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Abstract

The regioselective acylation of phenylalkanediols catalysed by porcine pancreatic lipase (PPL) was the
reaction used for modelling different areas in the active site of the enzyme. With this aim, different racemic or
prochiral (7,n)-diols, with » ranging from 2 to 6 were resolved vig transesterification with vinyl acetate, and the
results were explained according to microcrystalline enzyme structure. Thus, we describe a logical model for
explaining the enzyme regio and stereoselectivity, based on three residues of the active site (Ser153, Phe216 and
His264) which turned out to be crucial for the substrate binding and transformation. © 1999 Elsevier Science Ltd.
All rights reserved.
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Introduction

Lipase-mediated resolution of chiral alcohols, either by acyl transfer methods or by hydrolysis of their
corresponding esters, is probably the biotransformation most commonly described in modern literature."> When the
substrate presents two reactive centres for the lipase action (diols), the possibility of exploiting both the regio and
the enantioselectivity of the biocatalyst makes the process even more attractive. When using diols containing a
primary and a secondary alcohol, the primary hydroxy! group is resolved much faster than the secondary, which
generally remains unaltered.*® On the other hand, if the lipase has to distinguish between two primary hydroxyl
groups, the observed enantiomeric excess normally is high for prochiral diols,” although only moderate for racemic
mixtures.® In the discrimination between two secondary hydroxyl functions placed in the same molecule, once again
the reported stereobias generally is acceptable for meso,”" or prochiral diols,™'"'? although some meso diols are
described as very poor substrates for enzyme-catalysed transesterification with vinyl acetate. "

There are several references in the lipase literature that propose some empirical rules for the prediction of
the enantiopreference of different lipases on chiral alcohols, based either on the relative site of the substituents
around the substrate stereocentre or by simply defining a “box” for the enzyme binding site and fitting inside the
respective substrates, secondary'*'® or primary alcohols. ' More recently, some structural basis for explaining these
*Corresponding author: andresr@eucmax.sim.ucm.
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empirical ruks have been published: thus, by studying the 3D structure of Candida rugosa lipase (CRL) complexed
with transition-state mimicking inhibitors (determined by X-ray diffraction), Cygler et al.” found that the akcohol
binding site of CRL resembled the rule predicted for secondary alcohols, and Uppemberg et al.?! showed the
stereospecific pocket for the recognition of secondary alcohbols in the structure of Candida antarctica lipase B. Other
suggestions for understanding lipase enantiopreference come from the field of molecular modelling: thus, Hult and
coworkers?? explained the basis for the enantioselective recognition of substrates of CRL?? and lipase B from
Candida antarctica,™ and also molecular modelling was used by Zuegg ef al.”* in the study of the selectivity of
lipases from Candida rugosa and Pseudomonas cepacia on secondary and primary alcohols, while Grabuleda et al.'®
recently developed a three-pocket model for explaining the enantiorecognition pattern of secondary alcohols inside
the active site of Pseudomonas cepacia lipase.

Nevertheless, the rules proposed for exphining the stereobias of PPL on primary alcohols are not very
convincing, even considering the relative hydrophobicity or polarity of substrate moieties, and the controversy exists
because enantiomeric models are proposed.’** Recently, the crystal structure of the ternary complex porcine lipase-
colipase-tetracthylene glycol monooctyl ether (TGME) has been determined by X-ray diffraction at 2.8
resolution. In this paper we present the results obtained in the resohtion of 1,n-diols (n=2,3,4,5,6) by means of
PPLcatalysed transesterification with vinyl acetate. The regio and enantioselectivity is discussed with reference to
the active site model based on the crystalline enzyme structure. This qualitative model enables a rational explanation
of the enzymatic stereocontrol at a higher level than other previously proposed models.'7*

