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Effects of reaction temperature and acyl group for
lipase-catalyzed chiral binaphthol synthesis
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Abstract—Candida antarctica lipase-catalyzed hydrolysis of O-butyryl-BINOL [(±)-3] or O-butyryl-6,6 0-dibromo-BINOL [(±)-5]
yielded optically active BINOL [(R)-1] or 6,6 0-dibromo-BINOL [(R)-4] with high enantiomeric excess at 80 �C. Reaction tempera-
ture and acyl group of substrate had a great influence on the reactivity and enantioselectivity, respectively, of lipase-catalyzed hydro-
lysis for chiral binaphthol synthesis.
� 2006 Elsevier Ltd. All rights reserved.
Chiral 2,2 0-dihydroxy-1,1 0-binaphthyl (BINOL) deriva-
tives have been widely used as chiral ligands of catalysts
for asymmetric synthesis.1 Illustration of recent asym-
metric reactions using BINOL ligands are alkynylation
of aldehydes,2 hydrogenation of olefines and allylic
alkylation,3 cyanation of aldehydes,4 Mannich-type
reactions,5 Diels–Alder reactions,6 Michael and epoxi-
dation reactions,7 aldol reactions,8 and addition of
diethyl zinc to benzaldehyde.9 Additionally, chiral
BINOL derivatives have received much attentions in
the context of chiral resolving agent,10 chiral host com-
pounds,11 liquid crystals,12 and chiral polymers,13 that
include the biaryl unit.

A wide range of oxidative coupling methods for the
preparation of chiral BINOL derivatives have been
developed in the presence of chiral transition metal
catalyst, for example, diamine-copper(I),14 schiff-cop-
per(I),15 amino ester-oxovanadium(IV)16 and salen-
ruthenium complexes.17 Recently, palladium-catalyzed
kinetic resolution of 1,1 0-biaryls by alcoholysis of their
vinyl ethers has been reported.18 However, synthesis of
BINOL vinyl ethers need hard condition or expensive
reagent. For another approach to chiral BINOL deriva-
tives, chemical19 and enzymatic20 resolution of racemic
mixtures have been reported. Although lipases have
been widely employed as catalysts in the synthesis of
extensive optically active compounds in comparison
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with other enzymes, BINOL derivatives can be resolved
only by lipase from Pseudomonas species.20a,b It can be
seen that reactivity of BINOL in the presence of lipase
catalyst is affected by steric hindrance of bulky binaph-
thyl ring. Our previous work demonstrated that
lipase-catalyzed amidation of 1,1 0-binaphthyl amines
or esters was also ineffective in the case of amino or ester
groups directly bonded to the aromatic ring, whereas the
enzymatic resolution was successful when the amino or
ester group was located on the alkyl side chain.21

Candida antarctica lipase B (CALB) can induce high
enantioselectivity on a broad range of substrates,22

including secondary alcohols23 and other compounds.
CALB is an interesting lipase with potential application
in a number of industrial processes such as the synthesis
of triglycerides,24 esterification of terpenic alcohols,25

etc. In addition, immobilized CALB is thermostable
and can be used at 60–80 �C for long periods of time
without loss of activity.26 Consequently, the applicabil-
ity of immobilized CALB-catalyzed resolutions using
BINOL derivatives at high temperature became an area
of research interest.

Racemic mixtures of 2-acetoxy-2 0-hydroxy-1,1 0-binaph-
thyl (±)-2 and 2-butyroxy-2 0-hydroxy-1,1 0-binaphthyl
(±)-3 were synthesized by known procedures.20b,27

6,60-Dibromo-2-butyroxy-20-hydroxy-1,10-binaphthyl (±)-
5 was obtained from BINOL via two steps (Scheme 1).28

At first, we chose cyclopentyl methyl ether (CPME) as
a solvent of lipase-catalyzed hydrolysis, because the
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Scheme 1. Synthesis of substrate (±)-5.
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Figure 1. Time conversion for CALB-catalyzed hydrolysis of (±)-2 at
various temperatures.
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chemical properties of CPME is similar to methyl tert-
butyl ether (MTBE) and diisopropyl ether (DIPE) which
are very useful for solvent of enzymatic resolutions. In
addition, CPME has high boiling point (106 �C) and
can be used at high temperature in lipase-catalyzed
hydrolysis. As shown in Table 1, CALB-catalyzed
hydrolysis of (±)-2 was initially attempted at
30 �C.29,30 However, (±)-2 was not a substrate of choice
at 30 �C condition (entry 1). In the case of 60 �C condi-
tion, hydrolysis of (±)-2 proceeded to 35% yield after
96 h (entry 2), with poor selectivity (28% ee). The reac-
tion rate at 80 �C was more rapid than 60 �C condition
(entry 3). When the reaction temperature was increased,
the reaction rate evidently increased as shown in Figure
1. However, enantioselectivity of (±)-2 was not satisfac-
tory (Fig. 2).

