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Enantiopure alcohols are very important structural units for the
synthesis of a wide range of natural products, chiral ligands, and
biologically active compounds1 that can be available by kinetic
resolution of racemic andmeso secondary alcohols through
acylation or deacylation catalyzed by enzymes.2 Nonenzymatic

kinetic resolution (NKR) of racemic alcohol is the alternative for
the enzymatic process, which is considered to be a challenging
issue in organic synthesis. Recently, significant progress has been
made in the literature for NKR of racemic andmesosecondary
alcohols using chiral or achiral acylating agents.3 However, most
of the methods suffered from the multistep synthesis of chiral
auxiliaries and often provided only moderate enentioselectivities
(s ) selectivity factor4 < 20). In this communication, for the first
time we report high enantioselective nonenzymatic kinetic resolu-
tion of secondary alcohols through SN2 displacement of the
hydroxy group by halogen ions with halogenating agents in the
presence of commercially available chiral diphosphine BINAP
1.5

At the outset, we have chosen commercially available (()-
trans-2-phenylcyclohexan-1-ol6 (TPCH)6 as a model substrate,
which was subjected to the kinetic resolution withN-chlorosuc-
cinimide (NCS, 1.0 equiv to TPCH) in the presence of (S)-BINAP
(0.3 equiv, stoichiometric amount of phosphorus) in THF at
ambient temperature (eq 1). The reaction was found to be very

fast and highly enantioselective (s ) 46 and conversion (C) )
49%). After 6 min, 42% of alkyl chloride (1R,2R)-cis-7 (89%
ee) and 40% of alcohol (1R,2S)-trans-6 (85% ee) were isolated.
BINAP was recovered as BINAP bisoxide3 in 92% yield without
any racemization (>99.9% ee),7 which can be reused after
reduction.8 In this reaction, the hydroxy group of (1S,2R)-
enantiomer of the racemic alcohol was selectively replaced by
chloride ion through SN2 reaction to producecis-alkyl chloride.9

A wide-ranging solvent study showed that both the conversion
and enantioselectivity (s) of the NKR of (()-TPCH are highly
dependent on solvent (Table 1). Although we have not yet been
able to correlate enantioselectivity with any single solvent
parameter, it is clear that THF is the solvent of choice as it gave
highest selectivity and conversion (entry 7). Several halogenating
agents such asN,N-dichlorourethane (DCU),N-bromosuccinimide
(NBS), andN-bromoacetamide (NBA) were tested for the kinetic
resolution of (()-TPCH with (S)-BINAP. Although all of the
reactions proceeded smoothly to give corresponding products,
NCS was found to be superior to all in the view of enantiose-
lectivity (Table 1, entries 7-10).

We next studied the effect of the ratio of chiral BINAP and
NCS in the NKR of (()-TPCH at room temperature; the approach
proved to be fruitful. We were surprised to observe that the
selectivity and conversion were highly dependent on the amount
of BINAP and NCS used. Even by only changing the amount of
NCS, the selectivity and conversion of the reaction can be
controlled to some extent. Usage of 2-3-fold excess NCS (with
respect to BINAP) dramatically increased the enantioselectivity.
For example, in the presence of 1 equiv of NCS, 0.3 equiv of
(S)-BINAP gave highest selectivity (s ) 46 andC ) 49%). In
the same way, considerably good selectivity was obtained when
0.4 equiv of (S)-BINAP and 0.9 equiv of NCS were used (s )
35 andC ) 55.1%). When we used more than 0.4 equiv of
BINAP, the reaction proceeded with poor enantioselectivity. For
example, in the presence of 0.5 equiv of BINAP and 1.1 equiv
of NCS the selectivity was dropped to 6 (C ) 76%). In the same
way, s is 12 (C ) 69.7%) when 1.1 equiv of BINAP and NCS
were used.

When the NKR of (()-TPCH was carried out with other
commercially availableC2-symmetric chiral diphosphines such
as (+)-DIOP 4 and (+)-Norphos5 with NCS, the enantioselec-
tivities were dramatically dropped to 1 and 3, respectively (Table
2). These results clearly show that the bulkiness of naphthyl
moiety of BINAP plays an important role in the transition state
to provide very high enantioselectivity. We also found that the
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enantioselectivity of NKR is highly temperature-dependent. The
enantioselectivity was increased as the temperature decreased. For
example, the selectivity was drastically increased to 66 and 253
from 46 when the reaction temperature was reduced to-10 °C
and-74 °C, respectively (Table 2, entries 1, 4, and 5).