Results and Discussion

In this paper we describe the transesterification of

several (1, n)-diols, as shown in Scheme 1: racemic phenyl- ph—@Ac

1,2-ethanediol ((+)-1, commercially available substrate, / H\

#=2); 2-phenyl-1,3-propanediol (2, prochiral compound, Ph_c: ::§ :g . h—@Ac
n=3) and racemic 2-phenyl-1,4-butanediol ((+)-3, r—4), n=4 16 AC
which were prepared from diethyl phenylmalonate and n=0 (21) OH / n=1 8
diethyl 2-phenylsuccinate respectively, as described ::; (123) p»—C ::§ :1
elsewhere®'; and finally, two racemic acyclic diols, 2-phenyl- n=3 (x4) AC n=4 17

1,5-pentanediol, (+)-4 (7=5) and 2-phenyl-1,6-hexanediol "~ (*5) n=0

6
7
(#)-5 (n=6), whose synthesis has been previously n=2 9
1
1

described.* The determination of the enantiomeric purity of ::2 :

reaction products (monoacetates and diacetates) and

remaining diols, the sign of the optical rotation of the Scheme 1. Overall reaction scheme.
enantiomers, as well as the absolute configuration of the

compounds were established by different methods as described elsewhere.”'
Resolution of racemic phenylethan-1,2-diol (1)

Different compounds possessing the 1, 2-diol functionality are useful as synthetic intermediates, # drugs and
pharmaceutical intermediates.”>” Therefore, some enantioselective chemical methods for the preparation of these
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compounds have been described in the literature.>** The enzymatic preparation of homochiral 1, 2-diols have also
been reported, following different strategies: lipase-catalysed kinetic resolution of racemic 2-hydroxy carboxylic
esters followed by a reduction step,”’ lipase-catalysed transesterification (or hydrolysis) of monoprotected diols (or
their corresponding acylated compounds),**** by means of a lipase-catalysed alcoholysis of the diacylated diols,*
ormore recently by enantioselective epoxide-hydrolases.*'** When using an enzyme for the enantioselective acylation
of racemic diols, Theil” considered two main cases, which can be treated as reactions of monohydroxy compounds:
the first case involves reaction termination after the first acylation step,*** while, in the second case, this first
acylation step quickly leads (with low enantioselectivity) to the corresponding racemic monoacetate, which is a better
substrate for the enzymatic catalysis, therefore obtaining (with better enantioselectivity) a monoacylated derivative
and the corresponding diacylated compound. ***’

In the enzymatic resolution of (£)-1 only the monoacetate 6 (with low optical purity, ee around 20%) was
detected, with no traces of any other monoacetate (acylation on the secondary OH) or diacetate. Therefore, this
absolutely regioselective process should be considered as belonging to the above-mentioned Theil’s first case
reactions.

Desymmetrisation of 2-phenyl-1,3-propanediol (2)
Prochiral diols (meso-compounds or molecules possessing pseudo-asymmetric centres) are very useful

synthetic intermediates because the maximum feasible yield upon its enzymatic transformation is not limited to 50%,
as happens when resolving racemic mixtures. 2-substituted 1,3-propanediols have been extensively used in lipase-

OH
% ks yield(%) concentration, M
' 0.40
ke R7 QAc
H,/~H "
0.30
2
kz 8 0.20
H,, k / -
QAC
§7 0.10
(traces)
Scheme 2. Kinetic resolution of 2 | 0.00

¢ 10 20 30 40 5 60 70 80
catalysed acylation, due to their synthetic flexibility.® Thus, many th)
references can be found in literature covering the PPL-catalysed Figure 1. Progress curve of the PPL~catalysed
desymmetrisation of these compounds. ™' transesterification of 2 with vinyl acetate.
In Figure 1 we present the progress curve obtained in the Consumption of 2 and formation of R-7, §-7
acylation of 2-phenyl-1, 3-propanediol (2) with vinyl acetate, and (Calculated according to Eq. 3) and 8.
the results are summarized in Scheme 2. This acylation showed a Conditionsas described in Experimental Section.
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high R-stereopreference in the monoacylation (ee >95% R-monoacetate R-7), detecting only traces (<5% of §-
monoacetate $-7), in agreement with the data reported in the literature.*® Compound 2 is more reactive than the
racemic diol (£)-1, because the prochiral compound is completely consumed after 24 hours, while 40% of (x)-1
remains unaltered after 80 hours, and also the enantiopurity obtained is higher. On the other hand, R-7 could be
considered as an unstable primary compound, following the classical nomenclature of Campbell and
Wojciechowski,* because it is produced from the earlier reaction steps and consumed as the reaction progresses,
as deduced from the slow decrease of its concentration at t > 20 h; the diacetate 8, using the same above-mentioned
nomenclature, is a stable primary compound because it is produced from the very beginning of the reaction, and its
yield increases with the reaction time. Therefore we must conclude that R-7 and 8 are consecutively produced, but
the first acylation is faster than the production of 8.

