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Dynamic kinetic resolution (DKR) is among the most
practical methods for the transformation of racemates to
single enantiomers.!’ DKR can provide high yields and
excellent enantiopurities, both approaching 100%, which
are difficult to achieve with classical kinetic resolution
(KR).” In the past decade, enzymatic resolution coupled
with metal-catalyzed racemization has been explored as a new
strategy for DKR. Now several procedures are available for
the DKR of racemic alcohols® and amines."! The wider
applications of these DKR procedures in organic synthesis,
however, can be hampered by the narrow specificity, moder-
ate enantioselectivity, and low activity of the enzyme
employed. Therefore, it is of great importance to develop a
highly active enzyme having high enantioselectivity toward a
wide range of substrates for DKR. We herein report that
ionic-surfactant-coated = Burkholderia  cepacia  lipase
(ISCBCL) has great potential as such an excellent enzyme.

Commercially available Burkholderia cepacia lipase
(BCL; brand names: Lipase PS and Lipase PS-C) displays

Table 1: Activities of lipases.?!

Entry Lipase Amount Activity®! Activation
of 4 [wt %] [mMMh™]

1 Lipase PS4 - 0.24

2 Lipase PS-CH 1.1x10

3 Novozym 435 - 1.2x10?

4 ISCBCLH 13 6.4x10 2.7x10°

5 ISCBCL" 13 1.4x 10 6.0x 10

6 ISCBCL" 23 2.5x10° 1.0x10°

[a] The activities were measured with solutions containing 1-phenyl-
ethanol (0.50m), enzyme (1.0 mg), and isopropenyl acetate (1.5 equiv)
in toluene at 25 °C. Rate measurements were done twice for each enzyme
preparation. [b] Initial rate per mg of enzyme preparation. [c] Crude
enzyme. [d] Ceramic-supported enzyme. [e] Lyophilized in 1:1 (v/v)
water-THF. [f] Lyophilized in 1:1 (v/v) water-dioxane.
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significantly lower activity than Candida antarctica lipase B
(CALB; brand name: Novozym 435) (Table 1, entries 1-3);
the latter has been most frequently employed in the metallo-
enzymatic DKR. Fortunately, we have developed a practical
approach for enhancing its activity dramatically. In a typical
procedure, buffer-free soluble BCL (24% protein),” pre
pared from its crude preparation (Lipase PS), was lyophilized
in the presence of an ionic surfactant 4 (Scheme 1) to yield
ISCBCL. The activity of ISCBCL was dependent on the

(@) OMe Br\/\o/\/o\/\o/\ (¢] OMe
K,CO3, [18]crown-6
acetone, reflux, 48 h
’ ’ RO OR
HO OH 88%
1 R = (CH,CH,0)3Et
2
O _OK*
1. KOH, EtOH, RT
2. HCI KOH EtOH
quantltatlve yield quantitative y|e|d OR
= (CH,CH,0)3Et R = (CH,CH,0)3Et
3 4

Scheme 1. Preparation of ionic surfactant.

amount of 4 added and the type of solvent system used for
lyophilization (Table 1, entries 4-6). The most active ISCBCL
(18 % protein), lyophilized in the presence of 0.30 mass equiv
(23wt%) of 4 in 1:1 (v/v) water—dioxane cosolvent system,
displayed three orders of magnitude higher activity!® than its
crude counterpart (Table 1, entry 6). It was more active than
Novozym 435 (20 % protein).

The ISCBCL showed excellent performance in the DKRs
of 1-phenylethanol with three ruthenium complexes (7-9) as
the racemization catalysts (Table 2). The ISCBCL-catalyzed
DKR with complex 77! proceeded most rapidly and reached
completion at room temperature within 1hour (Table 2,
entry 1). The corresponding DKR with complexes 8! and 9!
also proceeded well but the reactions were complete in 2 h
(Table 2, entries 2 and 3, respectively). Previously, the fastest
DKR of 1-phenylethanol took 3 h and was performed with
Novozym 435 and 7 or 9.7) It has been known that
Novozym 435 impedes the ruthenium-catalyzed racemiza-
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Table 2: DKR of 1-phenylethanol with ISCBCL Ll

