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a b s t r a c t

The study on kinetic resolution of two myo-inositol derivatives by lipases is reported. Treatment of the tri-
ether derivative, (±)-1,2-O-isopropylidene-3,5,6-tri-O-benzyl-myo-inositol, with acylating agents in the
presence of different lipases did not afford any detectable amount of acylated products. We speculate that
the severe steric hindrance posed by this substrate precluded interaction with the enzymes’ catalytic site.
Conversely, diol (±)-1,2-O-isopropylidene-3,6-di-O-benzyl-myo-inositol, a key precursor of chiral myo-
inositol derivatives, bearing one less benzyl protecting group, underwent a successful transesterification
in EtOAc, catalyzed by CaL-B (Novozym 435). Thus, monoacetate l-(−)-1,2-O-isopropylidene-3,6-di-
O-benzyl-5-O-acetyl-myo-inositol was regioselectively formed in >99% ee. Additionally, we developed
Kinetic resolution
Lipase
Molecular modeling
Second tetrahedral intermediate

theoretical models of the second tetrahedral intermediate (TI) complex of this reaction to explain the
success of the CaL-B and the inactivity of RmL against the same substrate.

© 2011 Elsevier B.V. All rights reserved.
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excesses; FT-IR, Fourier transform infra-red spectroscopy; HPLC, high performance liquid chromatography; MS-ESI, mass spectroscopy-electrospray ionization; NMR, nuclear
magnetic resonance; PTFE, polytetrafluoroethylene; RmL, Rhizomucor miehei lipase; TI, tetrahedral intermediate; TLC, thin-layer chromatography; UV, ultraviolet.
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. Introduction

A major challenge for studies on the synthesis of inositol deriva-
ives, in the context of Medicinal Chemistry and Cell Biology, is
he substantial number of steps involved [1–3]. Due to its avail-
bility, most of these studies employ myo-inositol itself, an achiral
yclitol, as starting material in the synthesis of chiral derivatives.
uch strategy usually succeeds because of its practicality and the
ood repertoire of established protocols for differentiation of the
ydroxyl groups in this molecule. Nevertheless, optical resolution
f racemic intermediates is required in this case [1,2]. The usual pro-
edure of generating mixtures of diastereomers, to be separated via
hromatography or recrystallization, may be practical, but it adds
teps and manipulations to the synthetic process, and that leads to
ecreased overall yields. Thus, the use of enzymes for kinetic res-
lution of racemic myo-inositol derivatives rises up as a valuable
lternative.

Lipases, in particular, constitute a class of enzymes of great
nterest in the field of Biocatalysis applied to Organic Synthesis.
hese biocatalysts are reputed for their chemical selectivity
nd specificity [4]. Despite the potential of the use of lipases
n chemoenzymatic synthesis of myo-inositol, few works have
xplored it. The number of different myo-inositol derivatives
ssayed as substrates in kinetic resolutions is even smaller. The
iether derivative (±)-2,6-di-O-benzyl-myo-inositol was resolved
y means of an immobilized Candida antarctica lipase-B (Novozym
35) in vinyl acetate. Thus, l-2,6-di-O-benzyl-5-O-acetyl-myo-

nositol was regioselectively produced in 49% yield and 99%
nantiomeric excess (ee) [5]. A more hindered derivative, 1,2:5,6-
-diisopropylidene-myo-inositol, was reacted with Ac2O in Et2O

n the presence of Candida rugosa lipase. After a conversion of
8%, l-1,2:5,6-O-diisopropylidene-4-O-acetyl-myo-inositol was
ormed in moderate ee (84%) [6]. In a seminal investigation,
he key synthetic precursor (±)-1,2-O-cyclohexylidene-myo-
nositol was reacted with Ac2O in 1,4-dioxane in the presence
f Pseudomonas sp. lipase (“Amano” CES lipase). Monoacylated
erivative l-2,3-O-cyclohexylidene-1-O-acetyl-myo-inositol
as regioselectively produced in 49% yield and 98% ee