Acylation of 2-Phenyl-1, 4-butanediol (+)-3, 2-phenyl-1, 5-pentanediol (+)-4 and 2-phenyl-1, 6-hexanediol
(£)-5.

The resolution of racemic acyclic yield(%) concentration, M yield(%) concentration,M
(1, »)-diols, with n > 3, is not very well ' T T 'A' ‘mm* i B o
| ® e |
documented. So, despite the many —— ol l i
p—_ | \ o 311 y
references found in the literature dealing | o . ey me
with the asymmetrisation of: ® . R
. | i : S m A =020 o 'l - 0.10
i) cyclic primary meso-diols,”* I Y s !
ii) cyclic (generally six and seven- o [ . "; o5
membered cycles) secondary * " |7 L “1
meso-diols,”* or even Om B— s === 2 R 0 gAY .‘.‘] NENE——E
“_i) acycl_ic mesu-diols’minwhich 0 s w18 2 25 30 Q 5 0 15 20 20 20
tth) th)
both hydroxy groups are separated by
more than two carbon atoms, the yisld(%) concentration, M
resolution of these “long-distance” 0 ¢ T T T T ¥
racemic diols has only been studied in ==
depth for cyclic compounds.®*? Very “ :‘\. ranpral BRI S
little is described about the resolution of o *, T s
such racemic acyclic diols;"*** the M. e
resolution of 2-phenyl-1, 4-butanediol ® [ o - 0
()-3, 2-phenyk-1, S-pentanediol (+)-4 obat T
A L
and 2-phenyl-1, 6-hexanediol (+)-§ ﬁw o ey
o Tt 000
constitutes a good approximation to this M o 15 2 2; 2
subject. ith)
F.m’ t.hcse dio ls‘were synthesized Figure 2. Progress curves of the PPL-catalysed transesterification
as described in a previous paper,” and of (£)-3 with vinyl acetate. (A) Consumption of ()-3 and
subsequently used as substrates for the formation of9, 10 and 11. (B) Consumption of R-3 and formation

of R-10 and R-11. (C) Consumption of $-3 and formation of -9,

PPL-catalysed acylation with vinyl 1015 C )
S-10 and S-11. Conditions as described in Experimental Section.

acetate. The reaction progress was
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followed by chiral HPLC (See Experimental Section). Figure 2 shows the results obtained for the acylation of (+)-3
(for (+)-4 and (+)-5 similar curves were obtained (not shown)). For simplifying the understanding of the PPL
enantioselection over the starting racemic materials, the consumption of the corresponding R-diol and the formation
of the R-products is presented in Figure 2B, while in Figure 2C similar curves are displayed for the S-counterparts.
In all cases, the regioselective acylation in the primary hydroxy group which is further from the stereocentre is the
main process, yielding the monoacetates (major products) 10, 13, and 16 (see Scheme 1), which are primary
compounds, with slight R-stereopreference, although this decreases as going from the 1,4 to the 1,6-diol.

