Enantioselective enzymatic resolution of racemic alcohols

Ce travail rentre dans le cadre général du développement de procédés chimiques éco-
compatibles, respectant au mieux les régles et les impératifs de ce qui est appelé actuellement
chimie verte. Dans ce cadre général et dans celui plus restreint de la biocatalyse et I'acces a la
chiralité, theme de recherche de notre laboratoire, nous avions comme objectif de rechercher
des voies biocatalytigues innovantes par [utilisation de moyens et/ou de milieux non
conventionnels par rapport aux enzymes utilisés. Nous avons ainsi fait appel aux ultrasons et
a des solvants classés « verts » que nous avons utilisés dans la résolution de quelques alcools
racémiques en présence de différentes lipases. Le travail réalisé est présenté en deux parties

distinctes.

Dans la premiere partie, I'impact des ultrasons sur la résolution énantiosélectR&)ellr (
phenyléthanol, (£)-menthol eR(S)-2-pentanol a été évalué. Les expériences ont été réalisées
selon différentes approches : ultrasons pendant la réaction, prétraitement de la lipase par
ultrasons avant la réaction et en absence des ultrasons au cours de la réaction. Toutes les
lipases étudiées ont présenté une activité plus élevée sous leffet des ultrasons. Ce
comportement peut étre expliqué par I'amélioration du transfert de masse dans le systéme
réactionnel par la destruction des agrégats protéiniques sous l'effet de I'énergie générée par le
phénomene de cavitation. Il semble, cependant, que les ultrasons n’ont pas un effet
systématique sur I'énantiosélectivité. En effet, seule la CALB a vu son énantiosélectivité
nettement améliorée en passant de E=48 a E=1010 lors de I'acylation du 1-phényléthanol.
Nous avons également montré qu’en milieu solvant organique et sous ultrasons, les lipases
gardent la méme préférence pour des solvants hydrophobes que sous agitation classique.
L’influence de la longueur de la chaine du donneur d'acyle a révélée que lactivité
enzymatique est inversement proportionnelle avec celle-ci, cela peut étre expliqué par I'acces

facile au site actif de I'enzyme par un donneur d’acyle a chaine courte.

La seconde partie de cette étude a consisté a étudier pour la premiére fois deux solvants
respectueux de l'environnement, MeTHF et CPME, en tant que milieu réactionnel pour les
lipases dans la résolution énantiosélective du (x)-menthol, (+)-sulcatol efgtlogeraniol.

Il a été montré la compatibilité des lipases utilisées avec ces deux solvants. Au-dela de leur
qualité de « solvants verts », il a été montré qu’ils pouvaient participer a I'amélioration du
fonctionnement des lipases dans les deux volets activité et énantiosélectivité. Ainsi, la lipase

AK a donné la meilleure énantiosélectivité dans la résolution du menthol racémique mais a
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Conclusion générale

montré une faible activité. La CALB s’est avérée étre le meilleur choix pour la résolution du

sulcatol racémique dans le MeTHF et le CPME, grace a son excellente énantiosélectivité et
son taux de réaction élevé. Nous avons également observé que le CPME a donné de meilleurs
résultats par rapport au MeTHF, a la fois en termes d'activité catalytique enzymatique et
d'énantiosélectivité.

D’une maniere générale, les résultats obtenus ont montré que le CPME et le MeTHF peuvent
étre considérés comme d’excellents substituts pour les solvants organiques tres nocifs a

I'environnement.

Ce travail de thése a permis de mettre en avant d’une part, les potentialités des ultrasons
comme outil efficace pour activer I'acylation des alcools racémiques par voie enzymatique
comparees a I'agitation classique. L'effet des ultrasons est intéressant sur I'activité des lipases
mais également dans certains cas sur I'énantiosélectivité. D’autre part, les caractéristiques
intéressantes du MeTHF et du CPME offrent I'opportunité de les appliquer comme alternatifs
aux solvants organiques conventionnels pour des processus industriels durables a grande

échelle.

Comme perspectives, il est intéressant d’élargir cette étude on faisant intervenir d’autres
substrats d'intérét biologique et d’autres biocatalyseurs bénéficiant de [I'efficacité des

ultrasons pour accélérer les biotransformations et la non-toxicité de solvants verts. Il serait
également intéressant de faire une étude théorique par la modélisation moléculaire pour mieux

comprendre l'influence de ces solvants verts au niveau structurel de la lipase.
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The effects of two eco-friendly solvents, 2-methyltetrahydrofuran (MeTHF) and cyclopentyl methyl ether
(CPME), on the enzyme activity and enantioselectivity of Novozym 435, Candida rugosa lipase (CRL),
Porcine pancreas lipase (PPL), Lipase AK, Lipase PS, and Lipozyme, a series of commercial lipases, in
the enantioselective transesterfications of racemic menthol, racemic sulcatol and racemic o-cyclogeran-
iol were studied. Vinyl acetate was chosen as the acyl donor and the reactions were carried out at water
activity 0.06. The activity of lipases in CPME was similar to that observed in other largely employed
organic solvents [toluene and tert-butyl methyl ether (MTBE)], and was slightly lower in MeTHF.
However, for most of the lipases tested, the enantioselectivity was higher in the eco-friendly solvents.
Lipase AK exhibited a high enantioselectivity (E = 232) for the resolution of racemic menthol but the reac-
tion rate was low. Lipase formulation (the enzyme was frozen and lyophilized in potassium phosphate
buffer without and with 5% (w/v) of sucrose, p-mannitol, or methoxy poly(ethylene glycol)) was tested
with this lipase in order to improve its activity, which increased up to 4.5 times, compared to the
untreated enzyme. CALB was found to be a useful biocatalyst for the resolution of racemic sulcatol, where
high activity and enantioselectivity were obtained (E > 1000). For the resolution of the racemic primary
alcohol a-cyclogeraniol, most of the lipases tested were active but not enantioselective, except lipase PS
which displayed a moderate enantioselectivity (E = 19). The effect of the presence of a low percentage of
two ionic liquids (ILs) 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI])
(5% (v/v)) and 1-Butyl-3-methylimidazoliumtetrafluoroborate ([BMIM][BF4]) (1% (v/v)) in the medium
was also investigated. Only in the case of CRL the ILs slightly increased the enantioselectivity from
E=91 to E=103 and E = 120 for [BMIM][TFSI] and [BMIM][BF4], respectively. However, in all cases ILs
caused a decrease of enzyme activity.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Among industrial enzymes, lipases are one of the most impor-
tant for the preparations of enantiomerically pure compounds.'?
They have a remarkable ability to catalyze a variety of reactions
in organic solvents such as esterification, transesterification, and
aminolysis with high activity, chemo-, regio-, and enantioselectiv-
ity for various synthetic substrates.>~> Moreover, they can operate
in mild and simple reaction conditions. The use of organic solvents
as reaction media offer many advantages such as the possibility to
solubilize water-insoluble substrates, to facilitate the recovery of
reaction products removing the biocatalysts by simple filtration,
and the possibility to increase the enzyme thermal stability.5’
Furthermore, organic solvents for lipase catalysis can markedly