OH
Ru cat.
)\© _IscBCL )\©
T ea
5 toluene, RT
ArQ—OCOAf Ph@—NH/Pr Ph@—Ph
Ru_ Ru Ru
08¢ e o¢ e 9% el
Ar = Ph-p-OMe 8 9
7
Entry Ru cat. t[h] Yield [%] ee [%6]
1 7 1 95 99
2 8 1(2) 75 (95) 99
3 9 1(2) 85 (97) 99

[a] Performed with solutions containing substrate (1.0 mmol), ISCBCL
(23 wt% 4, 10 mg), Ru catalyst (4.0 mol %), base (1 equiv), and
isopropenyl acetate (IPA, 1.5 equiv) in toluene (2.0 mL) at RT. [b] Yield of
isolated product. [c] Determined by HPLC using a chiral stationary
phase.

tion. In contrast, no significant decrease in racemization rate
was observed with ISCBCL. All the results indicate that
ISCBCL is more efficient than Novozym 435 as the enzyme
for DKR.

To see the scope of ISCBCL-catalyzed DKR, 24 different
secondary alcohols were chosen as the substrates (10a-x,
Figure 1). They carry an aliphatic chain and an aromatic ring
at the hydroxymethine center (RCH(OH)Ar). The length of

“@Mo“nm

10aX=H 10g X=H 10pn=2,X=iPr
10bX=F 13!1XX mMMe 10qn=3,X=H
_ i X =p-Me 10rn=4,X=H

10c X =Cl 10) X = p-F 10s n=4,X =Me
10d X = Me 10k X = p-Cl 10tn=4 X=Et
10e X = OMe 101 X = p-NO, 10un=4,X=iPr
10f X =iPr 10m X = m-OMe 10vn=4,X=(Bu
10n X = p-OMe 10w n=6,X=iPr

10xn=8, X=iPr

Figure 1. Substrates for DKR.

aliphatic chain ranges widely from three-carbon units such as
chloromethyl (10a-f) and allyl (10g-0) to ten-carbon unit
such as n-decyl (10x). To the best of our knowledge, their
DKRs have not been studied previously. It is noted that
Novozym 435 is practically inapplicable to their DKRs owing
to its narrow specificity.'")

The DKR reactions of 10a—x were carried out with
solutions containing substrate (0.1-0.3 mmol), ISCBCL (10—
30 mgmmol ' substrate), ruthenium complex (7 or 8, 4.0—
5.0 mol %), K,CO; or Na,CO; (1 equiv), and isopropenyl
acetate (IPA, 1.5equiv) in toluene at room temperature
(Table 3). Most of the DKR reactions were complete within
24 h except those of 10e, 10 f, and 10v, which took 48 h. In
most cases excellent yields and high enantiopurities were
obtained (Table 3).'" These results indicate that all the
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Table 3: DKR of secondary alcohols with ISCBCL.

Ru cat.
)O\H ISCBCL Qhc
R Ar IPA R Ar
10 toluene, RT 1
Entry Substr. Ru cat. Prod. Yield [%] ee [%]"
1 10a 7 1a 96 98
2 10b 7 11b 98 95
3 10c 7 1c 94 98
4 10d 7 11d 90 97
5 10e 7 e 98 96
6 10f 7 nf 95 99
7 10g 8 Ng 96 98
8 10h 8! 11h 96 95
9 10i 8 i 97 97
10 10j 8k 1j 97 96
1 10k 8 1k 96 98
12 101 8t 11 93 96
13 10m 8! 1Mm 95 98
14 10n 8 1n 96 97
15 100 8 Mo 97 97
16 10p 8! Mp 94 >99
17 10q 7 1gq 97 82
18 10r 7 Mr 96 82
19 10s 7 s 97 81
20 10t 7 1Mt 97 96
21 10u 7 1Mu 96 99
22 10v 7 v 93 99
23 10w 7 Mw 96 99
24 10x 7 11x 91 99