Next, (±)-3 was used as substrate of enzymatic hydro-
lysis with the view of high enantioselective resolution.
Similar to the lipase-catalyzed hydrolysis of (±)-2, ester
(±)-3 was not a substrate under 30 �C condition (Table
1, entry 4). In the case of 60 �C condition, hydrolysis of
(±)-3 proceeded at a low reaction rate, although this
reaction gave high enantioselectivity (entry 5). CALB-
catalyzed hydrolysis of (±)-3 at 80 �C proceeded to
43% yield after 72 h (entry 6), with high enantioselectiv-
ity (91% ee). As shown in Figure 3, temperature effect
for hydrolysis of (±)-3 was shown more evidently than
hydrolysis of (±)-2. In addition, enantioselectivity with
(±)-3 was higher than that with (±)-2 (Fig. 4). It could
Table 1. Effects of temperature and acyl group for CALB-catalyzed hydroly

OH
CALB

n-BuOH
CPME

(±) -2 or 3 (R)-1

O R

O

30 ~ 80 oC

Entry Substrate Temperature (�C) Time (h)

Yield

1 (±)-2 30 96 Not d
2 (±)-2 60 96 35
3 (±)-2 80 48 52
4 (±)-3 30 96 Not d
5 (±)-3 60 96 12
6 (±)-3 80 72 43

a Reaction conditions: 0.0672 mmol of substrate, 0.672 mmol of n-butanol,
substance).

b Determined by internal standard method of HPLC using Chiralcel OG (25
c Configuration and enantioselectivity were determined by HPLC analysis us
d E = ln[(eep(1 � ees))(eep + ees)

�1] /ln[(eep(1 + ees))(eep + ees)
�1]; see Ref. 31
be seen that enantioselectivity of monoacylated BINOL
in the presence of CALB catalyst was affected by alkyl
size of the substituted acyl group.

We optimized the solvents for the reaction at 80 �C con-
dition. As shown in Table 2, toluene resulted in the
excellent yields (entries 7, 8), with higher enantioselectiv-
ities than hydrolysis using CPME. Hydrolysis conver-
sions using other solvents were very low (entries 1–6),
although these reactions afforded high enantioselectivi-
ties, with the exception of using N,N-dimethylform-
amide (DMF). The scale-up reaction in toluene was
carried out at 100 �C in order to obtain the isolated
sis of (±)-2 and 3a

OHOH
+

(S)-2 or 3

OH O R

O

3: R = n-Pr
2: R = Me

Diol (R)-1c Monoester (S)-2 or 3c E valued

(%)b ee (%)c Yield (%)b ee (%)c

etected Recovery —
28 65 14 2
23 48 24 2

etected Recovery —
99 88 16 233
91 57 65 42

40 mg of CALB, 2 mL of CPME, 2.0 mg of acetophenone (standard

4 nm, 0.5 mL/min, n-hexane/IPA = 15:1).
ing Chiralcel OG (254 nm, 0.5 mL/min, n-hexane/IPA = 15:1).
.



Table 2. Effect of solvents for CALB-catalyzed hydrolysis of (±)-3 and 2 at

OH
CALB

n-BuOH
Org. Solv.

(±) -3 or 2 (R

O R

O

80 oC

Entry Substrate Solventb Time (h) D

Yield (%

1 (±)-3 Dioxane 72 7
2 (±)-3 CH3CN 72 5
3 (±)-3 MEK 72 6
4 (±)-3 DMF 72 7
5 (±)-3 1,2-DCE 72 7
6 (±)-3 n-BuOH 72 5
7 (±)-3 Toluene 72 51
8 (±)-2 Toluene 36 53

cf. (±)-3 CPME 72 43
(±)-2 CPME 48 52

a Reaction conditions: 0.0672 mmol of substrate, 0.672 mmol of n-butanol
substance).

b MEK: methylethylketone, DMF: N,N-dimethylformamide, 1,2-DCE: 1,2-d
c Determined by internal standard method of HPLC analysis using Chiralce
d Configuration and enantioselectivity were determined by HPLC analysis u
e E = ln[(eep(1 � ees))(eep + ees)