* Corresponding author.
E-mail address: francesco.secundo@icrm.cnr.it (F. Secundo).

http://dx.doi.org/10.1016/j.tetasy.2017.02.004
0957-4166/© 2017 Elsevier Ltd. All rights reserved.

affect enzyme enantioselectivity, thus making the selection of sol-
vent of crucial importance.®®

A prerequisite for the application of biocatalysts on the large
scale is the sustainability and low environmental impact, reducing
the detrimental effects of the developed industrial process and of
the chemicals used on the environment. From this perspective,
the use of solvents derived from renewable resources (bio-sol-
vents) and environmentally friendly (green) solvents is a neces-
sity.>!° Recently, solvents such as 2-methyltetrahydrofuran
(MeTHF), a biomass-derived solvent, and cyclopentyl methyl ether
(CPME) have been reported as promising media for biocatalysis
reactions due to their favorable characteristics. MeTHF (boiling
point 80 °C) and CPME (boiling point 106 °C) may replace the com-
monly used THF with the advantage of a reduced solvent evapora-
tion during the reaction. Moreover, because of the limited
miscibility in water (4.1% and 1.1% w/w for MeTHF and CPME,
respectively, at 23 °C), these solvents can be used in two-phase
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reaction systems, which favors product recovery.''"'* Further-
more, MeTHF is considered a green solvent because (i) it can be
produced from renewable sources such as furfural or levulinic acid,
in accordance with the 7th principle of Green Chemistry, and (ii) it
is environmentally degraded in air and by sunlight.!> Antonucci et
al. reported the toxicological response of MeTHF in rats, resulting
in a permitted daily exposure in humans of 6.2 mg/day, making
it an appropriate green solvent for pharmaceutical and chemical
purposes.'® Compared to the classical ether solvents CPME has pro-
ven to be quite useful as a process solvent in numerous organic
synthesis because it is free from drawbacks like low boiling point,
easy peroxide (formation, and solubility in water, thus resulting in
inefficient recovery.'”

In spite of the interesting features of these environmentally
friendly solvents, to the best of our knowledge, there is a lack of
systematic studies on their influence on the enantioselectivity of
some frequently used commercial lipases. In the present study,
we investigated the enzymatic kinetic resolution of some industri-
ally interesting racemic alcohols in the above mentioned green sol-
vents, carried out with some widely used lipases, comparing the
outcome with that previously obtained using the most commonly
used organic solvents.

In particular, we studied three model substrates that possess
different structural features regarding the alcohol functional
group: (i) a cyclic and sterically hindered secondary alcohol; (ii)
a linear secondary alcohol and (iii) a primary alcohol possessing
a sterically hindered stereocentre in the a-position. More specifi-
cally we singled out the cyclic secondary alcohol (+)-menthol,
the linear secondary alcohol (+)-sulcatol and the primary alcohol
(£)-a-cyclogeraniol (Fig. 1).

(—=)-Menthol is one of the most important flavor compounds
and it is used extensively as a food additive. Racemic menthol is
a cheap commodity produced by Haarman and Raimer process
but the desired organoleptic properties are related only to
(1R,3RA4S) isomer. Therefore a number of resolution processes,
including one based on lipase-mediated esterification, have been
developed.'® In spite of this, a study on the use of environmentally
friendly solvents in such a process is still lacking.

Sulcatol has been used as model compound for a number of
studies on enzyme-catalysis'® and its selection as a substrate for
the present research can afford experimental data that can be com-
pared with those previously obtained.

a-Cyclogeraniol  (namely (2,6,6-trimethylcyclohex-2-enyl)
methanol) is a relevant chiral building block that has been
employed for the synthesis of carotenoids and carotenoid-deriving
natural products.?®?! To date, only one enzymatic resolution pro-
cedure for the preparation of enantioenriched o-cyclogeraniol
has been described.”” We have already investigated the lipase-
mediated resolution of primary alcohols possessing a stereocentre
in the o-position.”>?* Since the esterification of the latter sub-
strates is highly dependent both on the enzyme used and on the
experimental conditions, we decided to investigate the influence
of the solvent on the enantioselectivity of the o-cyclogeraniol
resolution.