[a] Yield of isolated product. [b] Determined by HPLC using a chiral
stationary phase. [c] The use of 7 resulted in the formation of a
significant amount of byproducts.

substrates tested are accepted by ISCBCL at synthetically
useful rates and most of them are transformed with high
enantioselectivity. Relatively lower enantiopurities (81—
82 % ee) were observed for the DKRs of substrates carrying
alonger aliphatic chain (Table 3, entries 17-19). In contrast to
this, the DKRs of substrates with /Pr or tBu at the para
position of phenyl ring gave the highest enantiopurities
(99% ee or greater) regardless of the length of the aliphatic
chain (Table 3, entries 6, 16, and 21-24). In general the
enantioselectivity of ISCBCL decreased with the length of the
aliphatic chain (compare entries1, 7, 17, and 18) and
increased with increasing bulk of the para substituent on the
phenyl ring (compare entries 18-22).

All the substrates shown in Figure 1, which have a linear
aliphatic side chain and an aromatic ring at the hydroxyme-
thine center, are transformed with the same R enantioselec-
tivity!” in DKR. It would be nice if the enantioselectivity
could be switched for the preparation of the opposite
enantiomers. We hypothesized that the enantioselectivity
should be changed if the aliphatic side chain is sterically
enlarged relative to the aromatic ring. To test this hypothesis,
a-phenylpropargyl alcohol (12a) and its trimethylsilyl (TMS)
derivative 13a were chosen as model substrates (Figure 2). It
was found that the DKR of 13al" followed by desilylation
with tetrabutylammonium fluoride (TBAF) yielded (S)-14a,
the enantiomer of (R)-14a produced by the enzymatic
acylation of 12a (Scheme 2). These results prove that the
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13¢ X=p-F  13h X = p-OMe
13d X =p-Cl 13i X = m-OMe
13e X = p-Br
13f X = p-Me
13g X = m-Me

Figure 2. o-Arylpropargyl alcohols.

(;)AC OAc
_8ISCBCL =\ Z BAF
/\@ /Si /\@ _
IPA toluene \

60°C, 24 h 15a (S)-14a

OAc >99% ee

[o]3’-4.8
ISCBCL
=
IF’A

toluene, RT (R)-14a

98% ee

[0 =+ 4.4
OAC
IPA toluene
60°C, 24 h (S)-14b
OH 9;95% ee
/K“ ISCBCL [odo-399
IPA
toluene, RT
94% ee
[0’ = +38.2

Scheme 2. KR and DKR of a-arylpropargyl alcohols with ISCBCL.

enantioselectivity was switched between 12a and 13a."Y The
switchable enantioselectivity was also confirmed between 12b
and 13b (Scheme 2). The DKRs of TMS-protected a-
arylpropargyl alcohols (13a-i) provided excellent enantio-
purities approaching 100%!"! with high yields (Table 4),
indicating that the switching of enantioselectivity is nearly
perfect. The results also imply that sterically demanding

Table 4: DKR of TMS-protected propargyl alcohols with ISCBCL.!

Entry Substr. Prod. Yield [%]P! ee [%6]
1 13a 15a 94 >99
2 13b 15b 89 98
3 13c 15¢ 91 96
4 13d 15d 90 96
5 13e 15e 91 96
6 13f 15f 94 >99
7 13g 15g 92 >99
8 13h 15h 90 98
9 13i 15i 91 98

[a] See the Supporting Information for a representative procedure.
[b] Yield of isolated product. [c] Determined by HPLC using a chiral
stationary phase.
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Figure 3. Active-site model of ISCBCL. A,C) Binding modes of more
reactive enantiomers. B,D) Binding modes of less reactive enantio-
mers.

substrates can be accepted by ISCBCL with high enantio-
selectivity at synthetically useful rates.