On the other hand, the acylation of the primary hydroxy group that is closer to the stereogenic centre renders
the “minor” monoacetates 9, 12 and 15, in lower yields compared to the major compounds, although with higher
optical purity (S-stereopreference, with no traces of the R-compounds except for 15). These primary compounds
(major and minor monoacetates) undergo a second acylation in their free -OH groups, leading to the S-enriched
diacetates 11, 14 and 17. Only in the acylation of (+)-3, the concentration of the major monoacetate (+)-10 slightly
decreases with the reaction time (Fig.2A), which is mainly due to the S-10 transformation into §-11 (Fig. 2C),
because R-10 remains unaltered at high reaction time (Fig. 2B) In the other diols (+)-4 and (+)-5, both major
monoacetates achieve a stable yield (~ 55-60%). Thus, comparing the global reactivity of (+)-3, (+)-4 and (¥)-5 with
(+)-1 and 2, we deduced this relative activity: 2= (£)-3, (£)-4, (¥)-5 >> (+)-1. From all these curves, we can
postulate the reaction scheme depicted in Scheme 3, where two similar pathways are defined for the R and the §
enantiomers. In all cases, the R-isomer undergoes the first acylation faster than the S-antipode, leading to greater
yields of R- monoacetate than of S-monoacetate; on the other hand, the R-diol is not acylated in the short chain,
except for the 1,6-diol. This finding indicates that some steric restrictions may exist around this hydroxyl group when
the substrates are approaching the active site. In the second reaction step, the monoacetates 10, 13 and 16 are
acylated again, with the S-monoacetate transformed faster than its R-counterpart for all cases. Finally, the minor
monoacetates, 9, 12 and 15, produced by acylation in the short chain, seem to be resistant to the second acylation.

H, }_\@mc
PH\_oH

) k. n=2,R10 Kes n=2,5-10 OAc
H, yROH 27 n=3R413 ker H,_JOROAC nOH 27 n=35-13 \kji \@
; orf o n=4.5-16 P \_one
QAc

n=4,R16
OH .

n=2,R3 n=2,R11 n=2,$-3 7 n=2811
n=3.R4 k\zn‘ H. /lu: n=3.R14 n=384 fes= TN ks n=3.5-14
n=4,R-5 PH n=4,R17 n=4,5-5 PH n=48-17

n=2,R9 n=2,8-9

n=3,R12 n=3,812

n=4 R15 n=4,8-15

Scheme 3. Kinetic resolution of 3, 4 and §.

In order to quantify the different behaviour of PPL in the asymmetrisation of the prochiral diol 2, as well as
in the resolution of the racemic diols (+)-1, (£)-3, (+)-4 and (£)-5. we decided to use the mathematical model
proposed by Kroutil e al. % for sequential two-step asymmetrisation/kinetic resolutions, which is summarised in
Scheme 4. In this scheme, § is a prochiral (or meso) substrate, P and @ are the enantiomeric products obtained in



14966 1. Borreguero et al. / Tetrahedron 55 (1999) 1496 1-14974

the asymmetrisation step, while R is the prochiral (or meso) product obtained through the enzymatic kinetic
resolution of P and Q. The selectivity of this type of reaction has been described to be solely governed by the so-
called selectivity factor (@), which is equal to the ratio of the apparent first-order constants k, and k,, while E; (the
ratio of k; and &, ) is the enantioselectivity ratio of the kinetic resolution. As long as the first step is considered alone,
the enantiomeric purity of the product (P/Q) is independent of the conversion, although this is not true for the second
step, the kinetic resolution, so that for the whole process the enantiomeric excess of the (P/Q) mixture does depend
on the extent of conversion. The kinetics of the overall process are defined by the following equations:

S= So e-(ki+k)t [1] k1 P k
3
P= SO_IEZ!-(%F—E[ e-(ki+k2)t _ g-k3t | 2] S /a' }A R
o= SD__k.z_[ e-(ki+k)t _ g-hat [3] }A Q /k4'
ka-(k1+k2) Scheme 4. Two-step
asymmetrisation / kineti
R=5p-S-P-Q [4] resolution. o ¢

Thus, by simply calculating these constants from the fittings shown in Figure 1, the values of @ and E; for
the PPL-catalysed asymmetrisation of 2 could be estimated. If we try to fit the curves obtained for the resolution
of the racemic diols (Figure 2) with this same model, some similar constants can be obtained, but now with different
meanings, which can be envisaged as follows (taking Scheme 3 as reference):

Ex = (k;z/ kg and E,p = (k,,/ k,g) represents the enantioselectivity ratios for the formation of the major

and minor monoacetates (acetoxy group further or closer from the stereocentre, respectively).

