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An efficient enzymatic method for the synthesis of (S)-3-substituted glutaric acid monoesters which was
aided by molecular docking has been described. The reaction was proceeded under mild conditions, and
the desired products were afforded with up to 98% ee in the yield of 93%. The results demonstrate that
molecular docking is efficient to facilitate selection of substrates in enzymatic reaction.

© 2009 Elsevier Ltd. All rights reserved.

Statins are a class of pharmaceuticals that inhibit the enzyme
hydroxymethylglutaryl CoA reductase (HMG-CoA-R) and are
therefore widely used as hypolipidemic agents and agents that
lower the level of cholesterol in the blood (hypocholesterollipi-
demic agents).! Recently, statin was reported to be an important
part of a new class of triterpene derivatives with anti-HIV activity
and some other potential applications.? The first generation of the
statin are fermentation products including simvastatin, levostatin,
and pravastatin; and the second generation of statin are synthetic
drugs including atovastatin, fluvastatin, rovovastatin, and pitavast-
atin. As all these drugs are of optical activity, it is critical to develop
an efficient approach to produce optical intermediates which are
applied to build them.

(S)-3-Substituted glutaric acid monoesters (SGAMs) are skele-
ton buildings of statins (Fig. 1) and are important intermediates
to synthesize statins and their derivative products such as hapalo-
sin,? dolastatin,* and iostatine. For years, two synthetic routes were
mainly applied: One was hydrolysis of dialkyl-3-substituted pen-
tanedioates using hydrolases or esterases.” Nevertheless, sub-
strates used for hydrolization were difficult to be dissolved in
buffer solution. The other one was alcoholysis of 4-substituted glu-
taric anhydrides applying pig liver esterase (PLE) and other en-
zymes.® The main drawback of these approaches was that these
products were afforded in low ee values (less than 91%), and low
yields. Thus they could not be employed in an industrial scale.
The aim of this communication is to describe a new approach for
the enzymatic asymmetric preparation of 3-substituted glutaric
acid monoesters through the esterification reaction with 3-substi-
tuted glutaric acid and alcohols (Scheme 1).

Due to applying organic solvents in the esterification reaction,
high concentration of substrates is accessible. In addition, com-
pared with those methods in the literatures which hydrolyzed dial-
kyl-3-substituted pentanedioates in buffer solution, this approach

* Corresponding authors. Tel.: +86 571 8795 1873 (H.Y.).
E-mail addresses: dailiyan@zju.edu.cn (L. Dai), yuhongwei@zju.edu.cn (H. Yu).

0040-4039/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2009.11.008

permits the desired products to be isolated, purified, and dried eas-
ily, and the organic solvents can be recycled simply by distillation.
Therefore, this approach has the potential to be applied in a large
scale, which is reported for the first time to the best of our
knowledge.

In the enzymatic esterification reaction, water plays a dual-side
role. Water surrounding enzyme reduces the rigidity of protein in
the enzyme by forming hydrogen bonds, which allows extension
of the protein to expose its active section and exhibit activity.”
Generally, the removal of water from the reaction system is neces-
sary for the formation of ester in a feasible way. Therefore, a reac-
tor unit (Fig. 2) was designed which was applied to remove water
in vitro firstly by molecular sieves (4 A), secondly by anhydrous
copper sulfate. This design prevented enzyme activity from being
decreased by excess of water produced in the reaction and the di-
rect addition of molecular sieves in the reaction medium.

The reaction conditions were optimized using ethanol to react
with 3-OTBS glutaric acid (TBS: tert-butyldimethylsilane) as a
model reaction. Enzymes such as Lipozyme TLIM, Novozym 435 (li-
pase from Candida antarctica (CALB)), CRL, Esterase from E. coli K12
(Esterase expressed in Escherichia coli K-12 from genbank accession
No. b3412)2 Lipase PS ‘Amano’ SD, Lipase AK ‘Amano’, Lipase AYS
‘Amano’,and Lipase AS ‘Amano’ were investigated. (The detailed
information was provided in Supplementary data, Table S1.) Of
them, Novozym 435 showed the best activity and excellent enanti-
oselectivity, the Lipozyme TLIM showed poor activity and excellent
enantioselectivity (Table 1), and the other six enzymes showed
basically no activity in the reaction (see Supplementary data, Table
S1). When ethanol was employed of 3 equivalents to 3-OTBS glu-
taric acid in the presence of Novozym 435, 3-OTBS glutaric acid
monoethylester was obtained with 94% ee in 77% yield (Table 1,
entry 2).