7,8; see also 9].
In general, all lipases (EC 3.1.1.3) share an evolutionarily con-

erved structure named �/�-hydrolase folding. In the active site,
here is a catalytic triad composed of a nucleophilic residue (Ser)
nd two residues (Asp/Glu and His) playing the role of a charge
elay system [10]. The active site is stabilized by hydrogen bond
etworks, for each particular enzyme, and the oxyanion hole is usu-
lly formed by two backbone nitrogen atoms (NH from the amide
roups) close to the nucleophile [10]. Most of the lipases, such as
mL (but not CaL-B), have a structure in alpha-helix named “lid” or
flap” region that covers the active site, which has an important role
n the enzyme activity, and a “tunnel” for the substrate recognition,

hich begins near the catalytic Ser and extends to the vicinity of
he “lid” helix [10].

The Ping-Pong Bi–Bi type reaction mechanism, considering
transesterification reaction, is shown schematically in Fig. 1

in CaL-B and RmL, the catalytic triad residues are numbered
s Ser105–His224–Asp187 and Ser144–His257–Asp203, respec-
ively), where EtOAc represents the first substrate and an alcohol
ROH), the second substrate. This reaction also involves two tetra-
edral intermediate (TI) complexes, which are related to their
orrespondent transition states. The first TI complex results from
he catalytic-Ser nucleophilic attack on the first substrate, and the

econd TI complex results from the second substrate nucleophilic
ttack on the acyl-enzyme complex (i.e., first TI complex) [10]. The
iterature reports several molecular modeling studies on lipases
e.g., CaL-B), based on classical force fields calculations, but using
ifferent approaches such as molecular docking [11], molecular
alysis B: Enzymatic 70 (2011) 32–40 33

dynamics [12], Monte Carlo [13], and three-dimensional quanti-
tative structure-activity relationship (3D-QSAR) [14].

In the present work, we report the study of lipase-catalyzed
optical resolution of two differentially protected racemic myo-
inositol derivatives (Fig. 3), namely, (±)-3,5,6-O-tribenzyl-1,2-O-
isopropylidene-myo-inositol (rac-1) and (±)-3,6-di-O-benzyl-1,2-
O-isopropylidene-myo-inositol (rac-2). Such compounds (espe-
cially rac-2) are key synthetic intermediates in the synthesis of
chiral inositol phosphates or other derivatives [15–21], and had
not been previously assayed as substrates for lipases. The method-
ology used here enables the synthesis of such relevant materials in
a cleaner and more efficient manner. In addition, we have docked
rac-2 on the CaL-B and RmL active sites, in order to model the sec-
ond tetrahedral intermediate (TI) complex to explain the structural
basis of the CaL-B mediated optical resolution and the inactivity of
RmL.

2. Experimental

2.1. General

The synthetic acetylation reaction of product l-3 was carried
out under Ar atmosphere. Unless otherwise noted, commercially
available reagents and solvents of analytical grade were used. Myo-
inositol derivatives rac-1 and rac-2 were prepared according to
the literature [22–24]. Ac2O was treated with P2O5 and the mix-
ture was heated at 50–60 ◦C for 1 h, cooled to room temperature
and decanted. After being transferred by cannula to a dry distilla-
tion apparatus, the reagent was distilled under Ar. Pyridine was
treated with CaH2 and stirred at room temperature for several
hours, and then, the same procedure applied to Ac2O was carried
out. Yields refer to chromatographically and spectroscopically (1H
NMR) homogeneous materials.

Reactions were monitored by thin-layer chromatography (TLC),
carried out on 0.25 mm E. Merck silica gel plates (60F-254), using
UV light as visualizing agent, and/or an aqueous basic solution of
KMnO4, and heat as developing agents. E. Merck silica gel (60,
particle size 0.040–0.063 mm) was used for flash column chro-
matography.

NMR spectra were recorded on Bruker DRX-400 and Varian
Gemini 200 instruments, and calibrated using residual undeuter-
ated solvent as an internal reference. The following abbreviations
were used to explain the multiplicities: s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br = broad. IR spectra were
recorded on Nicolet Magna 760 FT-IR spectrometer. Elemental
analyses were performed on a CHN 2400 unit. Mass spectra (ESI;
aq. NH4Cl sol.) were obtained in a simple quadrupole spectrometer.
Specific rotations were recorded on a Jasco DIP-370 polarimeter.