Eppc= (his + ki) / (kg + k) would quantify the enantioselectivity of the diacetates, because it describes

the ratio between the two pathways leading to them.

= (ke + kg / (kyy + k9 stands for the regioselectivity ratio, as a quantification of the overall ratio

between the formation of the major and minor monoacetates.

Table 1
Kinetic constants for the PPL-catalysed Transesterification of (1,n)-diols.
PROCHIRAL DIOL
diol k,, b k,, b a K, b! K, b E,
2 2.2x10! 1.8x10?2 12.3 4.2x10° 3.2x10% 0.13

RACEMIC DIOLS

diol kg b kg, ' kg b kg, h?' ki b kg b ki, b k,h! Ey Eyy Epe RR

1 5.5x10? 0 0 0 1.7x107? 0 0 (] 3.2 - — o
3 9.0x10? 0 1.3x10° 0 7.1x107 7.6x107 2.9x102 8.0x10° 1.3 L 29 2.1
4 Lax10? 0 1.8x102 0 5.4x10% 5.7x107? 0 5.5x10% 2.6 % 3.1 25
5 6.9x10% 6.9x10? 0 3.6x10° 6.1x102 4.0x107 (] 1.1x102 1.1 1.1 3.1 1.2
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The values of the constants and these three parameters are shown in Table 1. The acylation of the prochiral
diol 2 leads to a R-enriched monoacetate 7, because only traces of §-7 (< 5%) were detected. So, in order to explain
the formation of 8, we assume the double-step kinetics shown in Scheme 2. In these kind of processes, an “apposite”
selectivity is always observed for the second kinetic step compared to that of the first step,** that is, if k>>#; then
k>>k,. This would mean that 8 is formed mainly from the S-monoacetate, which is transformed into 8 so quickly
that the accumulation of $-7 is impossible (and, because of this fact, only traces of §-7 are obtained), (k, >> &;). The
formation of 8 from the R-monoacetate is produced only when the first acylation step is reaching the end, and,
because of this fact, the concentration of R-7 decreases at long reaction times, as experimentally abserved (Figure
1). This means that k;>>k,. Thus, PPL displays an excellent asymmetrisation capability, and the best enantiomeric
excess of the R- monoacetate would be obtained by simply stopping the reaction before its consumption gets
noticeable (t = [1/(k,-(k;+)]% In{k/(k+£;)],% 17.2 hours).

If we try to explain the first acylation of the racemic diols, we observe how k;z > ks in all the diols, that is,
there is a slightly higher R-stereobias in the discrimination between the major monoacetates, which is reversed (S-
stereopreference) if we consider ks and &y, except for the resolution of 5. On the other hand, k> kyy , while kg
2 kg, that is, the process leading to the major monoacetates is faster than that leading to the minor ones, specially
for 4 (rr = 25). It is noticeable that k,, =0 for 1,3 and 4, (no formation of minor R-monoacetates) , which obviously
imply that k,, = 0 in these cases. In the S-reaction pathway (Scheme 3) k;5=0 for 4 and 5. This fact is indicating that
these S-major monoacetates do not suffer a second acylation process.

If we try to explain the second acylation, we must consider that the diacetates can be obtained through two
different pathways, that is, from the acylation of both the major and the minor monoacetates, 5o that in Table 1, for
quantifying the enantioselectivity of this second step, we must use Epyyc . On the other hand, the second acylation
is governed by the first step, as we indicated in the previous paragraph. As a general rule we could establish that this
second acylation step is generally slower than the first one.

The results obtained for the enzymatic transesterification of the different (1, n)-diols are thus demanding a
qualitative explanation of the mechanism of the enantiorecognition for this enzyme.

