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Abstract: Dynamic kinetic resolution (DKR) is one of the most attractive methods for enantioselec-
tive synthesis. In the reported studies, lipase B from Candida antarctica (CALB) immobilized on sili-
ceous mesoporous cellular foams (MCF) functionalized with different hydrophobic groups, and two
ruthenium complexes with substituted cyclopentadienyl ligands were investigated as catalysts for
the chemoenzymatic DKR of (rac)-1-phenylethanol, using Novozym 435 as a benchmark biocatalyst.
Studies on the (rac)-1-phenylethanol transesterification reaction showed that CALB supported on
MCFs grafted with methyl groups is a promising biocatalyst and isopropenyl acetate is a preferable
acylation agent. Both Ru-complexes activated by KsPOs or +-BuOK, proved to be effective catalysts
of the racemization reaction. The final DKR experiments using all catalysts combinations singled
out, gave 96% conversion, and (R)-1-phenylethyl acetate enantiomeric excess of 98% in 8 h using
KsPO:s activator.

Keywords: chiral secondary alcohols; resolution of enantiomers; dynamic kinetic resolution; DKR;
synthesis of enantiomers; bicatalytic tandem

1. Introduction

The augmented awareness of the importance of chirality and its strong association
with biological activity, critical especially for pharmaceutical, food and agricultural in-
dustries, created an immense need for development of enantiomerically pure compounds
at a reduced cost [1]. One of the important group of compounds are chiral sec-alcohols,
and, in particular, chiral 1-phenylethanol, which is used as an ophthalmic preservative, a
solvatochromic dye, an inhibitor of cholesterol absorption, as a mild floral fragrance and
as precursor material for the synthesis of enantiomerically pure active pharmaceutical in-
gredients [2—4]. Consequently, various methods for its preparation have been developed:
chromatographic separation using porous coordination polymers, asymmetric bioconver-
sion of acetophenone using whole cells, direct hydrogenation of acetophenone using Ru
based Noyori catalyst, chemo- and biocatalytic stereoselective reduction from pro-chiral
ketones, or enantioselective resolution of racemates [5-12]. Among several production
routes, kinetic resolution (KR), and more recently, its dynamic kinetic mode (DKR) ap-
pears to be the most effective, and, thus, widely studied method. In this context, chemoen-
zymatic dynamic kinetic resolution, which combines the enzyme-catalyzed kinetic reso-
lution (KR) of racemic sec-alcohols with the in situ chemocatalytic racemization (Scheme
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1), affords the desired product as a single enantiomer in up to 100% yield [5,13,14]. Prom-
inent examples of such DKRs have been demonstrated by Backvall et al. [13,15,16] or Kim
end Park et al. [17-20]. In an efficient DKR, the main challenge is to select a suitable, i.e.,
active and stable bio- and chemo-catalyst for the one pot process. In many cases DKR
catalysts require specific, often different reaction conditions. Transition-metal complexes
are typically employed for the racemization reaction, whereas lipases are used for kinetic
resolution [13,15,17]. Lipases, formally triacylglycerol hydrolases (EC 3.1.1.3), belong to
the most versatile biocatalysts applied in organic synthesis, either in hydrolysis reactions
or ester synthesis (acylation reactions), in which they usually exhibit high enantioselectiv-
ity also in organic solvents. Their specific structure features an active center covered by a
polypeptide chain (lid), which opens up under favorable conditions. Therefore, due to the
hydrophobic surrounding of their active center, lipases can be immobilized in an open
conformation. Its so-called interfacial activation on hydrophobic supports has been re-
ported to be a simple and efficient method of purifying and immobilizing lipases [21-23].
The most popular hydrophobic carriers are organic polymers such as poly(methyl meth-
acrylate) (PMMA) which constitutes the core of the Novozym 435 (the most popular com-
mercial lipase-based biocatalyst). However, the major disadvantage of polymer carriers is
their low stability in organic solvents, which was shown among others by Zhao, Jose and
Kowalczykiewicz [24-26]. For this very reason the search for stable, hydrophobic carriers
for lipase is still an important issue [27].

Mesoporous silicates (MS) prepared by templating method, and mesoporous cellular
foams (MCF) in particular, demonstrate considerable potential for enzyme immobiliza-
tion [28-30]. They show very high chemical, thermal, mechanical, and biological re-
sistance, and they are environmentally acceptable. While silica is hydrophilic by nature,
its surface can be covered with various anchor groups, e.g., hydrophobic ones, thus chang-
ing and even modulating its character.

