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a  b  s  t  r  a  c  t

Enantioenriched  7-,  8-,  9-,  and  10-hydroxystearic  acids  (HSA)  were  obtained,  for  the  first  time,  by  kinetic
resolution  of their  racemates  with  lipases  CALB  and PS,  in the  presence  of  vinyl  acetate.  Among  them,
the  best  results  were  obtained  for  7-HSA  and  9-HSA,  whose  enantiomeric  excess  was  around  55%.  The
same  resolutions  carried  out on the  hydroxy  esters  completely  failed.  For  the  acid  substrates  neither  the
Kazlauskas’  rule  nor  the  3D-QSAR  model  could  be  applied,  since  both  models  are  focused  on  the  CALB
eywords:
ydroxystearic acids
nzymatic resolution
ALB
olecular recognition

alcohol-pocket  evaluation  and  not  on  the  acyl-pocket  one.  Therefore,  a  semiquantitative  approach  was
used, whose  results  were  in  accordance  with  our findings,  as  far  as the  absolute  configuration  of  the
product  is concerned.

© 2012 Elsevier B.V. All rights reserved.
nantioselectivity

. Introduction

Hydroxy fatty acids and their derivatives belong to a class of
ompounds of growing interest in many areas. Apart from being
ssential molecules in many biological processes [1,2], they are also
sed in a variety of industrial processes [3–10] and more recently
lso in material chemistry [11].

In connection with their biological activities, the most studied
embers of the series have been 9- and 10-hydroxystearic acids

9- and 10-HSA), for their natural negative regulatory activity of
umour cell proliferation [12]. Recently [13], 9-HSA has been found
o play an important role in cancerogenesis of HT29, a human
olon adenocarcinoma cell line, acting as a competitive inhibitor of
DAC1 (histone deacetylase 1) isoform [14]. Furthermore, studies
f molecular docking [14] have shown a more favourable bind-
ng energy for the HDAC1-(R)-9-HSA complex, as compared to the
S) complex. Therefore the availability of hydroxystearic acids in

nantiopure forms seems an attractive challenge.

In general, their natural precursors are unsaturated hydroxy
atty acids contained in seeds of higher plants [15]. For example,
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381-1177/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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oleic acid can be converted into 10-HSA with a variety of bacte-
rial species or yeasts [16], (S)-dimorphecolic acid present in large
amount in the seeds of genus Dimorphotheca, can be a precursor
of (R)-9-HSA [15] while d-ricinoleic acid, obtained from castor oil,
can be a precursor of (R)-12-HSA [17]. Less available from natural
sources are precursors of 8-HSA, namely isanolic acid [15,18] and
laetisaric acid [19], whereas no useful natural precursor of 7-HSA
is known. Obviously, since the choice of the plant must take into
account both its availability and the relative amount of the desired
compound in the seed oil, an enantioselective synthesis might be
envisaged as a preferable route.

Enantioselective chemical syntheses of hydroxystearic acids or
their unsaturated precursors have been reported only in a few cases
[20] and require multi-step synthetic strategies. On the other hand,
it is well-known how difficult it is to achieve a high degree of enan-
tioselectivity in the reduction of carbonyl compounds with a quasi
symmetric long-chain substitution [21]. The same difficulties were
encountered for biocatalysed reductions that gave good results only
for short-chain �- and �-ketoacids [22,23].

All these results prompted us to investigate the possibility of
preparing a few members of the series in optically pure form, by

the use of enzymes. The scope was also to explore how the stere-
ochemical course could depend on the position of the hydroxyl
group along the chain, especially when situated far from the termi-
nus of the chain. In this preliminary study, Lipase B from Candida

dx.doi.org/10.1016/j.molcatb.2012.06.017
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:pnitti@units.it
mailto:carla.boga@unibo.it
dx.doi.org/10.1016/j.molcatb.2012.06.017
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Scheme 1. Synthes

ntarctica (CALB) and lipase from Pseudomonas cepacia were cho-
en since the experimental outcomes could be compared with
heoretical studies. In fact, the resolution of racemic compounds
y CALB is one of the most studied biocatalytic systems [24]. In
ydrolysis/synthesis of esters, the enantiopreference is predicted
y Kazlauskas’ rule [25] that assesses that in the case of a secondary
lcohol with two substituents of different steric encumbrance
he (R)-enantiomer reacts preferentially. This was  confirmed by

olecular modelling studies [24–28] and, more recently, by three-
imensional structure-activity models (3D-QSAR) [29a,29b].  Being
ware of the challenge represented by the resolution of these
articular bulky and quasi symmetric secondary alcohols, a prelim-

nary computational analysis was performed. Docking, molecular
ynamic simulations and 3D-QSAR models were used to verify
he ability of the enzyme to recognize and transform these sub-
trates. A comparison was also made with the lipase from P. cepacia.
he results emerged from the computational analysis were also
upported by the experimental data, which confirmed how the sec-
ndary hydroxyl group on the fatty acid chain is in an unfavourable
osition both in terms of reactivity and in terms of enzyme enan-
iodiscrimination.

. Results and discussion

Racemic 7-, 8-, 9-, and 10-hydroxystearic acids (HSA) 5a–d were
ynthesized by chemical reduction of the corresponding 7-, 8-, 9-,
nd 10-ketoesters 3a–d (Scheme 1), followed by hydrolysis under
asic conditions [12c,30]. Compounds 3a and 3d are commercially
vailable while 3b and 3c were prepared from 2b (commercially
vailable) and 2c,  respectively, by addition of the appropriate Grig-
ard reagent. Compound 2c was in turn prepared from azelaic acid
onomethyl ester 1c and thionyl chloride [31].
Since two functionalities are present in these molecules, two  dif-

erent biocatalytic approaches were considered, the first involving
ydrolysis of the ester group in the hydroxyesters and the second

nvolving acylation of the hydroxyl group in the hydroxystearic
cids, in organic solvent.