Conversion analyses were carried out via HPLC on a Kromasil-
C18 column (40 ◦C in a CTO-20A oven), eluted (0.5 mL/min)
with acetonitrile/H2O (60:40) by a Shimadzu LC-20AT pump. A
Shimadzu SPD-M20A variable-wavelength UV/Vis detector was
employed, with the detection set at 215 nm, and the Shimadzu LC
solution software was used for chromatogram integration.

Chromatographic determinations of the enantiomeric excesses
(ee) of l-(−)-3 were done on the same equipment mentioned above,
carrying a Chiralcel OD-H column, and eluted (0.8 mL/min) with
hexane/2-propanol (9:1). The samples to be analysed were filtered
through a 0.45 �m PTFE filter.
2.2. Enzymes

The commercial immobilized enzymes C. antarctica lipase-B
(CaL-B, Novozym 435), Rhizomucor miehei lipase (RmL, Lipozyme
RM IM) and Thermomyces lanuginosus lipase (Lipozyme TL IM)
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Fig. 1. Schematic general mechanism of lipase-catalyzed reactions, considering a transesterification reaction (catalytic triad numbered as in CaL-B, i.e.,
Ser105–His224–Asp187; first substrate = EtOAc, second substrate = ROH).
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Fig. 2. Synthesis of racemate rac-3. PMB = p-methoxyb

ere generously provided by Novo. Lipases from Pseudomonas spp.
“Amano” PSC II), C. rugosa (AY “Amano” 30), Aspergillus niger (A
Amano” 12), Rhizopus javanicus (F “Amano” AP15), Rhizopus oryzae
D “Amano”), Penicillium camemberti (G “Amano”) and Pseudomonas
uorescens (AK “Amano”) were obtained from Amano Co. The lipase
rom Candida cylindracea (Lipomod 34) was obtained from Biocat-
lysts Co.

.3. Enzymatic reactions and product analysis

The enzymatic reactions were performed at 30 ◦C for 24 h in
losed thermostatized flasks containing rac-1 (0.005 g, 0.010 mmol)

r rac-2 (0.005 g, 0.013 mmol), as potential substrates, the lipase
50 mg), with EtOAc (2.5 mL) or a 24:1 hexane/vinyl acetate mix-
ure (for rac-1) (2.5 mL), 24:1 CH2Cl2/acetic anhydride mixture
for rac-2) (2.5 mL) as acylating mixtures. The reactions were
topped by biocatalyst removal (filtration) and the solvent was
group, DDQ = 2,3-dichloro-5,6-dicyanobenzophenone.

evaporated. Under these conditions, no reaction was observed
with rac-1, but rac-2 was able to react with CaL-B in EtOAc,
only.

A quantitative experiment of CaL-B-catalyzed resolution of
rac-2 (0.040 g; 0.100 mmol) was carried out as outlined above.
The produced residue was purified by chromatography (elution
with 20:80, 40:60, 60:40 EtOAc/hexane mixtures, sequentially)
to afford (-)-1l-5-O-acetyl-3,6-di-O-benzyl-1,2-O-isopropylidene-
myo-inositol, l-(-)-3 (0.013 g; 29%), and recovered starting material
enriched with enantiomer d-(+)-2 (0.026 g). (−)-3: [˛]d = −8.1◦ (c
0.65, CDCl3); 1H NMR (400 MHz, CDCl3), ı 1.37 (s, 3H), 1.53 (s,
3H), 2.10 (s, 3H), 3.68–3.75 (m, 2H), 4.05 (t, 1H, J = 8.65 Hz), 4.24

(t, 1H, J = 6.01 Hz), 4.42 (dd, 1H, J = 3.62 5.97 Hz), 4.70–4.84 (m, 4H),
4.89 (t, 1H, J = 8.22 Hz), 7.28–7.41 (m, 10H). 13C NMR (100.62 MHz,
CDCl3), ı 21.1, 25.4, 27.4, 70.4, 72.8, 72.9, 73.5, 75.2, 76.9, 78.5, 79.0,
106.5, 127.6, 127.7, 128.1, 128.3, 128.6, 137.8, 138.1, 171.0. EM-ESI:
m/z = 465.1 [M+Na]+.
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Fig. 3. Differentially protected myo-inositol derivatives.