Here we present the results of studies on the dynamic kinetic resolution of 1-phe-
nylethanol racemic mixture (Scheme 1), with the use of MCFs, functionalized with differ-
ent hydrophobic groups (methyl, octyl and hexadecyl) as lipase carriers. Such heteroge-
neous biocatalysts were tested in the kinetic resolution of 1-phenylethanol via transester-
ification reaction with different types of acyl donors. After selection of the best acylating
agent, the lipase immobilized on MCFs was tested in the DKR process using the ruthe-
nium complexes as a racemization catalyst.
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Scheme 1. Dynamic kinetic resolution of sec-alcohols.
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2. Results and Discussion
2.1. Carriers Characterization

An enzyme immobilization is a successful method to improve its properties: re-
sistance to harsh reaction conditions, catalytic stability or reusability (facilitating separa-
tion). Enzymes can be immobilized by covalent or non-covalent (adsorption) interaction
with support [28]. Lipases (especially lipase B from Candida antarctica), due to their specific
structure, prefer hydrophobic carriers and non-covalent immobilization method [26,31].
In the presented study, MCFs were applied as carriers for lipase immobilization. Their
open three-dimensional structure, made of spherical pores (cells) connected by windows,
and large pore sizes provide more favorable conditions for the expression very high en-
zymatic activity [29,30]. Pristine MCFs feature very high specific surface area (Table 1),
densely covered by hydroxyl groups (Figure 1). To modulate its chemical nature towards
more hydrophobic one, different hydrophobic groups (methyl, Me; octyl, Oc; hexadecyl,
Hd) were incorporated, using either a suitable disilazane (Me) or silanes (Oc and Hd).
Note that these two distinct groups of organosilane compounds have substantially differ-
ent structures, and thus various abilities to condense on and modify the silica surface.
These differences were also observed in the properties of thus obtained materials. The two
different functional groups load was applied: 1.5 and 3.0 mmol per 1 g of the silica. As
expected, the specific surface area (Sser) decreased after modification (Table 1). In the case
of MCF-Me samples, the change in Sser was strongly influenced by the concentration of
the applied disilazane, in contrast to MCF-Oc and MCF-Hd samples, where only slight
decrease in the surface area was observed, despite doubling the concentration of the silane
used. In order to estimate the amount of the attached functional groups, thermogravimet-
ric measurements were performed (Table 1, Figures S1-54). They showed that the hydro-
phobic groups introduced on the carrier did not exceed 3.5% w/w in the case of disilazane
(MCF-3.0Me), and 5-6% w/w in the case of silanes (MCF-3.00¢c and MCF-3.0Hd). Smaller
Me groups of the disilazane precursor, more spread out over the silica surface, tend to
explain the former, whereas the larger size of the hexadecyl entities than of the octyl
groups is the most likely explanation of the latter. A similar amount of functional groups
(3.2-3.4% w/w) on MCF-1.5Me and MCEF-3.0Me, suggest almost complete surface coverage
even for a smaller load of methyl groups. This trend is not observed in the other silane
modified samples (MCF-Oc and MCF-Hd). Thermogravimetric evaluation of water con-
tent in samples (weight lost in the temperature range of 25 to 100 °C) may be useful in
determining the surface hydrophobicity. Silica functionalized with Oc- and Hd-groups
appeared to adsorb similar amount of water, whereas those functionalized with Me-
groups adsorbed three times less (Table 1). This result confirms the hypothesis (vide supra)
that surface coverage with Me-groups in the MCF-3.0Me sample is much more dense than
in samples of the MCF-Oc and MCF-Hd families.

The presence of hydrophobic groups was additionally confirmed by FTIR measure-
ments. Figure 1 shows the FTIR spectra of MCF material in its pristine form and after
modification. The unmodified silica featured a broad band between 3200 and 3600 cm™!
that could be ascribed to the Si-OH stretching vibrations, additionally, a sharp and intense
band at 3740 cm™, could be unambiguously assigned to the OH symmetric stretching vi-
bration of isolated silanol groups [32]. Adsorption bands around 1000-1250 cm™ and 800
cm are attributed to asymmetric and symmetric stretching vibrations of the Si-O-Si
framework [33]. After hydrophobization, the intensity of the band at 3740 cm™ was nota-
bly reduced, due to incorporation of organic groups. Strong absorption asymmetric
stretching bands at 2930-2950 cm™, and symmetric stretching bands at 2860-2900 cm™ of
methylene groups were observed for all samples after hydrophobization [29].
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Table 1. Characteristics of biocatalysts.