Using the optimized reaction conditions, a wide range ofâ-aryl-
and alkyl-substituted cyclic secondary alcohols were resolved with
very high enantioselectivities. When the reactions were allowed
for more than 50% conversion, excellent enantiomeric excesses
were obtained for the recovered alcohols (Table 3). All of the
â-aryl-substituted cyclohexanols are recovered in 95-99% enan-
tiomeric excess with excellent enantioselectivities (s ) 13-118,
entries 1-8). (+)-2-Phenylcyclooctan-1-ol was recovered with
88% ee (s) 13, entry 10).â-Alkyl-substituted cyclohexanol gave
moderate selectivity (s ) 15, entry 9). As expected, acyclic
secondary alcohol gave poor enantioselectivity (s ) 2, entry 11).
This could be because of the less steric hindrance, which occurs
in the transition state. In the same way, excellent enantiomeric
excess were observed for alkyl chlorides when the conversion of
the NKR was controlled to be less than 50%.10 Importantly, to
obtain comparatiVelyVery high ee for both the recoVered alcohol
and alkyl chloride (exactly 50% conVersion), the reaction
conditions should be thoroughly optimized for each particular
racemic alcohol.

Although at this movement the mechanism of the present
reaction is not very clear, we assume that the reaction proceeds
through an ionic phosphonium-alkoxide intermediate (quaternary
phosphonium salt) in which the chloride ion attacks the alkoxide
in SN2 fashion to providecis-alkyl chloride and bisoxide3. This
was supported as3 was recovered after the reaction. When the
reaction 1 was carried out with monoxide2,11 the reaction was
much faster than the BINAP-mediated reaction with moderate
enantioselectivity.12 These observation suggests that the formation

of monoalkoxide-phosphonium ion intermediate gives BINAP
monoxide2, which might be immediately getting conversion to
bisoxide3 through the same alkoxide-phosphonium ion interme-
diate (stepwise mechanism). However, the detailed studies on the
mechanism are under progress.

In conclusion, we have demonstrated highly enantioselective,
novel nonenzymatic kinetic resolution of cyclic secondary alcohols
by using chiral BINAP. To the best of our knowledge, this is the
first report in the literature for kinetic resolution of secondary
alcohols through selective SN2 displacement of hydroxy groups
by halogen ions (s) up to 253). Further investigations to broaden
the scope and synthetic application of this new enantioselective
NKR and to detail the mechanistic study are under progress. It is
hoped that due to its economic and very high enantioselectivity,
the NKR described herein will enjoy many new applications in
the enantioselective organic synthesis.13
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Table 1. Effect of Solvents and Various Halogenating Agents in
the NKR of (()-TPCH with (S)-BINAPa

entry solvent halogenating agent time C (%)b sb

1 hexane NCS 2.0 h 40.0 3
2 CH2Cl2 NCS <10 min 42.6 17
3 ether NCS 7.5 h 38.6 9
4 CH3CN NCS 7.0 h 38.8 14
5 CHCl3 NCS 7.0 h 7.7 7
6 benzene NCS <10 min 31.0 7
7 THF NCS <10 min 48.2 32
8 THF DCUc <10 min 34.4 18
9 THF NBS 7.0 h 38.8 14

10 THF NBA <10 min 20.2 19

a Molar ratio of TPCH/BINAP/halogenating agent) 1.0: 0.8: 0.8
in 2 mL of solvent.b For the calculation ofC and s values, see the
Supporting Information.c 0.4 equiv of DCU was used.

Table 2. NKR of (()-TPCH with VariousC2-Symmetric
Diphosphine Ligands and NCS, and Effect of Temperaturea

entry diphosphine temperature time C (%) s

1 1 rt 6 min 49.0 46
2 4 rt 3.5 h 91.7 1b

3 5 rt 10 min 46.3 3b

4 1 -10 °C-rt 12 h 36.7 66
5 1 -74 °C-rt 12 h 35.8 253

a Molar ratio of TPCH/diphosphine/NCS) 1.0: 0.3: 1.0 in THF.
b (1S,2S)-cis-7 and (1S,2R)-trans-6 are the major enantiomers.

Table 3. NKR of Variousâ-Aryl- and Alkyl-Substituted
Secondary Alcohols with (S)-BINAP and NCSa

a Molar ratio of alcohol/NCS/BINAP) 1.0:0.9:0.4 unless noted;
room-temperature reactions were stirred for 10 min, and lower-
temperature reactions were allowed to stir overnight. For the reactions
illustrated in this table, the enantiomeric excess ofcis cyclic alkyl
chloride ranges from 56-94%. b Calculated from conversion.c Deter-
mined by HPLC analysis using chiral columns unless otherwise noted.
d Determined by comparison of the sign of its optical rotation with
literature values; see Supporting Information for more details.e Ee was
determined by GC analysis using Supelcoâ-DEX 120 chiral capillary
column. f 1.5 equiv of NCS was used.g Not determined.h Expected to
be (1R,2S) based on the same analogy.
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