The switchable enantioselectivity of ISCBCL can be
explained using a model of the active site based on the X-
ray structure of BCL!"! (Figure 3). There are three binding
pockets (HA, HB, and HH) at the active site of BCL for
anchoring three substituents at the stereocenter of sub-
strate. Among them, the HH binding pocket seems to play
an essential role in determining which enantiomer can be
accepted more favorably. It has two rooms, a hydrophilic
trench, and its entrance (a space of 4.5 A in diameter),
which are separated by a contraction.'® Small aliphatic
groups such as methyl and ethynyl can be nicely fitted into
the pocket (Figure 3 A). The binding of flat aromatic rings
such as benzene and naphthalene into the pocket is possible
(Figure 3B,C) but with some difficulty because their
increased sizes should give rise to some repulsive effects
around the contraction. The binding of branched and bulky

aliphatic groups such as TMS-ethynyl into the same pocket is
expected to be even more difficult owing to severe steric
repulsion around the contraction (Figure 3D). Therefore, the
enantiomers shown in Figure 3A and C react much faster
than their respective antipodes in Figure 3B and D. The
perfect enantioselectivity of ISCBCL for para-isopropyl- and
para-tert-butylphenylalkanols (10 f, 10p, 10u—x) also can be
rationalized using the active-site model. The linear aliphatic
groups can be fitted into the HH pocket without difficulty
while the branched alkyl-substituted aromatic rings are

OH OH OH
RL/k Ar RB)\ Ar RB)\ RL
B c
OH OH OH
R OAr RB/\Ar Rg” RL
D E F

Figure 4. Three different types of secondary alcohols (A-C) and their
enantiomers (D-F) reacting more rapidly in the ISCBCL-catalyzed
DKRs than the others (R=aliphatic, Ar=aromatic, L=linear, and

B =branched and bulky).
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unable to enter the pocket owing to severe steric repulsion
near the contraction.

All the substrates studied in this work can be classified
into two types, A and B, according to the shape of the
aliphatic substituent (Figure 4). The results from their DKRs
and the active-site model in Figure 3 indicate that the
corresponding enantiomers D and E should react more
rapidly than their antipodes in the ISCBCL-catalyzed DKR.
For the third type of substrates C with two aliphatic
substituents at the hydroxymethine center, which have not
been studied in this work, F should be the more reactive
enantiomer. The structural features of D, E, and F can serve
as the rules for predicting the enantioselectivity in the
ISCBCL-catalyzed DKRs of other secondary alcohols. They
also provide guidelines for the rational design of substrates
for highly enantioselective DKR.

In conclusion, we have developed a highly active enzyme
by coating Burkholderia cepacia lipase with the ionic surfac-
tant 4 for use in DKR. With this enzyme (ISCBCL), we were
able to achieve the fastest DKR of 1-phenylethanol, the
highly enantioselective DKR of a wide range of secondary
alcohols (RCH(OH)Ar, R = C;-C,) previously unexplored,
and, for the first time, the switching of lipase enantioselec-
tivity in DKR. The switchable enantioselectivity of ISCBCL
depending on the shape of aliphatic chain (R) makes it
possible to prepare selectively either R or S enantiomers by
DKR. We have also demonstrated that the ISCBCL-cata-
lyzed DKRs provide routes to esters of enantioenriched y-
chlorohydrins and homoallyl and propargyl alcohols, which
are useful as versatile building blocks in asymmetric syn-
thesis.'”? Overall, ISCBCL appears to be highly promising as
the catalyst for the DKR of secondary alcohols.

Experimental Section

Preparation of ISCBCL: A suspension of crude lipase (6.0 g,
Lipase PS from Amano) in a 0.1m phosphate buffer (50 mL, pH 7.8)
was stirred for 10 min at room temperature. Insoluble materials were
removed by centrifugation using a COMBI-514R centrifuge at 4°C.
The aqueous solution was then dialyzed using a Spectra/Por
Membrane (MWCO: 10K) against water for 2 days and then
freeze-dried to give a white enzyme powder (=100 mg). For the
preparation of ISCBCL, the enzyme powder (50 mg) was dissolved in
deionized water (15 mL) and then mixed with 4 (7.5-15 mg, 0.15-0.30
mass equivalent) dissolved in THF or dioxane (15 mL). The resulting
solution was freeze-dried to yield ISCBCL, which was then used for
kinetic and dynamic kinetic resolution.
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