.10 (m, 2H), 4.26 (s, 1H),
7.10—7.40 (m, 15H); *C NMR 6 29.4, 29.6, 35.4, 37.0, 43.7,
65.8,73.2,125.8, 126.6, 126.9, 127.3, 127.9, 128.1, 128.7, 129.5,
130.3, 133.9, 140.1, 146.6; IR (KBr) 3577, 3066, 3023, 2928,
1492, 1474, 1438, 1136, 977, 756, 737, 701, 669 cm™1; MS (FAB)
m/z 405 (M* — OH). Anal. Caled for Co5H260Se: C, 71.25; H,
6.22. Found: C, 70.96; H, 6.51. HPLC (Daicel Chiralpak AD-
H, hexane/'PrOH 95/5, 0.75 mL/min) ¢z 19.5 (R) and 25.6 (S)
min (90% ee). trans-8: Ry 0.16 (hexane/ethyl acetate 90/10);
[a]?p +154.3 (¢ 0.37, CHCly); 'H NMR 6 1.45—1.90 (m, 7H),
2.26 (s, 1H), 2.56—2.63 (m, 2H), 4.63 (s, 1H), 7.14—7.40 (m,
15H); 3C NMR 6 30.3, 30.8, 36.3, 38.8, 42.8, 57.7, 74.4, 125.9,
126.5, 126.8, 127.5, 128.0, 128.2, 128.7, 128.9, 129.1, 134.9,
140.2, 145.6; IR (neat) 3446, 3058, 3025, 2928, 2858, 1578,
1493, 1475, 1451, 1437, 1074, 1046, 738, 698 cm™1; MS (FAB)
m/z 405 (M* — OH). Anal. Caled for Co5H260Se: C, 71.25; H,
6.22. Found: C, 71.05; H, 6.42.

Typical Procedure for the Preparation of Chiral
Benzylidenecyclohexanes: (M)-1-Benzylidene-4-tert-bu-
tyleyclohexane [(M)-91.28 To a solution of cis-6 (77 mg, 0.19
mmol) in CHyCls (1.9 mL) was added methanesulfonyl chloride
(0.31 mL, 3.9 mmol) at 0 °C and the solution was stirred for
30 min. Triethylamine (1.3 mL, 9.3 mmol) was then added and
the reaction mixture was stirred for 1 h. The cooling bath was
removed and the mixture was stirred for an additional 1 h at
room temperature. The reaction was quenched with saturated
aqueous NH4Cl and extracted with CH3Cls. The combined
organic extracts were washed with brine, dried over NasSOy,
filtered, and concentrated under reduced pressure to give a
crude oil that was purified by column chromatography (silica
gel 25 g, hexane) to afford (M)-9 (39 mg, 89%). [al?°p —37.4 (c
0.59, CH;0H) [lit. (P-isomer): [o]™p +43.3 (¢ 1.23, CH;0H)];
TH NMR 6 0.86 (s, 9H), 0.95—1.27 (m, 3H), 1.80—1.97 (m, 3H),
2.12—2.27 (m, 1H), 2.35—2.43 (m, 1H), 2.93—-3.02 (m, 1H), 6.21
(s, 1H), 7.16—7.33 (m, 5H). HPLC (Daicel Chiralcel OD-H,
hexane, 0.2 mL/min) ¢tg 27.8 (R) and 33.5 (S) min (86% ee).

(M)-1-Benzylidene-4-methylcyclohexane [(M)-10]:%8 [a]*°p
—36.5 (¢ 0.84, CH30H) [lit. (P-isomer): [a]*p +40.2 (¢ 0.33,
CH;0H)]; '"H NMR 6 0.92 (d, 3H, J = 6.4 Hz), 0.88—1.19 (m,
2H), 1.54—1.70 (m, 1H), 1.73—2.00 (m, 3H), 2.15—2.40 (m, 2H),
2.82—-2.90 (m, 1H), 6.22 (s, 1H), 7.16—7.29 (m, 5H). HPLC
(Daicel Chiralcel OD-H, hexane, 0.2 mL/min) ¢z 29.0 (R) and
40.1 (S) min (91% ee).

(M)-1-Benzylidene-4-phenylcyclohexane [(M)-11]:2 [o]%
—36.5 (c 0.84, CH30H) [lit. (P-isomer): [a]'p +110.2 (¢ 0.67,
CH;0H)]; 'H NMR 6 1.49—1.76 (m, 2H), 1.94—-2.12 (m, 3H),
2.31-2.53 (m, 2H), 2.68—2.83 (m, 1H), 3.00—3.07 (m, 1H), 6.30
(s, 1H), 7.17—7.32 (m, 10H). HPLC (Daicel Chiralcel OD-H,
hexane, 0.5 mL/min) ¢g 31.0 (R) and 41.1 (S) min (90% ee).
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