Amount of

Amount of . . Immobilizati
. Functional Protein Load ** .
Carriers  Sser [m?%/g] Water * . on Yield
[% wlew] Groups [mgprotein/gsilica] (%]
[% w/w]

MCEF 560 - - - -
MCEF-1.5Me 421 0.90 3.2 18.90 + 0.08 94.7
MCEF-3.0Me 352 0.86 3.4 18.67 + 0.07 95.0
MCF-1.50c¢ 438 2.5 1.3 17.99 + 0.07 94.7
MCE-3.00c¢ 420 2.80 49 18.52 +0.01 93.4
MCEF-1.5Hd 431 2.52 2.0 18.24 + 0.03 92.6
MCEF-3.0Hd 408 2.40 5.8 18.63 +£0.03 93.7

* Measured by TG; ** Protein content: CALB—12.00 + 0.28 [mgprotein/genzyme peparation]; Novozym 435—
54.31 +1.06 [mgprolein/gbiocal.].

MCF

MCF-3.0Me

MCF-3.00¢c

Transmittance

MCF-3.0Hd

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm'ﬂ]

Figure 1. FTIR spectra of the pristine MCF and after grafting with: methyl (Me), octyl (Oc), and
hexadecyl (Hd) groups.

2.2. Biocatalysts Characterization

Surprisingly enough, despite the varying degree of silica functionalization all the
supports bound a similar amount of lipase, and immobilization yield was ca. 92-95% (Ta-
ble 1). The latter values prove the extremely high sorption capacity of the functionalized
silica. As could be expected, both the amount and type of functional groups significantly
influenced the activity of the immobilized lipase (Table 2), which was studied in two types
of reactions: hydrolysis of p-nitrophenyl acetate (aqueous solution) and in the transester-
ification of (rac)-1-phenylethanol (organic solvent). In both cases, free CALB and Novo-
zym 435 were used as benchmarks. Silica functionalized with methyl groups (MCF-Me)
showed the highest activity both in hydrolysis and transesterification reactions. Further-
more, in transesterification reaction, the specific activity of lipase immobilized on MCF-
3.0Me was ca. 20 to 37 times higher than that of free CALB and only ca. 20% lower than of
Novozym 435 (Table 2). These results clearly indicate, that interfacial activation of the
lipase molecule has a critical effect on the expressed catalytic activity and MCF-Me mate-
rial is an attractive support for lipase. It is noteworthy that activity of the biocatalysts sup-
ported on MCF with octyl and hexadecyl groups (with over 2.5% w/w water content) was
lower than that of MCF-Me based catalysts, by ca. 25 and 30-50%, respectively, both in
the hydrolysis and transesterification reaction. This indicates a direct correlation between
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the activity of the MCF-bound lipase and the hydrophobicity of the silica surface (Table
1). Note that the hydrolytic specific activity of MCF-3.0Me supported lipase was three
times higher than in Novozym 435, whereas in organic solvent performance of the latter
was slightly better. Again, it can be explained by the solvent—carrier interaction. Polymeric
carrier of Novozym 435 features higher affinity to organic solvents, whereas silica to wa-
ter. However, despite the good affinity of Novozyme 435 for organic solvents, its stability
is rather poor [24-27].

Table 2. Biocatalysts performance in hydrolysis of p-nitrophenyl acetate (aqueous environment) and in transesterification
(TR) of (rac)-1-phenylethanol (organic solvent).

. Hydrolytic Activity Specific {&ctivity‘in TR Activity Specific Acti.vity in
Biocatalysts [(tmol/min)/gsioc] Hydroly51.s Reaction [(umol/min)/gsioc] TR Re‘actlon

[(umol/min)/mgprot] [(umol/min)/mgprot]
CALB 126.38 10.53 4.36 0.36
Novozym 435 81.82 1.51 916.77 16.88
CALB-MCF-1.5Me 45.64 242 144.98 7.67
CALB-MCF-3.0Me 82.17 4.36 248.18 13.29
CALB-MCF-1.50c¢ 38.95 2.17 99.92 5.55
CALB-MCEF-3.00c¢ 60.05 3.24 146.94 7.93
CALB-MCF-1.5Hd 36.68 2.01 75.00 4.11
CALB-MCF-3.0Hd 60.44 3.24 173.56 9.32