The reaction conditions were further optimized in the subse-
quent reactions in terms of reaction temperature, suitable solvents,
and amount of Novozym 435. The results are summarized in Table 2
and the optimized conditions are: 3-OTBS glutaric acid (1 mmol),
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Figure 1. The chemical structures of some statins.
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Scheme 1. Reaction of 3-substituted glutaric acid with ROH.
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Figure 2. Enzymatic synthetic reaction unit. (The drying unit is in the blue frame.)

Table 1
Screening of enzymes on esterification reaction®
(6] OTBS O 0 QTBS O
Enzyme :
HO OH + E{OH =—————— . OFEt
TBE
Entry Enzyme Time (h) Yield® (%) ee (%)
1 Lipozyme TLIM 36 53 91
2 Novozym 435¢ 24 77 93

b Yields and values of ee were determined by HPLC analysis using a chiral AD-H
column.

¢ Conditions: The reaction was performed by employing ethanol (5 mmol), 3-
OTBS glutaric acid (1 mmol), and immobilized enzyme (0.18 g) in methyl tert-butyl
ether (MTBE) (5 ml) at 30 °C, the enzyme was added at the start after 8 h, one half
each.

ethanol (3 mmol) iso-octane (5 ml), temperature, 35 °C, and Nov-
ozym 435, 0.24 g (added at start also after 8 h, each time 0.12 g)
(Table 2, entry 7).

CALB has been proven to be a highly stereoselective enzyme for
the kinetic resolution of secondary alcohols.® The sequence and
crystal structure of CALB in two crystal forms were reported by
Uppenberg et al.'® These structures revealed that the enzyme has

Table 2
Optimization of esterification reaction conditions catalyzed by Novozym 435°
(0] OTBS O o) QOTBS O
Novozym 435 :
HO OH + EtOH  =———— 10 OFEt
Solvent

Entry  Solvents Novozym 435 (g) Temp (°C)  Yield/ee (%/%)°

1 Ethanol 0.16 35 51/84
2 Ethyl ether 0.16 30 64/80
3 Toluene 0.16 35 59/87
4 MTBEP 0.20 30 71/90
5 iso-Octane 0.16 30 73/92
6 iso-Octane 0.18 35 76/94
7 iso-Octane 0.24 30 84/94
8 iso-Octane 0.14 35 54/91
9 THF 0.18 30 30/7
10 iso-Propyl ether  0.16 35 72/90

2 Reaction conditions: The reaction was performed by employing ethanol
(3 mmol), 3-OTBS glutaric acid (1 mmol), and Novozym 435 in iso-octane (5 ml).
Novozym 435 was added at the start after 8 h.

b Yields and values of ee were determined by HPLC analysis using a chiral AD-H
column.

an o/B-hydrolase-like fold with an active site, serine triad formu-
lated by His224, Asp187, and Ser105 that is accessible from the sol-
vent through a narrow channel.!!

When the molecules of 3-OTBS glutaric acid were fit nicely into
the stereospecificity pocket, one of its acid groups was placed at
the active site, and its substituent was placed towards the surface
of the protein and carboxylic acid reacted with the active site to
form an oxyanion hole. The role and the mechanism of CALB are
shown in Scheme 2.