Proposal of a Qualitative Model for the Interpretation of the PPL Regio- and Stereoselectivities

With this aim, in order to explain the good regioselectivity in the enzymatic acylation of the OH groups
furthest from the stereocentre, the minimum-energy conformers of the different (1, n)-diols (represented in Figure
3) were calculated using the HYPERCHEM program® (with an AMBER Force Field, and Fletcher-Reeves
algorithms (RMS gradient of 0.01 keal/(A mol)) to minimize the energy), and were compared with the dimensions
of the PPL active site, recently described in literature.”* Figure 4 shows the geometry of the active site of this
enzyme, (taken from the PDB structure of the enzyme) highlighting two of the three essential residues from the
catalytic triad (Ser153 and His264) as well as Phe216.

Thus, it is possible, according to the dimensions shown in this figure, to postulate the enzymatic recognition
of the substrates as caused by a face 10 face a-n stacking interaction between Phe216 and the aromatic moiety of
the substrates, as well as by the creation of hydrogen bonds between the non-acylated hydroxy group of the diol and
the imidazole ring of His264. With these interactions, the -OH group to be acylated should be placed near the
acylated Ser 153 (“chemical operator”). This hypothesis is solidly based on literature data, because from the study
of the crystalline structure of different pancreatic lipases (human®*® and porcine®®) complexed with different
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substrates or inhibitors, it can be noticed how in all cases the only residue of the active site that suffers a change upon

Figure 3. Minimum energy conformers of the different (1,n)-diols.

binding with the inhibitors is Phe216 for pancreatic lipase™ and
its equivalent residue Phe215 for human lipase.*™*® Therefore,
these facts indicate the crucial role of this residue for the correct
binding of the substrates. On the other hand, in literature some
other evidences can be found for the interaction (face to face n-n
stacking) of aromatic residues nearby the active sites of lipases
with the aromatic moiety of different substrates, e.g., 2-aryl or 2-
aryloxipropionic acids with Trp-88 residue of Rh. miehei lipase®
or with Phe216 for C. rugosa lipase.®®™ Furthermore, the
interaction of substrates with His263 of human pancreatic lipase
(equivalent to His264 for the porcine lipase) have also been
described”” via a hydrogen bond between oxygen atoms of
inhibitors and the Ne of the imidazole ring.

Phe-216

Figure 4. Distances between Serl53,
In order to confirm this hypothesis, as a preliminary step His264 and Phe216 in the active site of PPL,

before running any Molecular Dynamics protocol, the previously ~ according to the literature™ .
(in vacuum) minimized structure of R-3 was inserted into the
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active site pocket, maintaining the reported geometries of the complex pancreatic lipase-substrate.”*¢"%® The results
obtained with the graphic program O™ are shown in Figures 5 and 6. Thus, Figure 5 shows the different polarity of
the enzyme microenvironments in a colour code (green=hydrophobic, blue= hydrophilic), with the aromatic ring of
the substrate interacting with the Phe216, with both -OH groups orientated towards the huge hydrophilic cavity

containing the active Ser153 and His264. Figure 6 shows this interaction in more detail, with the correct orientation

of the hydroxy group to be acylated approaching the acylated serine.

The geometry requirements for a
molecule to be recognized in the active site must
be those allowing the correct orientation and the
correct distances between the aromatic ring and
both hydroxy groups, therefore mimicking those
existing in the active site. Thus, using our
qualitative model, the high regioselectivity in the
acylation of (£)-1 can be understood comparing
their distances (shown in Figure 3) with those of
the active site (Figure 4). As represented in
Figure 7, the acylation takes place only at the
primary alcohol because it is the only possibility
for the correct fit: in fact, in the hypothetical
acylation of the secondary -OH group (Figure
7B), while the distance between the aromatic
ring and the primary -OH (5.1 A) could emulate
that one between Phe216-His264 (6.1 A), the
distance between the aromatic ring and the
secondary -OH (5A) is absolutely fixed because
ofthe complete lack of conformational flexibility
of that moiety, and this distance would never be
close to that required for the acylation (around
8.4 A, according to Figure 4). On the contrary,
the acylation of the primary alcohol of R-1
(Figure 7A) would be produced because this -
OH group can reach the acylated serine without
any problem.