2.3. Kinetic Resolution of (rac)-1-Phenylethanol

Enzymatic acylation of alcohols can be performed with a broad variety of acyl do-
nors. In appropriate conditions, i.e., in the presence of a suitable acylating agent, one en-
antiomer of the racemic mixture is selectively transformed to the corresponding ester [34].
However, since esterification is an equilibrium reaction, the desired product cannot be
obtained in quantitative yield [35]. The most common solution is to apply an enol ester as
the acyl donor [35], which shifts the equilibrium toward the formation of an acylated
product. The enol, formed as a by-product, instantly tautomerizes to the keto-form, thus,
reaction is irreversible. Here, the experiments were conducted for two types of esters: al-
kyl (ethyl and isopropyl; low price esters) and enol (vinyl and isopropenyl) acetates, and
the reaction was catalyzed by commercial Novozym 435 and by CALB immobilized on
silica modified with methyl groups (MCF-3.0Me). As can be seen from Figure 2, for both
CALB-MCF-3.0Me and Novozym 435, enol acetates were the most effective acylating
agents. For the MCF-based catalyst a significant difference in the efficiency between vinyl
and isopropenyl acetate was observed (20 and 38% conversion after 5 h, respectively) (Fig-
ure 2A). This difference could be attributed to the effect of the by-product formed. Nucle-
ophilic addition to vinyl acetate releases vinyl alcohol, which is tautomerized to acetalde-
hyde, while isopropenyl acetate gives acetone in the same way. As Kim et al. reported
[36], the sol-gel silica is an excellent adsorbent for the volatile organic compounds (VOC)
such as acetaldehyde, but it can hardly be regenerated by simple methods. We believe
that this might offer some explanation why the kinetic resolution of 1-phenylethanol with
vinyl acetate using CALB-MCEF-3.0Me is less efficient than using Novozym 435. It is likely
that acetic aldehyde formed during the reaction adsorbs on silica and it affects the enzyme.
Additionally, since ethanal may interfere with the metal catalyst [37], which is envisaged
as racemization catalyst for the targeted DKR of (rac)-1-phenylethanol, isopropenyl ace-
tate was selected as the acyl donor in further experiments.
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Figure 2. Effect of the acyl donor on the performance of CALB-MCF-3.0Me catalyst (A) and Novo-
zym 435 (B) in the transesterification of (rac)-1-phenylethanol.

2.4. Racemization of (S)-1-Phenylethanol

Prior to investigation of the CALB-MCF-3.0Me performance in the dynamic kinetic
resolution of secondary alcohols, studies on the racemization of the slow-reacting 1-phe-
nylethanol enantiomer were carried out. While a number of metal complexes, such as va-
nadium, iridium, rhodium, and ruthenium proved to catalyze the racemization reaction,
only few have successfully cooperated with the enzyme [38]. In the present study we used
two most recently developed ruthenium complexes with a substituted cyclopentadienyl
ligands (Table 3) [39]. Due to this bulky aromatic ligand, they are stable and neutral to
electrophilic or nucleophilic factors and recommended as very efficient isomerization cat-
alysts [40]. Moreover, as these complexes operate at room temperature, and small
amounts are needed to carry out the reaction [18], we considered them most suitable for
the operation in tandem with the enzyme catalyst in the targeted DKR process. Racemi-
zation reactions were performed in the inert atmosphere, at ambient temperature with 4
mol% of the catalyst. To activate the ruthenium complexes, one organic (+-BuOK) and two
inorganic bases (K2COs or KsPOs) were used. Complete racemization of (S)-1-phenyleth-
anol with the ruthenium complex 2 occurred in a much shorter time for all of the tested
bases, and t-BuOK was the most efficient base for both catalysts, while KsPO4 came second
(Table 3). The reaction was completed in less than 5 min, in the presence of Ru complex 2
and t-BuOK activator (entry 6) and 2 h with inorganic bases, thus proving enormous po-
tentials of this ruthenium complex. Since in the presence of K2COs worse results were ob-
tained for Ru complex 1, KsPOs and -BuOK were selected for further research.
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Table 3. Racemization of (S)-1-phenylethanol by two ruthenium complexes with different activa-
tors.

Entry Catalyst Base Base amount [eq] Time [h]
1 ph K2CO:s 1.000 48
2 Fh o8n KsPOs 1.000 4

Ph | Ph
\Ru\
3 ogd a +-BuOK 0.052 1
1
4 Ph K2COs 1.000 2
P o KsPOx 1.000 2
Ph | Ph
u
6 0gd +-BuOK 0.052 <5 min
2