In particular, the resolutions of the hydroxyester 4d and the
ydroxystearic acids 5a–d were first studied by computational
nalysis to verify the feasibility of their enantiodifferentiation by
ALB and by lipase from P. cepacia.

.1. Computational analysis: CALB enantiodiscrimination by
xploiting the reactivity of the acyl group in 10-HSA methyl ester

d

Trying to describe how the acylic pocket of CALB recognizes the
nantiomers of the ester 4d,  a semi-quantitative approach was  used
4a–d

omeric HSAs 5a–d.

to evaluate a possible energy difference in the tetrahedral reaction
intermediates, by comparing, for each enantiomer, the distribution
of the molecular dynamic (MD) poses stabilized by a certain num-
ber of H-bonds able to stabilize the oxy-anion hole and to allow
the evolution to the subsequent reaction steps. In fact, it is known
that the R- and S-enantiomers have different orientations to fulfil
the necessary network of hydrogen bonds in transition state when
reacting with CALB [32]. In the present study the computational
analysis was  performed in four steps (see also Section 4): (1) build-
ing up the tetrahedral intermediates inside the CALB active site; (2)
conformational search to identify the lower energy conformation of
substrate acyl chain; (3) equilibration by molecular dynamic simu-
lation; (4) scoring of tetrahedral intermediates by analysing H-bond
pattern. An analogous approach was  then followed also for lipase
from P. cepacia [33]. When one of the two  enantiomers is stabi-
lized at a higher extent, a difference in activation energy between
the reactions of the two reactions is expected, which ultimately
translates into enantiodiscrimination. As an example, Part (C) of
Fig. 1 shows the H-bond profiles for the tetrahedral intermediate
(i.e. transition state analog) of enantiomers of 1,2-dimethylpropyl
octanoate, whose resolution with CALB leads to E > 700 [28]. It
is evident that the (R)-enantiomer presents a higher number of
“poses” stabilized by 3–5 H-bond, whereas the slow reacting (S)-
enantiomer has a higher chance to be stabilized by only one or
two H-bonds. Therefore, statistically speaking, there is a higher
number of conformational poses of the tetrahedral intermediate
of (R)-enantiomer having lower energy and being more reactive.

Data reported in Fig. 1A and B show that the poses of tetrahe-
dral intermediates of both enantiomers of ester 4d establish similar
numbers of H-bonds inside the active sites of the two lipases here
considered. Therefore, the tetrahedral intermediates of the enan-
tiomers will be stabilized at a similar extent, leading to comparable
reaction rates. As a conclusion, enantiodiscrimination seems unfea-
sible for substrate 4d by using either CALB or lipase from P. cepacia.
Therefore, this preliminary study clearly indicates that the “nat-
ural” reactivity of the carboxyl group cannot be exploited for the
enantioresolution of the HSA ester 4d.

2.2. Computational analysis: CALB substrate recognition and
reactivity on the secondary OH group in 7-, 8-, 9-, and 10- HSA
5a–d

We recently constructed a 3D-QSAR model able to describe and

predict the enantioselectivity of CALB [29]. The application of the
3D-QSAR model previously developed implies a number of com-
putational steps: (a) calculation of the active conformers of the
tetrahedral intermediates for all enantiomers of 5a–d by molecular
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Fig. 1. Distribution of poses of the tetrahedral intermediates of enantiomers stabilized by a defined number of H-bonds. (A) Tetrahedral intermediate of 4d in CALB; (B)
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mation (lower simulations of Fig. 2). Therefore, these discrepant
observations cannot lead to any conclusive prevision of CALB reac-
tivity to HSAs and indicate that Kazlauska’s rule cannot be applied

Fig. 2. Displacement of Asp187 and partial unfolding of �-10 helix enlarges the
alcohol pocket of CALB active site. Crystallographic structure of CALB (1LBT) is in
blue  and final MD snapshot in red. The small frame on the right (blue) shows the
productive position of the three aminoacids of the catalytic triad, with Asp187 form-
etrahedral intermediate of 4d in lipase from Pseudomonas cepacia; (C) tetrahedral
-bonds established by the substrate inside the acylic pocket. Y axis expresses th

tabilizing H-bonds.

ynamics simulations; (b) generation of the molecular descrip-
ors for the pairs of enantiomers by means of GRID analysis and
MIF calculation; (c) calculation of the E value from the 3D-QSAR

egression model (PLS partial least squares – projection to latent
tructures) [29].

Initially, it was necessary to model the tetrahedral intermedi-
tes for enantiomers of substrates 5a–d. However, a preliminary
tudy of docking of the substrate ground state into the alcohol
ocket, by using the docking algorithm AlphaPMI, was  unable to
roduce reliable poses consistent with catalysis. HSAs are charac-
erized by a high number of rotatable bonds that result into an
xceeding conformational freedom. Because of the various rotat-
ble bonds, the substrates got coiled in the funnel shaped active
ite, thus producing no pose. Attempts to modify the placement
lgorithm failed basically because, in agreement with the CALB
iological role, the carboxylic group of 5a–d is better accommo-
ated in the acylic pocket rather than in the alcohol pocket (see
ig. S1 in Supplementary Material).