For the rest of the substrates shown in
Figure 3, their conformational flexibility would
allow them to be acylated in the active site on
both hydroxy groups, although the preference
observed in the transformation of the longer
hydroxyalkyl chain is produced by the best
matching of the distance between the aromatic
ring and the shorter hydroxyalkyl moiety and the

Figure 5. Graphical representation of the interaction of R-3
with the active site of the PPL. Colour code: green=
hydrophobic residues, blue= hydrophilic residues. The
calculation was carried out with the O program,”" and
presented using the GRASP program.”

Figure 6. Detailed representation of the interaction of R-3
with the active site of the PPL. Depicted using the
MOLSCRIPT program.”
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distance between the
residues Phe216 and Ser-153 Ser-153
His264; this first
recognition of the
substrates would enable
the larger hydroxyalkyl
chain to rotate and flex to
reach the acylated serine.
This is possible due to the
large dimensions of the

His-264 His-264
hydrophilic cavity shownin phe-216 Phe-216
Fig. 5.
Figure 7. (A) Acylation of R-1 through the longer hydroxyalkyl moiety (permitted).
(B) Acylation of the shorter hydroxyalkyl moiety (not permitted).

Good enantioselectivities are obtained only for the monoacetate R-7 (Figure 1) and the minor monoacetates
$-9 and $-12. Nevertheless the high optical purity of $-9 and S-12 may be caused by kinetic reasons due to the low
concentration detected, and fitting 2 in the active site would be the most appropriate, because of the distances
between the three points that we are using as references are very similar to the triangle of the active site. The first
acylation of 2 takes place on the pro-R hydroxy group because, as can be seen in Figure 3, even in vacuum (where
the modelling of the substrates was carried out), both -OH groups are not placed at the same distance from the
aromatic ring, and therefore the substrate does not have to suffer any distortion when reaching the active site. We
think that this is the reason why PPL is the most effective catalyst for the enantiotopic asymmetrisation of 2-
substituted 1,3-propanediols.*** As we said before, in the resolution of ()-1, the second acylation of R-6 and §-6
to form the correspanding diacetates is not observed. This is caused by the excessively short distance between the
phenyl ring and the secondary hydroxy group, which impedes this OH reaching the acylated serine, as depicted in
Figure 7B.

As shown in Figure 8, the stereobias observed in the PPL- catalysed transesterification of (1,n)-diols would
favour the previously reported model A of the PPL active site proposed for hydrolytic processes by Wimmer®®
(Figure 8B), assuming that the benzene ring is the apolar residue and the hydroxyalkyl group which will not be
acylated in the first enzymatic step is the polar moiety; on the other hand, the model defined by Guanti ef al.”
(Figure 8C) for the hydrolysis of different Z or E- alkenyl-1,3-diacetoxypropanes could also be explained in terms
of our active site study, which is depicted in Figure 8A, where we propose the residues which would be correlated
with the classical subsites models.

Thus, from all the experimental results presented, we propose the following criteria for determining the
correct fitting of the diols in the enzymatic active site, based upon its structure:

a.- Correct orientation of the longer hydroxyalkyl moiety facing the acylated serine and the shorter one facing

His264. This criterium would explain the regioselective acylation of the -OH group further from the

stereocenter.

b.- Correct orientation of the phenyl group over the Phe216, which would lead to mainty R compounds in

the first acylation (monoacetates) and S-compounds in the second siep (diacetates).
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For the second step in the acylation (leading to the diacetates) the criteria are not that straightforward.
Although it seems clear that an acetoxyalkyl group can be also recognized in the polar subsite (His264). as
described,'” this recognition must be poorer than that observed for a hydroxyalkyl moiety, because the second
acylation step generally proceeds more slowly than the first one. Nevertheless this could induce some modifications
of the previously mentioned criteria due to the fact that upon changing -CH,-OH by -CH,-OAc the interaction with
His 264 woud be different.

Acyl—0O_ H

B) Apolar‘xpmar
Model A of Wimmer
siteB |
(hydrophobic) |
(T interactions)
C < | siteA
) catalytic sile:
siteD |
«—  (hydrophobic)
(minor steric
interactions)

site C
{hydrophilic)

)
.: (hydrogen bonds) 1..\(&[\ ‘

Model of Guanti et al.