.4. Acetylation of product l-(−)-3: synthesis of (−)-4

A stirred mixture of hydroxyacetate (−)-3 (0.023 g; 0.053 mmol)
nd DMAP (0.0013 g; 0.011 mmol), in pyridine (1.5 mL) at 0 ◦C,
as treated with Ac2O (0.10 ml; 0.904 mmol) for 15 min, and then,

he resulting mixture was warmed to room temperature. After
vernight reaction, H2O was added and the usual aqueous work-up
rocedure followed. The residue obtained after evaporation of the
olatiles was purified by chromatography (elution with 5:95, 20:80
nd 35:65 EtOAc/hexane) to furnish l-(−)-4 (0.022 g; 87%). l-(−)-4:
˛]d = −29.5◦ (c 0.95, CDCl3); lit. −24.3◦ [22].

.5. HPLC analyses

Chromatograms of the reaction mixtures (Reversed-phase
PLC) in the resolution of rac-2 were compared to those of individ-
al samples of rac-2, rac-3 and rac-4, showing retention times of
.3, 15.4, and 26.8 min, respectively. A chemical synthesis of rac-3,
previously unknown compound, from rac-2, was devised (Fig. 2).
his material was useful in establishing the HPLC methodology for
he direct determination of the ee of l-(−)-3.

For the determination of the ee of derivative l-(−)-3, on
he chiral normal phase, the peaks at 15.7 min (d isomer) and
2.3 min were considered. The enantioselectivity (E) was deter-
ined according to the work of Chen and colleagues [25] (Eq. (1)).

= ln[1 − c · (1 + ee(P))]
ln[1 − c · (1 − ee(P))]

(1)

.6. Computational details
.6.1. General
The molecular mechanics (MM) and the quantum mechan-

cs (QM) calculations were performed with the AMBER v.99
orce field and the CNDO semi-empirical method, respectively, as
mplemented in the HyperChem v.7.5 program [26]. Since the ester-

Novozym 435
O

O
OBn

OBn
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OH

rac-2

O
EtOAc1
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5

Fig. 4. Kinetic resolution of rac-2 c

O
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OBn
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pyr idine, 0º→r.t.,

Fig. 5. Acetylation of l-(−)-3 for de
alysis B: Enzymatic 70 (2011) 32–40 35

ification reaction was performed in non-aqueous media (EtOAc is
simultaneously the acylating agent and the solvent in this reaction),
we did not consider any solvent model in our calculations. The CaL-
B (C. antarctica lipase-B) and RmL (R. miehei lipase) 3D-coordinates,
obtained by X-ray diffraction, were retrieved from the Protein Data
Bank (PDB) [27], under PDB entry codes 1LBT [28] (resolution: 2.5 Å)
and 4TGL [29] (resolution: 2.6 Å), respectively.

2.6.2. Construction of the tetrahedral intermediate complex
models

The tetrahedral intermediate (TI) complex models were con-
structed starting from the coordinates of chain A of CaL-B and
RmL enzymes, using the PDB structures 1LBT (the original lig-
and is methylpenta(oxyethyl)heptadecanoate, T80) and 4TGL (the
original ligand is diethyl phosphonate, DEP), respectively. The
corresponding original active site ligands (T80 and DEP) were
maintained, but all water molecules, non active site ligands, and
non-aminoacid structures were removed. The enantiomers in rac-2
were manually docked into the binding site, using the correspond-
ing original active site ligand as reference. Then, if necessary, a
careful manual torsion drive and reorientation of each ligand inside
the active site were performed in order to obtain the best orienta-
tion and to avoid steric clashes, considering the construction of the
covalent complex. The original active site ligands were kept only to
orientate the superposition of those enantiomers (rac-2) substrates
in the docking procedure but, after that, they were also removed.
The catalytic serine residue (Ser105 in CaL-B and Ser144 in RmL)
was acetylated by adding an acyl group to the side-chain hydroxyl
group, in order to mimic the first TI complex (i.e., acyl-enzyme com-
plex). Subsequently, this complex was modified by making a C–O
covalent bond between the carbonyl carbon atom of the Ser-acetyl
group and the hydroxyl oxygen atom (C4–OH or C5–OH) of l-2
and d-2, in order to mimic the second TI complex. Hydrogen atoms
were added and atom types were assigned with the AMBER force
field. This procedure resulted in eight different models of the sec-
ond TI complex for each enzyme (CaL-B and RmL), according to the
nucleophilic attack of each hydroxyl group (C4–OH or C5–OH) of
each enantiomer on each face (Re or Si) of the acetyl group of the
acyl-enzyme.