(£)-menthol

(1RS,2SR,5RS)-2-isopropyl-
5-methylcyclohexanol

(2)-sulcatol
6-methylhept-5-en-2-ol

Moreover, with the intent to verify if commonly adopted strate-
gies useful to improve enzyme activity in organic solvents can also
be exploited with these eco-friendly solvents,>>*® the role of the
enzyme formulation®”® and the addition of ionic liquids (ILs)**~
32 were also evaluated. Thanks to a low vapor pressure, ILs have
attracted significant attention as ‘“green solvents” in biocataly-
sis.?>3% In fact, the use of lipases in ionic liquids as solvent or (co)-
solvent has presented many advantages, such as high conversion
rates, high enantioselectivity and better enzyme stability.>> More-
over, ionic liquids exhibit excellent physical characteristics (melt-
ing point, polarity, and miscibility with water or organic
solvents) including the ability to dissolve polar and nonpolar
organic, inorganic, and polymeric compounds.®®

2. Results and discussion

2.1. Rates of lipase catalyzed transesterification of racemic
alcohols in organic solvents

In a first screening, lipases were tested in the transesterification
of racemic alcohols to see their efficiency with the two green sol-
vents (MeTHF and CPME) against two other conventional solvents
(toluene and MTBE) for comparison. The conversion of racemic
alcohols was calculated after 24 h as shown in Table 1. It was
observed that the conversion degree is dependent on the lipase
and on the organic solvent.

Among all the lipases screened for transesterification with (+)-
menthol, CRL was found to be the best in terms of conversion,
where high values were observed in shorter times; however, the
enantioselectivity was low. Lipase AK exhibited the best enantios-
electivity but with low activity and reaction rate. CALB, lipase PS,
lipozyme, and PPL were inactive, with no product being detected
even after 72 h reaction. On the other hand, CRL and lipase AK were
more active in CPME, toluene, and MTBE compared to MeTHF.
CALB, CRL, and lipase AK showed a higher reaction rate with (+)-
sulcatol leading to a higher conversion. Lipozyme and lipase PS
showed moderate activity and PPL very low activity. For the reso-
lution of the primary alcohol all lipases (except PPL) were active in
all solvents tested, and the highest reaction rate was displayed by
CRL.

2.2. Enantioselectivity of lipase catalized transesterification of
racemic alcohols in organic solvents

The use of organic solvents as media for reactions catalyzed by
lipases is a well-established procedure. Moreover, it is known that
by modifying solvent composition it is possible to modulate lipases
activity and enantioselectivity.®?”?® However, no data have been
reported on the activity and enantioselectivity of lipases in MeTHF
and CPME with respect to other organic solvents. For a comparison,
in this study we selected toluene and MTBE, two solvents that are
extensively used, for the resolution of racemic menthol, sulcatol,

OH Y\/\(OH OH

(x)-a-cyclogeraniol

(2,6,6-trimethylcyclohex-
2-enyl)methanol

Figure 1. The three model substrates investigated. Menthol, sulcatol and a-cyclogeraniol.
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Table 1

Substrate conversion, initial rate and enantiomeric ratio (E) of lipase catalyzed transeterification reaction with (+)-menthol, (t)-sulcatol or (+)-o-cyclogeraniol as substrate and

MeTHF, CPME, toluene or MTBE as reaction media®

Substrate Lipase ¢ (%)"; initial rate (nmol h~' mg™); E¢
MeTHF CPME Toluene MTBE
(+)-menthol CRLY 35; 36; 91 47; 144; 119 41; 146; 58 53; 158; 101
Lipase AK® 5;2;121 9; 3; 232 8;2;103 7; 4; 106
CALBf 0.4 0.5 0.4 0.7
Lipase PS¢ 0.5 0.9 1.4 1.1
Lipozyme® 1.3 1.7 1.2 14
ppPL¢ 0.1 0.2 0.3 0.2
(#)-sulcatol CRLY 51; 160; 4 84; 350; 5 99; 340; 6 92; 344; 8
Lipase AK® 38; 40; 28 51; 40; 35 53; 55; 21 56; 40; 26
CALBf 66; 1690; 222 70; 1490; 422 83; 1800; 58 79; 1700; >1000
Lipase PS¢ 11; 7; 37 26; 20; 25 31, 19; 46 22;16; 12
Lipozyme® 13; 10; 49 20; 15; 58 20; 12; 43 22; 16; 61
PPLY 6; 1.6; 25 12;2; 15 7; 1.8; 21 12;3; 19
(£)-o-cyclogeraniol CRLY 96; 161; 1 97; 496; 1 99; 632; 1 86; 484; 1
Lipase AK® 29;6;6 27;10; 11 25;10; 9 16; 10; 6
CALBf 32;14; 8 46; 50; 12 38;90; 6 29; 34,7
Lipase PS¢ 18; 4; 11 23;10; 18 19; 5,7 16; 10; 19
Lipozyme® 7; 1.5;1 9;5;2 8;5;1 78; 5; 1
ppL¢ 1;04;1 2.5; 06; 2 8;0.8;1 4;1.2; 2

Lipase amount was (4) 50 or () 20 or (¥) 10 mg.

2 Conversion, initial rate and E are in normal, italic and bold character, respectively.

b Conversion values after 24 h of reactions.

¢ All the lipases tested transformed preferentially (—)-menthol, (R)-a-cyclogeraniol and (R)-sulcatol, except CRL that had enantiopreference for (S)-sulcatol. E was cal-
culated at 20% conversion according the formula (1) and (2) using the enantiomeric excess of product in the case of racemic menthol and sulcatol and the enantiomeric excess

of substrate in the case of the primary alcohol.

and o-cyclogeraniol at low water activity, using lipases as
biocatalysts.

The data of Table 1 show that although CRL exhibited with
(+)-menthol the highest activity in MTBE, a relatively good
activity was observed in CPME, which was similar to that found
in toluene, while a moderate activity was obtained in MeTHF.
However, the enantioselectivity of CRL in both CPME and
MeTHF, was similar to that observed in MTBE, but higher than
that in toluene. Lipase AK showed the highest enantioselectivity
in the kinetic resolution of (+)-menthol in CPME (E = 232). How-
ever, this enzyme had a lower activity than CRL in all the sol-
vents tested.