Figure 8. Active site “box” model, where the different subzones proposed in the literature by Wimmer®® (B) and
Guanti et al."” (C) are assigned in the microcrystalline structure of the enzime (A).

As a final conclusion, we have proposed a rational hypothesis for understanding the enzymatic recognition
of substrates for PPL, and located the residues responsible for the lipase regio and stereobias. In order to confirm
all these hypothesis, different experiments of Molecular Dynamics, minimizing the enzyme-substrate transition state
binding energies, are currently in progress.

Experimental Section.

Materials Lipases (E.C.3.1.1.3.) from Porcine Pancreas, crude (Steapsin), type 11, and purified, type VI, were
obtained from Sigma. The racemic alcohol (+)-1 and all the reagents and solvents used were purchased from Aldrich
Chemical Co., Alcobendas, Spain.

PPL-Catalyzed Transesterification of Racemic 2-Phenyl-1,n-alkanediol: General Procedure A solutionofdiols
1-5 (6 mmol) and vinyl acetate (48 mmol, 4.4 ml), in diisopropyl ether (15 ml) was stirred at 25°C with PPL (300mg
commercial powder). Then, aliquots of 0.1 ml were taken from the solution (at different times) and added to 0.9 ml
of a 80/20 n-hexane/isopropanol mixture: after microfiltration, they were analyzed by HPLC. The
spectrophotometrical quantification (A=254 nm) of products concentration and the enantiomeric excess of the
products were calculated using an external standard method.
Analysis conditions for the products were as follows:

i) For the resolution of mixtures of (+)-1. R-6 and §-6: isocratic mixture of n-hexane/isopropanol (97/3), flow
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rate=0.7 ml/min (P =400 psi). Retention time: $-1, = 46 min; R-1, = 41 min; R-6, = 34 min; §-6, t=30 min.

ii) For the resolution of mixtures of 2, (+)-7 and 8: isocratic mixture of n-hexane/isopropanol (97/3), flow
rate=0.7 ml/min (P~400 psi). Retention times: 2, t=34 min; R-7, t=24 min; 8, t= 13 min.

iii) For the resolution of mixtures of (+)-3, R-10, §-10, §-9, R-11 and S-11: n-hexanefisopropanol gradient:
=0 min, flow rate=0.5 ml/min, 98/2 n-hexane/isopropanol; =30 min, flow rate=] mlmin, 97/3 n-
hexane/isopropanol. Retention times: R-3, t=58 min; $-3, t=56 min; R-10, t= 42 min;.S-10, t=40 min; $-9, t=48 min;
R-11, t= 28 min; S-11, t=21 min.

iv) For the resolution of mixtures of (£)-4, R-13, S-13, §-12, R-14 and 5-14: n-hexane/isopropanol gradient:
t=0 min, flow rate= 0.5 ml/min, 98/2 n-hexane/isopropanol; t=25 min, flow rate= 0.6 mbmin, 97/3 n-
hexane/isopropanol; t=29 min, flow rate=1 ml/min, 97/3 n-hexane/isopropanol. Retention times: 4, t=57 min (only
one peak); 13, t= 40 min (only one peak); $-12, t=46 min; R-14 , t=22 min; S-14, t=20 min.

v) For the resolution of mixtures of (£)-5, R-16, $-16, R-15, §-15, R-17 and S-17 the same above mentioned
solvents gradient was used. Retention times: $-5, t=68 min; R-5, t=64 min; $-16, =47 min; R-16, t=45 min; 5-15,
t=53 min; R-15, t=50 min, $-17, t=19 min; R-17, t=17 min.

At a convenient fixed reaction time, the crude reaction mixture, after removal of the enzyme by filtration,
was concenirated and the remaining residue was chromatographically separated on a silica gel column (hexane:
EtOAc 1:2), obtaining fractions containing the monoacetates (major and minor), the diacetates and the remnant diols,
which structures were confirmed by 'H-NMR and *C-NMR and microanalysis. The absolute configuration of the
reaction product was established as described in a previous paper.”!
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