To overcome these limitations and to model reliable tetrahedral
ntermediates, a pharmacophoral based approach (see Section 4)

as applied by placing C1-decarboxylated derivatives of HSA acyl
sters into the active site and by imposing a conformation compat-
ble with catalysis (Fig. S2 in Supplementary Material). Afterwards
he structure of the models was completed by reintroducing the
arboxylic moiety on C1 and constructing the tetrahedral interme-
iates from the acetic ester moiety.

A molecular dynamic simulation was performed in order to relax
he tetrahedral intermediates and evaluate the structures to be
sed in the 3D-QSAR model (300 ps, NVT, freezing atoms more than
0 Å far away from the TI).

It must be noted that both chains bounded to the alcohol moiety
re too long and bulky to be accommodated freely inside the stere-
specificity pocket. Interestingly, the MD  relaxation showed some
nlargement and conformational adaptations of the active site fun-
el for accommodating such bulky substrates. Although the short
D simulation did not allow any conclusive analysis of the con-
ormational behaviour of CALB in the presence of HSA substrates,
he observation suggests that a movement of �-10 helix [34], might
nable a better substrate binding (upper simulation of Fig. 2). How-
ver, the consequent displacement of the loop corresponding to
ediate of 1,2-dimethylpropyl octanoate in CALB. X axis represents the number of
uency of a specific molecular dynamic pose characterized by a certain number of

residues Glu188 and Ile189, on the contrary, would lead to a wrong
displacement of Asp187 from the catalytically productive confor-
ing a H-bond with His224. The frame on the left (red) illustrates the displacement
of  Asp187 as a result of the fitting of the bulky hydroxyacyl moiety inside the stere-
ospecificity pocket. Conversely, Asp187 cannot interact with His224 in a productive
way. (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)
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Fig. 3. Predictivity of the model in terms of experimental versus predicted E values.
Scheme 2. Lipase catalysed acylation of hydroxystearic acids 5a–d.

o HSA acyl esters. By applying the cited 3D-QSAR approach to
a–d, the model predicted an enantiopreference towards the (R)
nantiomer. However, the indications obtained from the 3D-QSAR
odel induced to test this type of reactivity looking for, at least,

ome enantiomeric enrichment.

.3. Experimental results

Lipase catalysed hydrolysis of methyl 10-hydroxystearate 4d.
As a confirmation of the theoretical evaluations, both lipases

re able to catalyse the hydrolysis of methyl 10-hydroxystearate
d (Table 1) with acceptable reaction rate but with low enantiose-

ectivity, as shown by their very low E values.

.4. Lipase catalysed acylation of hydroxystearic acids 5a–d  with
ALB and PS

The experimental results of lipase catalysed acylations carried
ut on the HSAs 5a–d  using lipase B from C. antarctica (CALB) and
ipase from P. cepacia “Lipo P. Cepacia” (PS) with vinyl acetate as
he acylating agent are reported in Scheme 2 and Table 2.

Reactions were monitored by 1H NMR, following the appear-
nce of a quintet at about 4.8 ppm relative to the CHOAc protons
f the acetoxy acids 6a–d. The e.e.’s of both 5a–d and 6a–d were
etermined following a complex procedure shown in Scheme 2.
he reaction mixtures containing the unreacted hydroxyacids 5a–d
nd the reaction products 6a–d were treated with diazomethane
o esterify both carboxylic groups. The resulting derivatives 4a–d
nd 7a–d, respectively were separated by preparative TLC and
eparately derivatized with (R)-(−)-O-acetylmandelic acid, the lat-
er compound after hydrolysis and esterification (Scheme 2). The
esulting diastereomeric acetylmandelate derivatives 8a–d were
hen analysed by 600 MHz 1H NMR  to determine the enantiomeric
xcesses of the parent compounds 5a–d and 6a–d. The absolute
onfigurations of 8a and 8d,  derived from the unreacted hydroxy-
cids 5c and 5d,  were (9S,2′R) and (10S,2′R), respectively [16a,36].

n fact, these latter compounds were the major components in their
espective diastereomeric mixtures. As a consequence, the parent
ydroxyacids 5c and 5d are (S)-9-HSA and (S)-10-HSA and the ace-
oxyacids 6c and 6d must be (R). An analogous determination could
Objects taken from the training set of the PLS model are represented by squares. The
performance of the model towards four HSAs, 5a–b, is highlighted by crosses.

not be made for 5a and 5b and their absolute configurations were
tentatively assigned as (S) for analogy.

Experimental data clearly show that CALB is able to acylate the
OH group of HSAs despite a very low catalytic efficiency, as pre-

dicted by docking studies. Since the substrates are too bulky for
being accommodated in the stereospecific alcohol pocket, some
induced fit of CALB might be involved in the enzyme-substrate
recognition, although extensive MD simulation would be necessary
to explore this hypothesis in further detail.

As for enantioselectivity, modest enantiodiscrimination was
observed. The indications gained from the 3D-QSAR model were
correct in term of prediction of the fast reacting enantiomer but a
clear overestimation of enantioselectivity was  done by the model
(Fig. 3) due to the diversity between acetoxystearic acids and the
data set used to train the 3D-QSAR model.

As it can be seen in Table 2, calculated and measured conversion
values were similar with the exception of those reported for 5d in
its reaction with CALB. As expected on the basis of the substrate
structures, E values were low for all reactions and consequently
the optical purity of the products were not high, ranging from 16
to 56%.

Acylation reactions carried out with lipase PS were less satis-
factory and only two results are reported in Table 2, namely those
relative to compounds 5c and 5d.