2.6.3. Geometric optimization of the models

Each model of the second TI complex was submitted to a

geometric optimization, using the AMBER force field, applying
a three-step procedure. In the first step, only the atoms of the
former substrate and of the acyl group of the TI complex were
optimized, using the steepest-descent (SD) algorithm, to reach a

+

O
OBn

OBn

OAc
OH

L-3

BnO

O
O

OH

OH
OBn

D-2

5

atalyzed by CaL-B in EtOAc.

O

O
BnO

OBn

OAc
OAc

L-(−)-4 (83%)

[α]D = - 29,5º
(lit. -24.3º; [22])

termination of configuration.
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T
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oot mean square (RMS) gradient lower than 0.6 kcal/mol Å. In
he second step, using the same procedure, only the residues
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etrahedral carbon atom from the TI complex were optimized.
n the third step, the entire model was optimized, using the
onjugate-gradient (CG) algorithm, to reach a RMS gradient lower
han 0.1 kcal/mol Å. Subsequently, the partial atomic charges of
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.1 kcal/mol Å.

able 1
D-NMR data of l-(−)-3a.
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Fig. 7. Time course of conversion and ee for the transesterification of rac-2 catalyzed
by CaL-B in EtOAc.

3. Results and discussion

3.1. Lipase selection

As pointed out earlier, myo-inositol derivatives rac-1 and rac-
2 (Fig. 3) had never been assayed before as substrates for lipases.
For this task, we chose immobilized commercial lipases CaL-B, RmL
[30,31] and several other lipases (see Section 2).

The enantioselective acetylation of myo-inositol triether
derivative, (±)-3,5,6-tri-O-benzyl-1,2-O-isopropylidene-myo-
inositol (rac-1) (Fig. 3), was attempted in EtOAc or a 24:1
hexane/vinyl acetate mixture. The reaction mixtures were
analysed by TLC, but no acylation product was detected. It
is likely that the high degree of protection of the hydroxyl
groups with bulky benzyl groups in rac-1 made this compound
and hydrolysis, respectively, and did not lead to the expected prod-

HMBC COSY

2JCH
3JCH

2JCH

H-2; H-6 – H-2, H-6
H-1 H-4 H-1, H-3
H-2; H-4 H-1; 2H-10 H-2, H-4
H-3; H-5 H-2 H-3, H-5
H-4; H-6 H-1 H-4, H-6
CH3CO-5 H-5
H-1; H-5 H-2; 2H-10′ H-1, H-5
3H-8; 3H-9 H-1

3H-9
3H-8
H-3 and H-6

(4JCH with H-5)
– –
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Fig. 8. Models of the second tetrahedral intermediate (TI) complex with CaL-B (A) and RmL (B), showing the putative Trp88 hindrance in the RmL model. The catalytic triad
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(Ser105–His224–Asp187 in CaL-B and Ser144–His257–Asp203 in RmL), Ile285 (Ca
he remaining residues and all hydrogen atoms were omitted for clarity. Carbon a
econdary structure. (For interpretation of the references to color in this figure lege

cts. This was rationalized as the result of steric hindrance to
ccessing the active site of the lipases.

Thus, we set out to investigate the use of (±)-3,6-di-O-benzyl-
,2-O-isopropylidene-myo-inositol (rac-2) (Fig. 3). With one less
enzyl protecting group, we expected that this compound would
urn out to be a good substrate towards lipases.