In order to predict alcohols which can react with substrate 1 to
yield product 3, and meanwhile to alleviate the experimental
workload, the structure-based molecular docking was conducted
to facilitate the selection of alcohol candidates. In the molecular
docking, a series of alcohols (Table 3) were applied as acyl accep-
tors. According to the results, the enzyme’s enantioselectivity
was most likely derived from the different orientation of the car-
boxyl part in product molecule (Fig. 3a). For instance, the carboxyl
group of the R-isomer of product 3b had poor contact with protein
atoms (CG2 atom in Ile189 and Val190) and suffered intense elec-
trostatic repulsion from the oxygen atom in Ile189. The detailed
information of other product enantiomers was elaborated in Sup-
plementary data and illustrated in Figure S2. The docking results
(Table 3) indicated the absence of enzyme activity on bulky alcohol
substrates (2j-1) and the enantioselectivity in the catalysis of small
substrates (2a-i) based on the docking free energy difference be-
tween product enantiomers.!? As the active site was accessible
from the solvent through a narrow channel, only alcohols with
no bulky group could get through and reach the active site to form
product 3. The narrow entrance stopped the bulky molecules of
alcohol from passing through, thus no esterification reaction
occurred.
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Scheme 2. The proposed serine lipase reaction mechanism of enzymatic synthesis of SGAMs (structures of substrate 1, substrate 2, and product 3 are in red, R" = -CH,COOH).

Table 3
Docking free energy and results of the reactions®
6  OTBS O O QTBSO
Novozym 435 H
HO OH + ROH iso-Octane HO OR
1 2 3
Entry ROH Eg/Es® (kcal/mol)  Yield/ee® (%) Abs cfg?
1 2a Methanol -21.27/-17.57 81/92 S
2 2b  Ethanol ~7.23/-13.57 84/94 s
3 2 n-Propanol -9.95/-10.14 93/98 S
4 2d i-Propanol -16.82/-18.87  89/98 S
5 2e n-Butanol -9.85/-10.2 85/97 S
6 2f i-Butanol —6.8/-9.05 82/95 S
7 2g  t-Butanol ~12.52/-9.55 81/96 S
8 2h n-Pentanol —6.84/-9.6 77195 S
9 2 i-Pentanol —9.05/-15.61 78/94 S
10 2§° Cyclohexanol —/- - -
11 2k® Phenylmethanol —/— - -
12 2I° 2-Phenylethanol  —/— - -

2 Unless otherwise shown, the reaction was performed for 24 h by employing 3-
OTBS glutaric acid (1 mmol), alcohol (3 mmol), and Novozym 435 (0.24 g) in iso-
octane (5 ml) at 35 °C added at the start after 8 h, 0.12 g each time.

® Docking energy of R/S-isomer (Kcal/mol).

¢ Yields and values of ee were determined by HPLC analysis using a chiral AD-H
column.

4 Absolute configuration was determined compared with the data in the
literature.*®

€ Reaction time, 36 h.

Based on the docking results, the esterification reactions of
3-0TBS glutaric acid with a series of alcohols (2a-i) were con-
ducted under the optimized conditions. To our excitement, the
experimental results (Table 3, 2a-i) agreed with the docking re-
sults very well. The molecules with bulky group which were pre-
dicted as having no activity by molecular docking (Table 3, entry
10-12) did not show activity. It is because the alcohol moiety of
products is located at a narrow cavity surrounded by Ile189,

a OTBS pa
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1
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Figure 3. Docking analysis of products (3a-1) in the CALB binding pocket. (a) Three
major sections of product molecule: carboxyl part, OTBS part, and alcohol moiety;
(b) the carboxyl part of product 3b enantiomer orientates differently in the inner
part of CALB binding pocket.

Leu278, and 11e285 with the width of less than 5.9 A (from Ile189
2HD1 atom to Ile 285 3HD1 atom), which is too small for the prod-
ucts (3j-1) with big alcohol moiety (benzyl group and cyclohexyl
group). Consequently, the esterification of entries 10-12 could
not be conducted by CALB. It demonstrated that the docking meth-
od based on the structure information of substrates is able to aid
the design of experimental work.

In conclusion, molecular docking-aided enzymatic synthesis of
(S)-3-substituted glutaric acid monoesters has been proven to be
an efficient approach. Good substrate prediction, mild reaction
conditions, excellent enatioselectivities, and high yields render this
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synthetic approach potential for industrial application. We also be-
lieve that this approach can be applied in other important syn-
thetic processes.
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