Interestingly, the acylation reaction carried out on the esters
4a–d did not proceed, most probably because the enzyme recog-
nizes the fatty ester leading to an acyl enzyme that, however, has
no nucleophile available for being transformed at a reasonable rate.
Indeed, the water activity is too low. As a matter of fact, the ester is
a more active acylating agent as compared to the carboxylic acid.
When the HSA enters the acylic pocket it hardly react with the
catalytic Ser105, so that it has a chance to leave the acylic pocket
unreacted and then to interact with the enzyme according different
modalities.

It is likely that also the ester fits preferentially inside the acylic
pocket (as the acid does). In that case the catalytic Ser105 gets acy-
lated and ethanol is released but no further nucleophile is available
in the reaction environment to attack the acyl-enzyme. In fact, the
HAS is too bulky to be accommodated inside the active site next the

acyl-enzyme. Therefore the acyl-enzyme is not transformed. As a
consequence, the HSA ester is not available for being acylated on
the OH group.



42 C. Ebert et al. / Journal of Molecular Catalysis B: Enzymatic 83 (2012) 38– 45

Table 1
Lipase catalysed hydrolyses of methyl 10-hydroxystearate 4d.

Enzyme Time (d) Conv. (%)a Unreacted substrate 4d
e.e.s (%)b

Ec

CALBd 2.5 58 12 1.3
PS 2.5  50 7 1.2

a Determined by 1H NMR  analysis.
rum o

3

o
c
A
p
I
v
s
o
f
i
m
t
o
e
f
r
a
(
f
o

h
w
i
o
a
i
i
c

4

4

N

T
A

b Determined by integration of the methoxy signal in the 600 MHz 1H NMR  spect
c E = ln[(1−c)(1−e.e.s)]

ln[(1−c)(1+e.e.s)] ; Ref. [35].
d Novozym 435 and LipoCALB gave the same results.

. Conclusions

The structural anomaly of hydroxystearic acids is the presence
f a chiral carbon on the acyl moiety, which make difficult the appli-
ation of general rules in the prediction of CALB enantiopreference.
s a matter of fact, the acyl moiety is accommodated into the acyl
ocket of CALB which is not responsible for enantiodiscrimination.

ndeed, the Kazlauskas’s rule as well as the 3D-QSAR model pre-
iously developed for predicting CALB enantiodiscrimination are
trictly connected to the structural features of the alcohol pocket
f CALB. Hydroxy fatty acids are acylated very slowly by lipase
rom C. antarctica due to the preferred fitting of the carboxyl group
nto the acyl pocket of the enzyme. Because of the bulky alcohol

oiety, the stereospecific pocket cannot host the substrates and
hus these secondary alcohols do not follow either Kazlauskas’ rule
r 3D-QSAR models predicting enzyme enantioselectivity. Mod-
lling study illustrated clearly how enantiodiscrimination is not
easible by exploiting the reactivity of the acylic group, although
eactions are faster through this route. The accommodation of the
cyl chain causes conformational distortion of the alcohol pocket
Fig. 2). Therefore the substrate recognition occurs according dif-
erent criteria as compared “normal” alcohols because in the case
f HAS the OH group is hardly positioned in the right pocket.

However, this is the first attempt to get to enantioenriched
ydroxystearic acids by the use of enzymatic resolution. Although
e are conscious of the challenge, these first results seem promis-

ng: two hydroxyacids, namely (R)-7-HSA and (S)-9-HSA were
btained with about 55% e.e., the former after hydrolysis of its
cetylated derivative. In spite of the poor enantiomeric excesses,
t is our opinion that biological tests would still be worth perform-
ng, in order to have an indication of the influence of the absolute
onfiguration on the biological activity of the molecules.

. Experimental
.1. General

Lipase from C. antarctica “Novozym 435”, ≥10,000 U/g (Novo
ordisk A/S, Bagsvaerd, Denmark), lipase from C. antarctica (Lipo

able 2
cetylation of hydroxystearic acids 5a–d mediated by CALB and PS.

Enzyme Substrate Time (d) Conv. (%), calc.a Conv. (%),

Novozym 435 5a 14 15 13 

Novozym 435 5b 7 39 32 

Novozym 435 5c 5 56 53 

Novozym 435 5d 7 46 37 

PS  5c 7 – 37 

PS 5d 7 50 34 

a c = e.e.s
e.e.s+e.e.p

b Determined by 600 MHz 1H NMR  analysis of diastereomeric (R)-(−)-O-acetylmandela
c E = ln[e.e.p(1−e.e.s)]/(e.e.p+e.e.s)

ln[e.e.p(1+e.e.s)]/(e.e.p+e.e.s) ; Ref. [35].
d Determined by integration of H-2′ signals of (R)-(−)-O-acetylmandelate derivatives.
e Determined by integration of the methoxy group signals of (R)-(−)-O-acetylmandelat
f E = ln[(1−c)(1−e.e.s)]

ln[(1−c)(1+e.e.s)] ; Ref. [35].
f diastereomeric (R)-(−)-O-acetylmandelate esters (see infra).

CALB), ≥2000 U/g (Sprin Technologies S.p.A., Trieste, Italy) and
lipase from P. cepacia “Lipo P. Cepacia” (PS), ≥100 U/g (Sprin Tech-
nologies S.p.A., Trieste, Italy) were used.