We examined the same set of lipases, including CaL-B and
mL, as catalysts in the reaction of rac-2 in neat EtOAc or a 24:1
H2Cl2/acetic anhydride mixture. Only CaL-B was effective in neat
tOAc, leading to a single mono-O-acylated product (Fig. 4). More-
ver, no diacetylated product was formed, as also determined by
PLC analysis. The chromatogram of the pretreated reaction mix-

ure did not show a peak with the retention time (26.8 min), as
ould have been the case with a synthetic diacetylated sample.

Hydrolyses of the acetyl derivative of rac-1 and the diacetyl
erivative of rac-2 (in hydrated EtOAc or a 1:1 CH3CN/sodium phos-
hate buffer mixture (5 mM, pH 7.0)) in the presence of the same

ipases (see Section 2) were also briefly investigated. We did not
bserve any sign of conversion in these reactions.

.2. Product analysis

The monoacylated product was isolated, purified and charac-
erized by 1H and 13C NMR. 2D NMR data (Table 1) revealed that
he acylation had occurred at the C5-hydroxyl group to produce
ompound l-(−)-3 (Fig. 4).

In order to determine the configuration of product (−)-3 as l,
his compound was converted to diacetate l-(−)-4 (Fig. 5), a known
ompound [22]. As the diol derivative, l-2, has low specific rotation,
he conversion to l-4 was chosen instead of the hydrolysis to l-2.
he ee of l-(−)-3 was determined to be >99% by HPLC (Fig. 6).

.3. Study on time course of conversion and enantiomeric excess
ee)

A study on the time course of conversion and ee was undertaken
Fig. 7). The maximum conversion was 34% after 48 h. After 24 h, the
eaction rate dropped sharply and the conversion remained essen-
ially unaltered thereafter. The enantioselectivity (E) was found to

e 331. E values above 15–30 are considered excellent. It should
e emphasized that E > 200 cannot be accurately determined due
o the significant changes to E values following to small vari-
tions in ee. These may also be caused by experimental errors
33].
nd Trp88 (RmL) residues are represented in stick models and colored by elements.
from the myo-inositol derivative are colored in green and enzymes are colored by
e reader is referred to the web version of the article.)

3.4. Molecular modeling

To evaluate the structural basis of the CaL-B-mediated opti-
cal resolution of rac-2 and the RmL inactivity against the
same substrate, we developed theoretical models of the sec-
ond tetrahedral intermediate (TI) complex of these reactions.
We chose RmL as the model of inactivity because of its
X-ray structure availability. According to the reaction mech-
anism (Fig. 1) [10], the enantioselective step of interest in
this case is the one that forms the second TI complex, which
occurs after the binding of the second substrate (ROH = rac-2,
Figs. 1 and 4).

Since in our reaction model, the second substrate (rac-2) has
two hydroxyl groups (C4–OH and C5–OH, Fig. 4), our approach
yielded eight distinct models for each enzyme (CaL-B and RmL),
namely, models C4–O–C(R), C5–O–C(R), C4–OC(S), and C5–O–C(S)
for each enantiomer in rac-2. Each model corresponds to the sec-
ond TI complex from the nucleophilic attack of each hydroxyl group
(C4–OH or C5–OH) of rac-2 on the Re or Si face of the Ser-acetyl
group (acyl-enzyme), originating a (temporary) stereocenter (R or
S, respectively) at the tetrahedral carbon atom of the second TI
complex.

According to our calculations, the most stable model of the sec-
ond TI complex from CaL-B is the one from the l-2 substrate (C5–OH
as the nucleophilic hydroxyl group and originating a temporary R
stereocenter), i.e. model C5–O–C(R) (Fig. 8A), leading to the l-(−)-3
product, in agreement with our experimental results. In the case
of the second TI complex model from RmL (the inactive enzyme
against both enantiomers in rac-2), a visual analysis shows a pos-
sible role for Trp88 in the most stable model (Fig. 8B). This residue
(Trp88) could be acting as a steric barrier, by impairing the sub-
strate access to the active site, since it belongs to the “lid” helix and
partially cover the active site. This observation is in agreement with
the results reported by Ema and co-workers [34] in theoretical and
kinetic studies on RmL-mediated chiral resolution of relative small
secondary alcohols (e.g., 1-phenylethanol, 1-phenyl-2-propanol,
and 1-cyclohexylethanol). In the CaL-B TI complex model, a less
bulky residue (i.e., Ile285) occupies an almost equivalent spatial
position (Fig. 8A).