It can also be seen from Table 1 that with (+)-sulcatol in MeTHF
and CPME the lipases tested had similar activity and enantioselec-
tivity to that observed with toluene and MTBE. Interestingly, in the
two green solvents CALB had an enantioselectivity significantly
higher than that observed in toluene.

The enantioselectivity of most lipases with (+)-a-cyclogeraniol
was low in all solvents except moderate values in the case of lipase
PS in CPME and MTBE E =18 and E = 19, respectively (Table 1).
However, these lipases seem very active with this primary alcohol
where high conversions were obtained except with lipozyme and
PPL.

2.3. Effects of lipase formulation and ionic liquids on the
performance of lipases

Numerous studies have shown that lipase behavior may be
greatly altered by the formulation.?®27>® Therefore we adopted
this strategy to increase the transesterification activity of lipases
in CPME. In particular, in the present study it has been shown that
Lipase AK has high enantioselectivity in the kinetic resolution of
(+)-menthol, that is a prerequisite for the scaling up of this kinetic
resolution. Nevertheless, the low catalytic activity of the enzyme
might be a drawback. Therefore, in order to improve the perfor-
mance of the catalyst, the influence of the enzyme formulation
on the reaction rate and enantioselectivity was evaluated. Table 2

indicates that enzyme dissolution in buffer at pH 8, followed by
lyophilization, increased 3.6 times the initial rates of the transes-
terification reaction in CPME, compared to the non-treated com-
mercial enzyme. The increase was slightly higher (up to 4.5-fold)
when lipase AK was lyophilized in the presence of MeOPEG or
sucrose or p-mannitol. The increase of activity could be due both
to the “pH-memory” effect,”>° being the enzyme lyophilized from
a solution at the optimal pH for activity’® and to the lyoprotectant
effect of the additives, particularly MeOPEG, as previously reported
for lipases.’” Beyond these effects, the fact that with the additives
the enzyme molecules are more dispersed in the lyophilized
sample than in the commercial untreated powder, also contributes
to the increase of catalytic activity. Thus, besides formulation with
additives, from the perspective of further improving the catalytic
activity of lipase AK in organic solvents, enzyme immobilization
on suitable supports might be a valid approach.*’ However,
lyophilization in the presence of this latter additive caused a
plunge of the enantioselectivity of lipase AK. A decrease of enan-
tioselectivity was also observed with lipase AK lyophilized with
the sugars sucrose and p-mannitol, even though high values (102
and 100) were still obtained.

In the last decade, numerous studies have focused on the use of
ionic liquids (ILs) as green media for lipases. In addition, ILs have
also been suggested as additives, in biocatalyzed reactions, for
improving the performance of enzymes.>*“?~* Herein, the effect
of the presence of a low percentage of ionic liquid in the green sol-
vents was also investigated. In particular, we selected the two ionic
liquids [BMIM][TFSI] and [BMIM][BF,4]. Analogously to organic sol-
vents, these ILs do not dissolve lipases. Therefore, their use does
not interfere with some of the advantages of using organic solvents
(e.g., easy recovery of the products and increase of the enzyme
thermal stability).">*° The use of [BMIM][TFSI] (1%) and [BMIM]
[BF4] (5%) caused a decrease of the initial reaction rates for CRL
and lipase AK in transesterfication of (+)-menthol (Table 3). How-
ever, the enantioselectivity of CRL was slightly improved in the
MeTHF with [BMIM][TFSI] and [BMIM][BF,], and in CPME with
[BMIM][BF,]. Instead, Lipase AK showed a decrease of
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Table 2
Transesterification activity of lipase AK lyophilized with different additives in transesterification of (+)-menthol
Catalyst CPME
eep (%) C (%) E* v(nmol h~' mg™")
Lipase AK>® 98.9 23.0 232 3
Lipase AK lyophilized without additives®f 93.3 441 64 11
Lipase AK + Saccharose® 95.1 46.3 102 13
Lipase AK + MeOPEGS! 87.2 433 29 13
Lipase AK + p-Mannitol®f 97.0 31.1 100 7
Lipase AK + MeOPEGYf 91.0 29.6 31 7

Lipase amount was (>) 20 or (9) 10 mg.
Lipase/additive ratio (w/w) was () 4/1 or (%) 2/1.
Reactions time was (¢) 120 or (¥) 72 h.

2 In all cases the enantiopreference was for (—)-menthol.

Table 3
Effect of ionic liquids on the activity and enantioselectivity of lipases in the transesterification of (+)-menthol
Lipase Medium Solvent
MeTHF CPME
eep (%) c (%) E? v (nmol h™! mg™") eep (%) c (%) E? v(nmol h~' mg™")
CRL" Without lonic Liquid 97.3 19.2 91 36 97.1 36.5 119 144
[BMIM] [TESI] (1%) 97.6 17.8 103 42 97.0 34.0 108 134
[BMIM] [BE,] (5%) 98.1 11.9 120 34 97.7 27.3 121 76
Lipase AK® Without lonic Liquid 98.0 16.7 121 2 98.9 23.0 232 3
[BMIM] [TFSI] (1%) 97.4 11.9 87 1.5 99.1 16.6 254 2
[BMIM] [BE4] (5%) 95.3 10.1 46 1.5 98.3 16.0 138 1.5

Reactions time was (°) 4 or () 120 h.
2 In all cases the enantiopreference was for (—)-menthol.

enantioselectivity in the presence of ionic liquids except in CPME
with [BMIM][TFSI]. These results differ from those reported by
other research groups with other lipases. In fact, Itoh et al.*”*®
found that the addition of small amounts of different ILs in organic
solvents, caused a remarkable enhancement of enantioselectivity
of lipase PS-catalyzed acetylation of 1-phenylethanol, using vinyl
acetate as an acyl donor. Filice et al.*® showed that Rhizomucor
miehei lipase activity was enhanced, maintaining a high
regioselectivity, by addition of ILs in the hydrolysis of hexa-O-
acetyl lactal.