�1] /ln[(eep(1 + ees))(eep + ees)
�1]; see Ref. 31
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Figure 3. Time conversion for CALB-catalyzed hydrolysis of (±)-3 at
various temperatures.
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Figure 4. Conversion versus ee plots for CALB-catalyzed hydrolysis of
(±)-3 at 80 �C.
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Figure 2. Conversion versus ee plots for CALB-catalyzed hydrolysis of
(±)-2 at 80 �C.
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chiral BINOLs and to decrease the amount of CALB.32

This reaction temperature could permit high isolated
yield [(R)-1, 51%; (S)-3, 48%] with high enantioselectivity
[(R)-1, 92% ee; (S)-3, 93% ee] even at half amount of
CALB in comparison with 80 �C condition.

Finally, in order to compare the reactivity of (±)-3,
lipase-catalyzed hydrolysis was carried out using 6,6 0-di-
bromo substituted (±)-5.33 The hydrolysis of (±)-5 gave
(R)-4 with moderate enantioselectivity (68% ee),
although this reaction took place more rapidly than
(±)-3 (Table 3, entry 1). To explore the effect of alcohol-
ysis agent, we examined reaction of (±)-5 using alcohol
other than the n-butanol. Although 2-chloroethanol was
the best alcoholysis agent in terms of enantioselectivity
80 �Ca

OHOH
+

)-1 (S)-3 or 2

OH O R

O

3: R = n-Pr
2: R = Me

iol (R)-1d Monoester (S)-3 or 2d E valuee

)c ee (%)d Yield (%)c ee (%)d

99 93 7 213
99 95 4 207
99 94 7 213

4 93 1 1
99 93 7 213
99 95 3 205
93 49 92 91
48 47 47 4

91 57 65 42
23 48 24 2

, 40 mg of CALB, 2 mL of solv., 2.0 mg of acetophenone (standard

ichloroethane.
l OG (254 nm, 0.5 mL/min, n-hexane/IPA = 15:1).
sing Chiralcel OG (254 nm, 0.5 mL/min, n-hexane/IPA = 15:1).
.



Table 3. Effect of alcoholysis agent for CALB-catalyzed hydrolysis of (±)-5 at 80 �Ca

OH OH
CALB

alcoholysis agent OH
+

toluene

(±) -5 (R)-4 (S)-5

O

O

OH O

O

80 oC

Br

BrBr

BrBr

Br

Entry Substrate Alcohol Time (h) Diol (R)-4c Monoester (S)-5c E valued

Yield (%)b ee (%)c Yield (%)b ee (%)c

1 (±)-5 n-BuOH 48 48 68 52 63 10
2 (±)-5 n-BuOH 72 61 62 39 97 17
3 (±)-5 PhCH2OH 48 54 79 46 94 30
4 (±)-5 ClCH2CH2OH 178 34 92 66 47 38

cf. (±)-3 n-BuOH 72 51 93 49 92 91

a Reaction conditions: 0.0672 mmol of substrate, 0.672 mmol of alcohol, 40 mg of CALB, 2 mL of toluene, 2.0 mg of acetophenone (standard
substance).

b Determined by internal standard method of HPLC analysis using Chiralcel OD (254 nm, 0.5 mL/min, n-hexane/IPA = 9:1).
c Configuration and enantioselectivity were determined by HPLC analysis using Chiralcel OD (254 nm, 0.5 mL/min, n-hexane/IPA = 9:1).
d E = ln[(eep(1 � ees))(eep + ees)

�1] /ln[(eep(1 + ees))(eep + ees)
�1]; see Ref. 31.
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((R)-4, 92% ee), rate of alcoholysis reaction was slower
than n-butanol condition (entry 4).

In conclusion, we have found that the CALB-catalyzed
hydrolysis reactions at high temperature (80 �C) of
monoacylated binaphthols are able to give chiral BI-
NOLs. It is proved that these reactions are influenced
by the reaction temperature and configuration of the
substituted acyl group. The hydrolysis of butyryl group
containing (±)-3 in toluene at 80 �C was the optimum
condition. Hydrolysis of 6,6 0-dibromo substituted (±)-
5 gave high enantioselectivity by the use of 2-chloroeth-
anol as alcoholysis agent. Currently, this method is
applied to the CALB-catalyzed resolution of amino
and ester substituted 1,1 0-binaphthyls.
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