Nonanedioic acid, 1-methyl ester (1c), methyl 8-chloro-
8-oxooctanoate (2b), methyl 7-oxooctadecanoate (3a), methyl
10-oxooctadecanoate (3d) and n-decyl magnesium bromide (1.0 M
in diethyl ether) were purchased from Sigma–Aldrich (Milan, Italy).
Methyl 9-oxooctadecanoate (3c) was  prepared according to the
literature [12c]. Anhydrous THF was  prepared by distillation over
sodium benzophenone ketyl. Thin-layer chromatography (TLC) was
carried out using silica gel precoated on TLC Alu foils from Fluka and
spots were revealed using an aqueous solution of (NH4)6MoO24
(25%), (NH4)4Ce(SO4)4 (1%) in 10% H2SO4 as staining reagent. For
preparative TLC, 20 × 20 silica gel plates (Merck Kieselgel 60F254)
were used. Flash chromatography was  run on silica gel 230–400
mesh ASTM (Kieselgel 60, Merck). Light petroleum refers to the
fraction with b.p. 40–70 ◦C. 1H and 13C NMR  spectra were recorded
on a Varian Mercury 400 or an Inova 300 or 600 spectrometer (Var-
ian, Palo Alto, CA). Frequencies are reported in Hz and chemical
shifts in ppm are referred, if not otherwise specified, to the solvent:
CDCl3 (ı = 7.27 ppm for 1H NMR  and ı = 77.0 ppm for 13C NMR).
Signal multiplicities were assigned by DEPT experiments. EI and
HRMS mass spectra were recorded using a VG-7070E spectrometer
at an ionization voltage of 70 eV. ESI-MS spectra were recorded on
a WATERS 2Q 4000 instrument. IR spectra were recorded using a
Perkin-Elmer FT-IR MOD.1600 spectrophotometer. Melting points
were measured by a Büchi apparatus and were not corrected.

4.2. Synthesis of substrates

4.2.1. Methyl 8-oxooctadecanoate (3b)
A solution of n-decyl magnesium bromide (1 M in diethyl ether,

15.05 mL)  was added, under nitrogen atmosphere, to a solution of
methyl 8-chloro-8-oxooctanoate (2b, 3.11 g, 15.05 mmol) cooled
at −78 ◦C. After 5 min  the reaction mixture was treated with water

(20 mL)  and the organic layer was  separated. The aqueous layer was
extracted with diethyl ether (3×  20 mL). The organic layers were
washed with ‘brine’ then dried over anhydrous MgSO4. After filtra-
tion and removal of the solvent under reduced pressure, the residue

 by 1H NMR Unreacted substrates
5a–d e.e.s (%)b

Acetylated acids
6a–d e.e.p (%)b

Ec

10d 56d 4
24d 38d 3
54d 42d 4
24e 28e 2.2
30e – 4f

16e 16d 1.6

te esters of the methyl ester derivatives 8a–d.

e derivatives.
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as purified by flash-chromatography (light petroleum/diethyl
ther 4/1); 1.0 g, (21%) of 3b was obtained. m.p.: 45–46 ◦C (lit.:
37] 46.4–46.9 ◦C). 1H NMR  (400 MHz, CDCl3) ı (ppm): 3.46 (s, 3H,
CH3), 2.20 (t, J = 7.5 Hz, 2H, CH2CO), 2.19 (t, J = 7.5 Hz, 2H, CH2CO),
.10 (t, J = 7.5 Hz, 2H, CH2CO), 1.55–1.25 (m,  6 H), 1.25–0.99 (m,
8 H), 0.69 (t, J = 6.8 Hz, 3H, CH3); 13C NMR  (100.56 MHz, CDCl3)

 (ppm): 210.2, 173.4, 50.8, 42.3, 42.1, 33.4, 31.5, 29.2, 29.1, 29.0,
8.90, 28.85, 28.5, 28.4, 24.3, 23.4, 23.1, 22.2, 13.6; MS  (m/z), (%):
12 (M+, 2), 281 (15), 239 (9), 199 (8), 184 (56), 171 (76). 154 (61),
44 (70), 129 (100), 111 (67), 97 (56), 83 (70), 69 (61), 55 (78).

.2.2. Methyl hydroxyoctadecanoates 4a–d
Compounds 4a–d were prepared from the corresponding ketone

recursor following the procedure reported for the preparation of
c and 4d [12c]. Characterization data of compounds 4a–d agree
ith those reported in the literature [12c,37–39].  The new spectral
ata are reported below.

.2.3. Methyl 7-hydroxyoctadecanoate (4a) [37,38]
1H NMR  (600 MHz, CDCl3) ı (ppm): 3.67 (s, 3H, OCH3), 3.62–3.56

m,  1H, CHOH), 2.32 (t, J = 7.5 Hz, 2H, CH2CO), 1.68–1.60 (m,  2H),
.51–1.22 (m,  27H), 0.89 (t, J = 7.0 Hz, 3H, CH3); MS (m/z), (%): 296
0.4), 264 (7), 159 (35), 127 (100), 87 (76).

.2.4. Methyl 8-hydroxyoctadecanoate (4b)  [37–39]
M.p.: 54–55 ◦C (lit.: [39a] 54.5–55.5 ◦C). 1H NMR  (400 MHz,

DCl3) ı (ppm): 3.65 (s, 3H, OCH3), 3.60–3.51 (m,  1H, CHOH), 2.29
t, J = 7.6 Hz, 2H, CH2CO), 1.68–1.16 (m,  29H), 0.87 (t, J = 6.7 Hz, 3H,
H3); MS  (m/z), (%): 296 (0.4), 264 (3), 173 (35), 141 (100).

.2.5. Hydroxyoctadecanoic acids 5a–d
Compounds 5a–d  were prepared from the corresponding

ethyl ester following the procedure reported [14] for the
reparation of 9-hydroxylstearic acid 5c.  Characterization data
f compounds 5a–d agree with those reported in the literature
12c,37]. The new spectral data are reported below.