3. Conclusions

Herein, the eco-friendly solvents MeTHF and CPME were used
for the first time as reaction media for the lipase-catalyzed kinetic
resolution of (x)-menthol, (%)-sulcatol and (#)-a-cyclogeraniol.
Lipase AK was found to be the best catalyst for the resolution of
racemic menthol in terms of enantioselectivity. The reaction rate,
which was low, could be improved in CPME, at least 2.5-fold by
lipase formulation. CALB should be the best choice for the resolu-
tion of racemic sulcatol in MeTHF and CPME, thanks to its the
excellent enantioselectivity and reaction rate. However, it has to
be emphasized that although the increase of activity obtained is
valid only for the exact formulations utilized, at an industrial level
the goal is to develop biocatalytic processes always with formu-
lated and immobilized enzymes that can facilitate enzyme reuse
and improve their properties (activity, stability, selectivity). In fact,
just for lipases, the catalytic activity depends on the conformation
of a a-helix fragment, named “lid”, which regulates the entrance to
the catalytic active site (e.g., moving from a “close” to an “open”
position). Thus, the formulation and immobilization method are
crucial to favor and maintain the open position, which has been
correlated to the activation of lipases.>®

In the resolution of the primary alcohol, the lipases tested
showed a low or, at most, moderate enantioselectivity, as in the
case of lipase PS in CPME and MTBE. A very high reaction rate
was observed with CRL. The presence of a low percentage of ILs
in the reaction medium increased slightly the enantioselectivity
but decreased the reaction rate. The results highlight that both
CPME and MeTHF can be considered as excellent and greener sub-
stitutes of toluene and MTBE. We also observed that CPME gave
better results compared to MeTHF, both in terms of enzyme cat-
alytic activity and of enantioselectivity. It should be mentioned
that, as already shown, the enantioselectivity of a given enzyme
can change, sometimes dramatically, as a function of the nature
of the solvents and of the substrates.® The results obtained in this
study strongly encourage the use of green solvents as media for the
kinetic resolution of secondary alcohols, especially in the perspec-
tive to develop sustainable large scale industrial processes.

4. Experimental
4.1. Materials and reagents

Novozym 435 (immobilized lipase from Candida antarctica B)
was donated by Novozymes, CRL (lipase from Candida rugosa)
and PPL (lipase from porcine pancreas) were purchased from
Sigma, Lipase AK (lipase from Pseudomonas fluorescens), Lipase PS
(lipase from Burkholderia cepacia), Lipozyme IM from Novo. (+)-
Sulcatol (purity > 99%), (+)-menthol, vinyl acetate (>99%), vinyl
laurate, toluene, tert-butyl methyl ether (MTBE), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM]
[TFSI], >98%), and 1-butyl-3-methylimidazolium tetrafluoroborate
([BMIM][BE,], >98.5%) were purchased from Sigma-Aldrich. Cyclo-
pentyl methyl ether (>99%) and 2-methyltetrahydrofuran (99%)
were purchased from Alfa Aesar. Racemic o-cyclogeraniol ((2,6,6-
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trimethylcyclohex-2-enyl)methanol) was prepared by LiAlH,
reduction of ethyl a-cyclogeraniate.”® (—)-menthol, (S)-sulcatol
were purchased from Sigma-Aldrich; (—)-(S)-a-cyclogeraniol
{[0]8° = —106.5 (c 2.1, EtOH), 95% ee} was prepared by resolution
of the racemic alcohol.?? Other chemicals were from commercial
sources and were of the highest purity available.

4.2. Lipase catalyzed transesterification of racemic alcohols

For all reactions tested, all reagents, solvents, and lipases, before
use, were separately equilibrated for at least 24 h at water activity
(aw) value of 0.06 in sealed vessels in the presence of LiBr saturated
salt solution at 25 °C.>' The reaction mixture was prepared by add-
ing 1 mL of organic solvent (MeTHF, CPME, toluene, or MTBE) con-
taining racemic alcohols (#)-menthol (32 mM), (#)-sulcatol
(35mM) or (#)-o-cyclogeraniol (32mM) and vinyl acetate
(325 mM) to 10-50 mg of lipases in a 3 mL vial. Then the reaction
mixture was shaken at 150 rpm at 25 °C and at scheduled times a
sample from the supernatant was withdrawn and analyzed by GC.
When the effect of ionic liquids was tested, the reaction was car-
ried out by adding to the organic solvent 5% or 1% (v:v) of
[BMIM][TESI] or [BMIM][BF,], respectively. Initial reaction rates
(nmol h~' mg~!) were calculated only from conversion values
lower than 15%. In this study, the amount of lipases refers to crude
powder unless otherwise specified.

Absolute configuration of the transformed enantiomers was
assigned by comparison of the chiral chromatographic analyses
of the various lipase catalyzed reaction with literature data that
reported studies with the same substrate and lipase 8225253

4.3. Formulation of lipase AK

Lipase AK formulations were prepared freezing (at —80 °C) and
lyophilizing enzyme solutions obtained by dissolving 20 mg of the
commercial enzyme powder in 1mL of 20mM potassium
phosphate buffer (pH 8) or the same buffer containing 5%
(w/v) of additive (sucrose, p-mannitol, or methoxy poly(ethylene
glycol).