We should emphasize that these TI complex models were con-
structed taking into consideration that these substrates have free

access to the active site, since we did not model the approxima-
tion or the entrance steps of these substrates into the active site.
Moreover, as we stated before, CaL-B possesses an open active site,
whereas most lipases, such as RmL, contain a “lid” that covers the
active sites [10,35].
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Fig. 9. (A–D) Close view of the second TI complex models between the acetylated CaL-B enzyme (stick model) and l-2 (ball-and-stick model) substrate, showing residues
T le285 (I285), and selected interatomic distances (Table 2). The remaining residues and
h ents (carbon, gray; oxygen, red; nitrogen, blue). The substrate carbon atoms are colored in
g . (For interpretation of the references to color in this figure legend, the reader is referred
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hr40 (T40), Ser105 (S105), Gln106 (Q106), Asp187 (D187), His224 (H224), and I
ydrogen atoms were omitted for clarity. The amino acid atoms are colored by elem
reen, and the tetrahedral carbon atom of the former acetyl group is colored in cyan
o the web version of the article.)

We should note that our models derived from RmL are based
n the X-ray structure (PDB ID: 4TGL) [29] of an open state of
his enzyme (i.e., active conformation), where the “lid” is “dis-
laced” to allow the access of the substrate into the active site.
owever, this displacement may not has been sufficient for sub-

trates larger than the chiral secondary alcohols from Emaı̌s group
tudies, such as rac-2 from the current work. Thus, the main
eason for the inactivity of RmL against both enantiomers in
ac-2 is still the steric hindrance imposed by Trp88, probably
mpairing the substrate access to the active site, as discussed
bove.

Fig. 9 shows the four TI complex models from CaL-B and l-
, named C4–O–C(R), C5–O–C(R), C4–O–C(S), and C5–O–C(S), and
ig. 10 shows the corresponding graphic of total energy. On mod-
ls C4–O–C(R) and C5–O–C(R), the cyclohexane ring of l-2 shows a
egular “chair” like conformation, presenting one axial (at C2) and
ve equatorial oxygen atoms as in myo-inositol itself [36] and its
-benzyl derivatives [37,38].

However, on models C4–O–C(S) and C5–O–C(S), the cyclohexane
ing of l-2 shows distorted “boat” and “envelope” like conforma-
ions, respectively, probably due the unfavorable steric interactions

f the O-benzyl groups of l-2 with the binding pocket residues of
aL-B. Since the most thermodynamically stable conformation is
he “chair” one [39,40], the (temporary) stereocenter at the tetra-
edral carbon atom (C*, Table 2) of the second TI complex should
ave the R configuration. Thus, the nucleophilic attack of the sub-
Fig. 10. Total energy (ETotal, kcal/mol) of the 2nd TI complex models from the l-2
(C4–OH or C5–OH) substrate and CaL-B.

strate hydroxyl group (l-2) should necessarily be on the Re-face of
the Ser-acetyl group.

Moreover, although the substrate (l-2) has two hydroxyl groups
(C4–OH and C5–OH), the C5–OH group is the only group acylated by

CaL-B. A detailed structural analysis of the four models of the second
TI from CaL-B and l-2 shows a possible explanation for the regios-
electivity observed in this reaction. Therefore, Table 2 shows the
measured selected interatomic distances (d1–d7) involving atoms
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Table 2
Interatomic distances (d, Å) between selected pair of atoms of the second TI complex from the l-2 substrate, involving the catalytic triad and oxyanion hole residues of CaL-B
in the four models.
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O
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(T40)
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(D187)
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(S105)

d1

d2

d4

d5

d6

d7

(-)

d3

*

.

d Atom 1 Atom 2 Models of the 2nd TI from l-2 (C4–OH or C5–OH)