.2.6. 7-Hydroxyoctadecanoic acid (5a) [40]
1H NMR  (400 MHz, CDCl3) ı (ppm): 3.70–3.52 (m,  1H, CHOH),

.37 (t, J = 7.6 Hz, 2H, CH2CO), 1.74–1.59 (m,  2H), 1.53–1.21 (m,
7H), 0.89 (t, J = 6.7 Hz, 3H, CH3); 13C NMR  (100.56 MHz, CDCl3) ı
ppm): 177.4, 71.9, 37.5, 37.2, 33.5, 31.9, 29.69, 29.66, 29.63 (two
verlapping signals), 29.61, 29.3, 29.1, 25.6, 25.3, 24.6, 22.7, 14.1.

.2.7. 8-Hydroxyoctadecanoic acid (5b) [37,41]
1H NMR  (400 MHz, CDCl3) ı (ppm): 3.63–3.55 (m,  1H, CHOH),

.35 (t, J = 7.4 Hz, 2H, CH2CO), 1.69–1.59 (m,  2H), 1.51–1.22 (m,
7H), 0.89 (t, J = 6.7 Hz, 3H, CH3); 13C NMR  (100.56 MHz, CDCl3) ı
ppm): 179.3, 72.0, 37.5, 37.3, 33.9, 31.9, 29.7, 29.6 (three overlap-
ing signals), 29.3, 29.25, 29.0, 25.6, 25.4, 24.6, 22.7, 14.1.

.2.8. 9-Hydroxyoctadecanoic acid (5c) [37]
1H NMR  (400 MHz, CDCl3) ı (ppm): 3.66–3.54 (m,  1H, CHOH),

.37 (t, J = 7.8 Hz, 2H, CH2CO), 1.69–1.60 (m,  2H), 1.60–1.23 (m,
7H), 0.89 (t, J = 7.0 Hz, 3H, CH3); 13C NMR  (100.56 MHz, CDCl3)

 (ppm): 178.7, 72.0, 37.5, 37.4, 33.5, 31.9, 29.7, 29.65, 29.58, 29.5,
9.3, 29.2, 29.0, 25.7, 25.5, 24.7, 22.7, 14.1.

.2.9. 10-Hydroxyoctadecanoic acid (5d) [37,41]
1H NMR  (300 MHz, CDCl3) ı (ppm): 3.67–3.50 (m, 1H, CHOH),
.34 (t, J = 7.5 Hz, 2H, CH2CO), 1.69–1.23 (m,  29H), 0.88 (t, J = 7.2 Hz,
H, CH3); 13C NMR  (100.56 MHz, CDCl3) ı (ppm): 178.8, 72.1, 37.4
two overlapping signals), 33.9, 31.9, 29.8 (2), 29.6 (2), 29.3, 29.1,
9.0, 25.6, 25.5, 24.6, 22.7, 14.1.
lysis B: Enzymatic 83 (2012) 38– 45 43

4.3. Enzymatic hydrolysis of methyl 10-hydroxystearate 4d

To 0.060 g (0.2 mmol) of 4d,  1 mL  of acetone, 9 mL  of 0.1 M phos-
phate buffer (NaHPO4/KH2PO4) at pH 7.4 and 0.060 g of the lipase
Novozym 435 or Lipo CALB or PS was added. After 2.5 days the aque-
ous suspension was filtered off through a Gooch funnel to recover
the enzyme and the mother liquors were extracted four times with
diethyl ether and dried over anhydrous Na2SO4. Both the hydrox-
yacid 5d and its methyl ester 4d were extracted at pH 7.4 and the
mixture was  analysed by 1H NMR. Conversions were determined
by integration of the signals at 3.59 ppm (bs, H-10 of 4d and 5d) and
at 3.68 ppm (s, CH3O of 4d). The ester 4d was separated from the
acid 5d by flash chromatography (petroleum ether/ethyl acetate:
9/1, 25% yield) and the hydroxyl group was esterified with (R)-
(−)-O-acetylmandelic acid [16b]. The enantiomeric excess of the
unreacted substrate was calculated from the 1H NMR (600 MHz)
spectrum of the mixture of the two  diastereomers 8d obtained
which agreed with previously reported data [16b,36].