4.4. Chiral GC analysis

The enantiomeric purity and conversion were determined by a
gas chromatograph (Agilent Technologies 6850) equipped with a
hydrogen flame ionization detector (FID) and a chiral capillary col-
umn DMePentilBETACDX (25 m x 0.25 mm x 0.15 um) for GC anal-
ysis of (#)-sulcatol and a MEGA-DEX DAC Beta column
(25 m x 0.25 mm x 0.25 um) for analysis of (+)-menthol and (+)-
a~cyclogeraniol. The temperature of the injector and the detector
was 250 °C. Nitrogen was used as carrier gas. The temperature pro-
grams were: 80°(2 min)-2°/min-110°-15°/min-150°(2 min) for sep-
arating sulcatol enantiomers and 80°(2 min)-5°/min-150°(2 min)
for separating menthol enantiomers and o-cyclogeraniol enan-
tiomers. The following retention times were (in min): (S)-sulcatol
5.44; (R)-sulcatol 5.79; (S)-sulcatyl acetate 6.68; (R)-sulcatyl acet-
ate 8.33; (+)-menthyl acetate 8.63; (—)-menthyl acetate 8.83; (—)-
menthol 9.27; (+)-menthol 9.62; (R)-a-cyclogeraniol 7.26; (S)-o-
cyclogeraniol 7.37; (R) and (S)-o-cyclogeraniol acetate 9.21.

The enantioselectivity value (E) was calculated from the conver-
sion (c) and the enantiomeric excess of the product (eep) or of the
remaining substrate (ee;), based on the following equations:

_In[1 —c(1 + eep)]
" Inf1 —c(1 - eeZ)] @

_In[(1 —¢)(1 — eey)]
F i1 o1 ee) “

Where

co1- AA% 3)
ee; = % (4)
eep — % (5)

where Ag and By represent the initial enantiomers concentration of
substrate, A and B represent the substrate enantiomers concentra-
tions after a certain time of reaction, P and Q represent the product
enantiomers concentrations after a certain time of reaction,”” in a
reaction where A is the faster reacting enantiomer that produces P.
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ULTRASOUND EFFECTS ON THE ACTIVITY AND
ENANTIOSELECTIVITY OF
CANDIDA RUGOSA LIPASE IN ORGANIC SOLVENTS

A.Belafriekh, F.Benamia, Z.Djeghaba’

Laboratory of Applied Organic Chemistry, Sciences Faculty, Chemistry
Department, University of Badji Mokhtar, P.O. Box 12, 23000, Annaba, Algeria

ABSTRACT

This work reports a study on the effect of ultrasound on the behavior of Candida rugosa
lipase in the enantioselective transesterfication of some racemic secondary alcohols (1-
phenylethanol, 2-pentanol, menthol) with different acyl donors (vinyl acetate, vinyl
propionate, vinyl butyrate) in the presence of organic solvents. The experiments were
conducted with two different approaches: ultrasonic irradiation without stirring and stirring
after ultrasonic pre-irradiation of lipase. The same experiments were conducted under
conventional stirring to evaluate the effect of the ultrasound. The influence of pre-
irradiation time, organic solvents, acyl donors and temperature were investigated. With
the two approaches, the ultrasound has advantage over the conventional stirring. The
best results were, however, obtained when the reactions were conducted under
ultrasound without stirring. In the resolution of the menthol by vinyl acetate in hexane, the
conversion increased 3-fold and the enantioselectivity 5-fold.

Keywords: Candida rugosa lipase; ultrasound; secondary alcohols; enantioselectivity;
transesterification;

© 2015 IJCPS. All rights reserved
1. INTRODUCTION

Lipases as biocatalysts for the production of enantiomerically pure compounds have

great interest because they can catalyze variety of reactions such as: esterification,
hydrolysis, aminolysis and transesterification, under milder and simpler process
conditions, and with ability to recognize chirality [1-4]. However, their activity and
enantioselectivity for various synthetic substrates are not always sufficient [5]. Various
methods, such as solvent engineering, enzyme immobilization, lyophilization of the
enzyme, and application of mechanical waves, have been done in attempts to enhance
activity and to improve enantioselectivity [6-9].

Currently, ultrasound irradiation has been introduced into organic chemistry and
biotechnology as an efficient way to accelerate chemical transformations [10, 11]. The
effect of ultrasound is based on the cavitation phenomenon: a liquid subjected to
ultrasonic field expands and creates bubbles that grow and then implode. The energy
generated by this implosion can enhance mass transfer and thus increase the reaction
rate and also help to increase the catalytic activity [12, 13]. Ultrasound is also a useful tool
in enzymatic reactions. It can enhance substrate dissolution and improve mass transfer
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within and outside the active site of the enzyme [14, 15], it can also affect weak
interactions in protein and induce its conformational change, which may improve some
enzymatic reactions. Many studies available in the literature reports that the low frequency
ultrasound (around 40 kHz) is not able to inactivate enzymes [16-18], and with the use of
low frequency and optimum power input, ulirasound can be effective for the biocatalyst.
The lipase from Candida rugosa is a relatively cheap commercial enzyme widely used in
hydrolysis and synthesis of esters, and it is well known for its remarkable stability
inorganic solvents [8, 19-22]. The present work focuses on the possibility to increase the
activity and enantioselectivity of Candida rugosa lipase by using ultrasound irradiation. We
studied a transesterification of three racemic secondary alcohols, 1-phenylethanol, 2-
pentanol and menthol, by vinyl esters as acyl donors. Starting from reaction parameters,
temperature, substrate molar ratio, and enzyme loading optimized previously, the
experiments were conducted in an ultrasonic water bath and/or magnetic stirrer with three
different approaches: ultrasonic irradiation without stirring, stirring after ultrasonic pre-
irradiation of lipase, and under conventional stirring. The effect of the time of ultrasonic
pre-irradiation of lipase, organic solvents, acyl donors, and temperature were investigated.