C4–O–C(R) C5–O–C(R) C4–O–C(S) C5–O–C(S)

d1 O� (Ser105) C (tetrahedral C*) 1.44 (nd)a 1.42 (nd) 1.44 (nd) 1.41 (nd)
d2 N�2 (His224) O (substrate) 3.02 (0.02) 2.87 (−0.13) 4.05 (1.05) 2.72 (−0.28)
d3 N�2 (His224) O� (Ser105) 3.35 (0.37) 3.18 (0.20) 3.81 (0.83) 2.96 (−0.02)
d4 O(−) (oxyanion) N (Gln106) 2.56 (−0.41) 2.78 (−0.19) 2.49 (−0.48) 2.46 (−0.51)
d5 O(−) (oxyanion) N (Thr40) 2.79 (0.00) 2.76 (−0.03) 5.22 (2.43) 3.84 (1.05)
d6 O(−) (oxyanion) O�1 (Thr40) 3.51 (1.05) 3.25 (0.79) 4.20 (1.74) 3.60 (1.14)
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d7 O�2 (Asp187) N�1 (His224) 3.09

a The values within parentheses are the deviation values considering the corres
eference (deviation values ≥ 1.0 Å are shown in bold). Deviation values for d1 we
aL-B and T80.

f the second TI complex models from l-2 (C4–OH and C5–OH)
nd atoms of catalytic triad (Ser105–His224–Asp187) and oxyanion
ole (Thr40 and Gln106) residues of CaL-B. The deviation values of
he corresponding interatomic distances measure with the original
igand (T80 ester substrate) are also shown in Table 2 as reference.

Distance d1, as expected, is almost the same in all models (rang-
ng from 1.41 to 1.44 Å, Table 2), since it corresponds to the covalent
ond formed between Ser105 and the former acyl group on the
rst reaction step. Distances d2–d7 are putative hydrogen bonding

nteractions, which could stabilize the TI and the corresponding
ransition state. In fact, X-ray structures of lipases (e.g., PDB IDs:
LBT and 4TGL) [29,30] indicate that the surrounding hydrogen-
onding network maintains the geometry of the catalytic triad,
hich is important for the stereoselectivity [35]. According to the

nteratomic distances between the H-bond donor (D) and acceptor
A) atoms, hydrogen bonding interactions (D–H–A) may be clas-
ified, in general, as strong (D–A distance = 2.2–2.5 Å), moderate
2.5–3.2 Å), and weak (3.2–4.0 Å) [41]. Thus, Table 2 shows that
he best pattern of hydrogen bond network (d2–d7) is present in

odel C5–O–C(R), followed by models C4–O–C(R), C5–O–C(S), and
4–O–C(S), indicating a better fit of the second TI model C5–O–C(R)

nto the binding pocket of CaL-B.

. Conclusions

A protocol for kinetic resolution of myo-inositol derivative rac-
was developed. Acetate l-(−)-3 was formed in good yield and ee

>99%). As a matter of fact, rac-2 is the bulkier myo-inositol deriva-
ive ever to be used in reactions catalyzed by lipases or esterases.

As mentioned before, diol rac-2 may be regarded as one of the

ost important precursors of inositol phosphates. It displays three

ifferentiated sets of hydroxyl groups, which leads to synthetic
exibility. Our findings suggest a more practical and efficient use of
his substance as precursor in enantioselective syntheses of bioac-
ive chiral myo-inositols or other derivatives. [
) 3.09 (0.10) 3.09 (0.10) 3.09 (0.10)

g interatomic distances measure with the original ligand (T80 ester substrate) as
determined (nd) because there is not this correspondent covalent bond between

Furthermore, the regioselectivity observed in the formation of
acetate l-(−)-3 may be exploited in synthesis as it provides a
desirable differentiation of the hydroxyl groups at C4 and C5 [42].
Moreover, by employing protecting group strategies, the acetoxy
group at C5 may also be selectively modified.

In addition, molecular modeling studies, using rac-2 as poten-
tial substrate of CaL-B and RmL, showed the model leading to the
observed product as the most stable model of the second TI complex
from CaL-B. This model, i.e. C5–O–C(R), came from the nucleophilic
attack of the C5–OH group of l-2 on the Re-face of the Ser-acetyl
group, originating a (temporary) stereocenter (R) at the tetrahe-
dral carbon atom. In the case of RmL, even though we were able to
model the second TI complex, the model showed a possible steric
hindrance imposed by Trp88, which might explain the observed
inactivity of RmL against the rac-2 substrates.
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