4.4. Lipase catalysed acylations of hydroxystearic acids 5a–d

To 0.070 g (0.23 mmol) of hydroxystearic acid, 3 mL of vinyl
acetate, 4 mL  of diethyl ether and 0.070 g of Novozym 435 or Lipo
P. Cepacia (PS) were added. The mixture was  stirred at room tem-
perature for 5–14 days. The suspension was filtered through a
Gooch funnel, the enzyme was washed with diethyl ether and the
solvent was evaporated. Conversions were determined by integra-
tion of the signals at about 3.6 ppm (bs, CHOH of 5a–e) and at
about 4.8 ppm (quintet, CHOAc of 6a–d) of the 1H NMR  spectrum
(in CDCl3) of the crude reaction mixture. This latter was dis-
solved in the minimum amount of methanol and esterified ‘in situ’
with diazomethane in diethyl ether using Aldrich® diazomethane-
generator apparatus. After removal of the solvent, preparative TLC
(light petroleum/diethyl ether: 7/3) of the residue allowed to sep-
arate compounds 4 (RF ∼ 0.25) and 7 (RF ∼ 0.7). The related scraped
silica gel bands were suspended and stirred in methanol, giving,
after filtration and removal of the solvent, compounds 4 and 7. The
hydroxy group of the methyl hydroxyester (4a–d) thus obtained
was esterified with (R)-(−)-O-acetylmandelic acid [16b] to deter-
mine the enantiomeric excess of the unreacted substrate by 1H
NMR. The methyl acetoxyoctadecanoates (7a–d) were dissolved
in methanol (1–2 mL)  and treated with an excess (1.0–2.0 mL)  of
10% KOH/CH3OH. The solution was  magnetically stirred at room
temperature and monitored by TLC (light petroleum/diethyl ether:
7/3) until complete disappearance of the starting material. The
flask was  immersed in an ice-bath and the solution was acidi-
fied by adding dropwise 37% aq. HCl solution. After filtration, the
methanol was partially removed and the residue containing the
hydroxyacid was treated with diazomethane in diethyl ether. The
solvent was removed and the residue was  treated with (R)-(−)-
O-acetylmandelic acid following the reported procedure [16b] to
determine the enantiomeric excess of 6a–d by 1H NMR. The new
spectral data for compounds 7a–d  and 8a,b are reported below,
while spectral data for 8c and 8d are consistent with those reported
in the literature [16b,36].

4.4.1. Methyl 7-acetoxyoctadecanoate (7a) [38a,38d,42]
1H NMR  (400 MHz, CDCl3) ı (ppm): 4.85 (quintet, 6.7 Hz, 1H),

3.67 (s, 3H, OCH3), 2.30 (t, J = 7.7 Hz, 2H), 2.04 (s, 3H, CH3CO),
1.67–1.58 (m,  2H), 1.56–1.46 (m,  4H), 1.38–1.20 (m,  22H), 0.89 (t,
J = 7.0 Hz, 3H, CH3).
4.4.2. Methyl 8-acetoxyoctadecanoate (7b) [38a,38d]
1H NMR  (400 MHz, CDCl3) ı (ppm): 4.86 (quintet, 6.5 Hz, 1H),

3.68 (s, 3H, OCH3), 2.31 (t, J = 7.5 Hz, 2H), 2.04 (s, 3H, CH3CO),
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.66–1.59 (m,  2H), 1.54–1.48 (m,  4H), 1.35–1.22 (m,  22H), 0.89 (t,
 = 7.2 Hz, 3H, CH3).

.4.3. Methyl 9-acetoxyoctadecanoate (7c) [38a,38d,43]
1H NMR  (400 MHz, CDCl3) ı (ppm): 4.86 (quintet, 6.5 Hz, 1H),

.67 (s, 3H, OCH3), 2.30 (t, J = 7.7 Hz, 2H), 2.04 (s, 3H, CH3CO),

.66–1.56 (m,  4H), 1.55–1.46 (m,  4H), 1.35–1.22 (m,  20H), 0.89 (t,
 = 6.7 Hz, 3H, CH3).

.4.4. Methyl 10-acetoxyoctadecanoate (7d) [38a,38d]
1H NMR  (400 MHz, CDCl3) ı (ppm): 4.84 (quintet, 6.6 Hz, 1H),

.66 (s, 3H, OCH3), 2.29 (t, J = 7.5 Hz, 2H), 2.03 (s, 3H, CH3CO),

.65–1.57 (m,  2H), 1.53–1.46 (m,  4H), 1.32–1.20 (m,  22H), 0.87 (t,
 = 7.2 Hz, 3H, CH3).

.4.5. Methyl
7R)-7-{[(2R)-2-(acetyloxy)-2-phenylacetyl]oxy}octadecanoate
nd methyl
7S)-7-{[(2R)-2-(acetyloxy)-2-phenylacetyl]oxy}octadecanoate
8a)

Within the mixture containing different relative amounts of two
iastereomers, indicated as diast1-8a and diast2-8a,  it was  possi-
le to distinguish some signals of each and consequently to describe
he related spectrum. diast1-8a: 1H NMR  (600 Mz, CDCl3, TMS) ı
ppm): 7.47 (dd, J = 7.8 Hz, J = 2.2 Hz, 2H), 7.41–7.31 (m,  3H), 5.869 (s,
H, CHPh), 4.91–4.84 (m 1H), 3.657 (s, 3H, OCH3), 2.158 (t, J = 7.6 Hz,
H, H-2), 2.20 (s, 3H, CH3CO), 1.70–0.99 (m,  28H), 0.883 (t, J = 7.2 Hz,
H, CH3); diast2-8a: 1H NMR  (600 Mz,  CDCl3, TMS) ı (ppm): 7.47
dd, J = 7.8 Hz, J = 2.2 Hz, 2H), 7.41–7.31 (m,  3H), 5.861 (s, 1H, CHPh),
.91–4.84 (m 1H), 3.662 (s, 3H, OCH3), 2.289 (t, J = 7.6 Hz, 2H, H-
), 2.20 (s, 3H, CH3CO), 1.70–0.99 (m,  28H), 0.888 (t, J = 7.2 Hz, 3H,
H3).