2. MATERIALS AND METHODS
2.1. Materials and reagents

Lipase from Candida rugosa (CRL, Type VII, 760 U/mg), (R,S)-1-phenylethanol, (R)-1-
phenylethanol, (R,S)-2-pentanol, (S)-2-pentanol, (x)-Menthol, (-)-menthol, vinyl acetate,
vinyl propionate, vinyl butyrate, were purchased from Sigma-Aldrich. All other chemicals
were purchased from local sources and were of the highest purity commercially available.
The ultrasonic bath, Branson 1510E-MTH (Branson Ultrasonics Corporation., USA), was
basically a rectangular container (14.0 cmx15.0 cmx10.0 cm). The maximum rating
power was 143 W, frequency 42 kHz. The temperature of water in bath was controlled
with accuracy of £1°C.

2.2. Ultrasonic pre-irradiation of lipase in organic solvents

The lipase from Candida rugosa (50 mg) in 4 mL of organic solvent was ultrasonicated for
different time periods (i.e. 0.5, 1, 2, 3 and 4 h). The temperature of the sample could be
kept constant at 35 + 1°C throughout. Secondary alcohol (5 mM) and acyl donor (10 mM)
were added to the ultrasonically pre-irradiated lipase, and incubated at 35°C with
constant shaking at 200 rpm for different times according to alcohol and acyl donor.

2.3. Transesterification of secondary alcohols

Racemic secondary alcohol (5 mM) and acyl donor (10 mM) were solubilized in 4 ml of
organic solvent and then the reaction was initiated by the addition of 50 mg of lipase for
different times according to alcohol and acyl donor (Scheme 1). Shaking experiments
with lipase or pre-irradiated lipase were carried out over an oil bath under magnetic
stirring (200 rpm). Experiments under ultrasound irradiations were carried out by placing
the reaction mixture at the center of the ultrasonic water bath. In all cases, the
temperature of the reaction mixture was maintained at 35°C.

35
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Scheme.1: Enzymatic transesterifiction of secondary alcohols with different acyl donors.

2.4. Sample analysis

The mixture was filtered at the end reaction and analyzed using a gas chromatography
(GC- 17, SHIMADZU) equipped with a hydrogen flame ionization detector (FID) and chiral
capillary column Beta-dex™ 325 (30m x 0.25mm x 0.25um). The temperatures of the
injector and the detector were 220 and 250°C, respectively. Nitrogen was used as carrier
gas. The temperature programming was performed between 120 and 220°C with the
increment of 6°C/min. The following retention times were observed (table 1):

Table 1. Retention times for substrates and products in chiral GC.

Substrate Retention time (min)

For alcohol For Ester

Alkyl acetate  Alkyl propionate Alkyl butyrate

R S R S R S R S
(R,S)-1-phenylethanol 10.15 10.31 1140 11.64 13.15 13.44 1496 15.39
(R,S)-2-pentanol 507 529 7.02 7.24 8380 9.15 10.92 11.16

- + - + - + - +
(+)-menthol 12,92 13.23 1450 1474 16.62 16.87 18.48 18.73

The enantioselectivity (E) and conversion (¢, %) were calculated from the enantiomeric
excess of the substrate (ees, %) and product (ee,, %) based on the following equations or
relations :

_In[1— c(1+ eep)]

= 1
ln[l—c[l—eep)] (1)
Where
_ ee,
= ee, 1 ee, [2]
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AR_AS
ee, = —————— (3)
A+ A4,

HR - Bs
e = 8 | (4)
P B, +B,

Where Ar and As represent the concentrations of the (R)-enantiomers and (S)-
enantiomers of secondary alcohol, Br and Bs represent the concentration of the (R)-
enantiomers and (S)-enantiomers of ester corresponding.

3. RESULTS AND DISCUSSION

Here, we evaluated the effect of ultrasound by two approaches: ultrasound throughout
the reaction (US) and the enzymatic pre-irradiation (P-1). The same reactions were
performed under conventional stirring (Conv) in order to compare the activity and
enantioselectivity displayed by Candida rugosa lipase for the transesterifiction of
secondary alcohols. Various organic solvents and acyl donor were investigated to find the
most appropriate reaction system.

3.1. Effect of ultrasonic pre-irradiation time

It was reported that when using enzyme powders to catalyze reactions in organic solvent,
the enzymatic pre-irradiation by ultrasound can reduce the size of particles and
consequently enhance the surface area between the enzyme and the substrate, which
can contribute to reduce mass transport limitations and improve catalytic activity of
enzyme [14, 23]. The effects of ultrasonic pre-irradiation time with the three alcohols were
investigated. The results presented in figures 1-3 show that the conversion increase with
increasing ultrasonic pre-irradiation time from 0.5 to1 h in the case of 1-phenylethanol
and 2-pentanol, and from 0.5 to 2 h in the case of menthol, but a decrease of conversion
was observed beyond these times. The enantioselectivity had also similar changes with
ultrasonic pre-irradiation time where E value was increased from 0.5 to 1 h, and
decreased when the time exceeded 1 h with the three alcohols. Considering the best
conversion and E value obtained, the ultrasonic pre-irradiation time of 1 h was selected
for the approach of the enzymatic pre-treatment reaction in the subsequent experiments.

80
; | —_—i—
B — i — B value
z + 60 an' —ii—eep
= %
2 = ]
5 3 To———— | 0 8
g T (]
0 T I J I ks
0.5 1 2 3 ‘

Time (h)

Figure.1.Effet of ultrasounic pre-irradiation time of on the enzymatic transesterifiction of
(R, S)-1-phenylethanol with vinyl acetate in hexane.
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Figure.2.Effet of ultrasounic pre-irradiation time of on the enzymatic transesterifiction of
(R, S)-2-pentanol with vinyl acetate in hexane.

12 ~ - 80
o — - - —_—f—
Fy value
= 7| A T T 80 —m—eep
=] (i)
3 g (%)
= g
c =
o (=]
]E 24 20 QO
0 T T T T 1 0
05 1 2 3 4
Time (h)

Figure.3.Effet of ultrasounic pre-irradiation time of on the enzymatic transesterifiction of
(x)-menthol with vinyl acetate in hexane.

3.2. Effect of organic solvent

The choice of the appropriate organic solvent for a lipase-catalyzed reaction is known to
be a crucial factor in determining the activity [24]. Several solvents with different log P
were investigated for the transesterification of alcohols at 35°C, log P defined as the
partitioning coefficient of solvent between 1-octanol and water, characterizing the polarity
or hydrophobicity of the solvent. The reactions were conducted under three different
condtions: ultrasound throughout the reaction (US), stirring using a lipase pre-irradiated
for one hour (P-1), and under conventional stirring (Conv) with alcohols. All modes of
enzymatic transesterification revealed similar features in terms of changes in log P.
Except the diethylether (log P = 0.89), the results indicate that the conversion and
enantioselectivity were favored in solvents with higher log P values (table 2). These
observations are in accordance with many researchers reported in the literature [4, 25,
and 26]. The highest values were obtained when hexane was used as the reaction media
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and under the effect of ultrasound with the three alcohols. Therefore, hexane was chosen
as an appropriate solvent.

Table.2. Effect of solvent on the enzymatic transesterifiction of racemic secondary
alcohols with vinyl acetate.

Substrate . eep (%) C (%) E
Solvent Log P Time(h) —Gs— P Cow US P41 Cowv US__ P1__ Conv
1-phenylethanol THF 0.49 69 61 60 9 8 4 6 4.5 4
Diethylether 0.89 71 63 60 33 19 14 8.5 5 4.5
Dichloroethane  1.25 74 67 65 21 20 13 8 6 5
Chloroform 1.97 4 56 50 51 17 15 10 4 3.5 3
Toluene 2.73 72 66 61 37 35 13 9 5 4.5
Hexane 3.50 75 69 67 42 35 15 12 8 5.5
2-pentanol THF 0.49 64 56 54 11 7 6 5 3.5 3.5
Diethylether 0.89 68 62 57 16 12 9 6 4.5 4
Dichloroethane  1.25 63 57 53 24 22 16 5.5 45 3.5
Chloroform 1.97 6 60 54 55 13 7 5 4.5 3.5 3.5
Toluene 2.73 68 59 57 32 29 22 7 5 4.5
Hexane 3.50 74 67 66 36 28 21 10 6.5 6
menthol THF 0.49 82 73 70 13 8 7 11.5 7 6
Diethylether 0.89 87 76 69 34 25 20 22.5 9.5 6.5
Dichloroethane  1.25 5 91 84 77 26 18 11 29 14 8.5
Chloroform 1.97 57 55 54 14 12 9 4 4 3.5
Toluene 2.73 86 71 71 39 26 18 23 7.5 7
Hexane 3.50 89 77 73 45 31 16 37.5 11 7.5
3.3. Effect of acyl donor
The type of acyl donor can also influence transesterification reactions catalysed by
lipases. We studied three different carbon chain lengths (C2, Cs, C4) of vinyl esters as
acyl donors. The results under the three modes of transesterification with alcohols are
presented in table 3. As can be seen in table 3, Candida rugosa lipase had a higher
activity and enantioselectivity toward: vinyl acetate with 2-pentanol and menthol, and vinyl
propionate with 1-phenylethanol in all modes of transesterification. Moreover, the
conversion and E value decreased with the elongation of chain length of the acyl donors.
It might be explained by easier access to the active site of the lipase with a short chain
length.
Table.3. Effect of acyl donor on the enzymatic transesterifiction of racemic secondary
alcohols in hexane
. eep (%) C (%) E
Substrate Acyl donor Time (h) US Pl Conv__ US P1__ Conv__ US P Conv
1-phenylethanol  Vinyl acetate 4 75 67 67 42 35 15 12 7 5.5
Vinyl propionate 6 85 82 75 37 25 18 21 13 8
Vinyl butyrate 8 78 72 69 22 16 9 10 7 6
2-pentanol Vinyl acetate 6 74 67 66 36 28 21 10 6.5 6
Vinyl propionate 8 71 62 60 24 13 7 7.5 45 4
Vinyl butyrate 8 63 58 61 13 9 5 5 4 4
menthol Vinyl acetate 5 89 77 73 45 31 16 37.5 11 7.5
Vinyl propionate 7 86 73 68 39 31 17 23 9 6
Vinyl butyrate 8 80 69 64 27 19 11 12 6.5 5
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3.4. Effect of temperature

The effect of reaction temperature on activity and enantioselectivity, in the
transesterification of menthol with vinyl acetate as acyl donor, was carried out under
ultrasonic irradiation in a range of 25 to 55°C. The results obtained show that the
conversion increased with increase in temperature (figure 4). Elevation of temperature
may enhance solubility of substrates, and improve mass transfer within and outside of
site active. However, the increase of temperature beyond 35°C caused a decrease in
enantioselectivity, which might be explained by disruption of the active conformation of
enzyme at higher temperatures which leads to loss of enantioselectivity. The optimum
temperature selected was 35°C.
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25 35 45 55
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Figure.4. Effect of temperature on the enzymatic transesterifiction of (x)-menthol with
vinyl acetate in hexane under ultrasound.

4. CONCLUSIONS

In this work an enantioselective transesterification of some racemic secondary alcohols
under ultrasound irradiation using Candida rugosa lipase was investigated. Among
various alcohols and acyl donors studied, menthol with vinyl acetate as acyl donor and
hexane as solvent had the best results regarding conversion degree and
enantioselectivity. Our results confirm the improvement of lipases activity and
enantioselectivity by ultrasound reported in other researches. Therefore, the ultrasound
could be an alternative in “green” enzymatic processes due to its high efficiency, low
instrumental requirement and significant enhancement of enzyme catalytic activity
compared with conventional techniques.
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