.4.6. Methyl
8R)-8-{[(2R)-2-(acetyloxy)-2-phenylacetyl]oxy}octadecanoate
nd methyl
8S)-8-{[(2R)-2-(acetyloxy)-2-phenylacetyl]oxy}octadecanoate
8b)

From the mixture containing different relative amount of the
wo diastereomers, indicated as diast1-8b and diast2-8b,  it was
ossible to distinguish some signals of each and consequently to
escribe the related spectrum. diast1-8b: 1H NMR  (600 Mz,  CDCl3,
MS) ı (ppm): 7.51–7.45 (m,  2H), 7.43–7.33 (m,  3H), 5.872 (s, 1H,
HPh), 4.91–4.84 (m 1H), 3.666 (s, 3H, OCH3), 2.239 (t, J = 7.6 Hz, 2H,
-2), 2.20 (s, 3H, CH3CO), 1.70–0.99 (m,  28H), 0.885 (t, J = 7.2 Hz, 3H,
H3); diast2-8b: 1H NMR  (600 Mz,  CDCl3, TMS) ı (ppm): 7.51–7.45
m,  2H), 7.43–7.33 (m,  3H), 5.867 (s, 1H, CHPh), 4.91–4.84 (m 1H),
.665 (s, 3H, OCH3), 2.295 (t, J = 7.6 Hz, 2H, H-2), 2.20 (s, 3H, CH3CO),
.70–0.99 (m,  28H), 0.890 (t, J = 7.2 Hz, 3H, CH3).

.5. Modelling H-bonding stabilization of tetrahedral
ntermediates

The computational analysis was performed starting from the
rystal structures of CALB (PDB code: 1TCA) and PS (PDB code: 4LIP)
roperly pretreated removing glycans and solvents. Both protein
tructures were protonated (pH 7) and then relaxed by a molecular
ynamic simulation (300 K, 1000 ps, implicit solvent, NVT ensem-
le). All the computation was performed with Molecular Operating
nvironment suit (MOE2009.10 – Chemical Computing Group -
ontreal, Canada) using the Amber99 force field.
The tetrahedral intermediates for the reactions involving the
erminal carboxylic moiety, were constructed by creating the cova-
ent bond between the catalytic serine side chain and the substrate
est productive poses of docking simulations (AlphaPMI place-
ent, London dG re-scoring). The new bond was placed and the
lysis B: Enzymatic 83 (2012) 38– 45

atom partial charges corrected and afterwards, the whole sys-
tem was  submitted to a local energy minimization (including
atoms in 6 Å radius from the tetrahedral carbon) and finally to a
global energy minimization (until gradient less than 0.01 kcal/mol).
Since the fatty acid chain consists of several rotatable bonds, a
conformational search was  performed with the low mode MD
conformational search tool of MOE. The lowest potential energy
conformation was  chosen and then energy minimized producing
the final tetrahedral intermediate.

The analysis of the H-bond pattern was performed by means
of the in-house developed SVL tool (Scientific Vector Language in
MOE2009.10) based in molecular dynamic simulations by using
an adequate time of equilibration (energy gradient less than
0.05 kcal/mol in the last 100 ps) and productive time of 1000 ps
(time step 0.2 ps, 300 K, implicit solvent, NVT ensemble). For each
of the 5000 sampled conformations, the tool calculated the num-
ber of H-bonds involving one of the three oxygen atoms directly
connected with the tetrahedral carbon of the intermediate. Only
those H-bonds that can contribute to the stabilization of interme-
diates were taken into account (oxyanion–oxyanion hole, alcohol
moiety deriving oxygen–nitrogen of His side chain, Ser side chain
oxygen–nitrogen of His side chain). The resulting profile shows the
occurrence of poses stabilized by a defined number of H-bonds
which were observed during the production MD step.

4.6. Modelling of tetrahedral intermediates of HSAs in the alcohol
pocket of CALB

The docking of HSA substrates was  not able to generate any reli-
able pose of the alcohol moiety of HSA in the active sites of both
enzymes. Basically, all the placements algorithms implemented in
MOE gave poses with the carboxyl functionality close to the cat-
alytic machinery and, conversely, the hydroxy group out of the
deeper active site region. To obtain a structural model of the tetra-
hedral intermediates having HSA as acyl acceptor, a decarboxylated
acetyl ester derivative was docked using a pharmacophoral based
placement. The pharmacophore was designed introducing two
requirements for the docking poses: the location of the carbonyl
oxygen toward the oxyanion hole and a small hydrophobic moiety
in the acyl pocket. Using this restrains the acetylated decarboxy-
lated substrate was  docked by imposing the ester group upon the
catalytic machinery (Ser-His and oxyanion hole). After the place-
ment of such decarboxylated substrates, the carboxyl group was
added to the system in order to recover the wanted functionality of
substrates. Afterwards, tetrahedral intermediates were built mak-
ing the covalent bond with the enzyme, changing the atom charges
and finally minimizing the energy until energy gradient less than
0.01 kcal/mol.

Since tetrahedral intermediates were built by forcing the sub-
strate poses with the pharmacophoral placement, a relaxation of
the system was required. Thus a molecular dynamic simulation was
performed in order to relax the tetrahedral intermediates and eval-
uate the poses (300 ps, 300 K, implicit solvent, NVT, freezing atoms
more than 10 Å far away from the tetrahedral intermediate).

4.7. 3D-QSAR

Differential Molecular Interaction Field (DMIF) has been used
as descriptors for PLS model as already published [29]. The reliable
structure of a couple of tetrahedral intermediates, the R and S enan-
tiomers of the substrate under investigation, has been analysed
calculating the molecular interaction field (MIF) with the software

GRID (Molecular Discovery Ltd., United Kingdom) using 4 probes
and taking into account a box surrounding the substrate as defined
in the cited work. The resulting pair of MIF  has been used to cal-
culate differential molecular interaction field (DMIF) making the
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ifference between the MIF  deriving from R enantiomer and the
ne from the S enantiomer. Finally the DMIF was used to make the
nantioselectivity prediction performing an external PLS prediction
ith the software GOLPE (MIA s.r.l., Perugia, Italy)
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