2.5. DKR of (rac)-1-Phenylethanol

Finally, the activity of CALB-MCEF-3.0Me was tested in the DKR of (rac)-1-phenyleth-
anol with isopropenyl acetate as acyl donor. To shift the equilibrium toward product for-
mation, the acylating agent was used in a large excess (typically 3 equivalents). Reactions
were carried out using both ruthenium complexes and two activating bases - KsPOs and
t-BuOK. KsPOs played a role of base and desiccant, and thus 2 equivalents were applied.
In the reaction performed with +-BuOK, Na:COs (1 equivalent) was utilized as a drying
agent. The combination of CALB-MCEF-3.0Me and ruthenium complex 2 with KsPOs acti-
vator, appeared to be the most efficient among all tested systems. It gave 96% conversion
of (rac)-1-phenylethanol with almost 100% enantiomeric excess of (R)-1-phenylethyl ace-
tate after 8 h (Figure 3). Surprisingly, the system with complex 1 was almost as efficient
as that with complex 2, despite the fact that in the racemization experiments it was much
less active (Table 3). After 8 h it gave the conversion of 91%, with 98% enantiomeric excess
of the acylated product (R enantiomer), and that is also respectable (Figure 3). However,
using a bi-catalytic system of complex 2 and Novozym 435, the conversion of (rac)-1-phe-
nylethanol of ca. 98% and (R)-1-phenylethyl acetate enantiomeric excess of ca. 100% was
achieved in ca. 4 h and this is even more attractive (Figure 4). It can be mostly ascribed to
over two-fold protein load in Novozym 435 as in CALB-MCF-3.0Me (Table 1). In experi-
ments carried out with +-BuOK no racemization was observed, thus the conversions ob-
tained for both complexes did not exceed 50%. Exactly the same was observed for the DKR
process carried out using Novozym 435 as biocatalyst (Figure 4). The additional use of
Na2COs had no positive effect, so as the additional distillation of isopropenyl acetate be-
fore the reaction. Probably due to traces of water, necessary to maintain the flexible pro-
tein structure, and thus its catalytic properties, +-BuOK partially decomposed and hydro-
lyzed to t-BuOH and KOH.
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Figure 3. Conversion and enantiomeric excess of the (R)-1-phenylethyl acetate vs time in the dynamic kinetic resolution of
(rac)-1-phenylethanol catalyzed by CALB-MCF-3.0Me and ruthenium complexes: 1 (A) and 2 (B), using two activators

(KsPOs and #-BuOK).

A
1004 e . ° é |100 4 s ¢ [100
80 - 80 1 80
9
‘= 604 - 60 60
K]
&
(3]
>
& 404 - 40 40
O
20 20 20
——K,PO,
t-BuOK
0 T T T 0 — T 0
0 2 3 5 6 0 3 4 5 6
Time [h]

Time [h]

Enantiomeric excess [%]

Figure 4. Conversion and enantiomeric excess of the (R)-1-phenylethyl acetate vs time in the dynamic kinetic resolution of
(rac)-1-phenylethanol catalyzed by Novozym 435 and ruthenium complexes: 1 (A) and 2 (B), using two activators (KsPOs

and #-BuOK).

3. Materials and Methods

3.1. Materials

Isopropenyl acetate +99%, isopropyl acetate +99%, p-nitrophenyl acetate 97% (p-
NPA), (S)-1-phenylethanol 99%, potassium tert-buthoxide +98%, and anhydrous potas-
sium phosphate 97% were purchased from Acros Organics (Geel, Belgium). n-Decane
+99% and vinyl acetate 99% (stabilized with hydroquinone) were from Alfa Aesar (Kan-
del, Germany). Hexamethyldisilazane +99% (Me) was from Fluka Analytical (Munich,
Germany), n-octyltriethoxysilane (Oc) was from abcr GmbH (Karlsruhe, Germany). Plu-
rionic P123, mesitylene 98%, tetraethyl orthosilicate 98% (TEOS), hexadecyltrime-
toxysilane +85% (Hd), lipase B from Candida antarctica, Novozym 435, (rac)-1-phenyleth-
anol 98%, and ethyl acetate +99.7% were obtained from Sigma-Aldrich (St Louis, MO,
USA). Ammonium fluoride was from Avantor Performance Materials (Gliwice, Poland).
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3.2. General Synthesis of Ruthenium Complex 1

Ruthenium complex 1 was synthesize in pursuance of literature [18] however, the
synthesis time was reduced to 22 h. 'H NMR (CDsCOCDs) &: 7.59-7.64 (m, 4H); 7.00-7.28
(m, 21H), 4.81 (s, 2H, CHz2) ppm. ¥C NMR (CDsCOCD:3) 6: 197.5 (CO); 135.9; 132.9; 132.2;
129.9; 129.9; 128.6; 128.5; 128.3; 12.3; 127.8; 102.6; 88.8; 75.3 (CH2) ppm.

3.3. General Synthesis of Ruthenium Complex 2

Ruthenium complex 2 was synthesize in pursuance of literature [15] 'H NMR (CDCls)
8: 7.17-7.20 (m, 5H); 7.08-7.12 (dd, J = 7.10 Hz, 10H); 7.02-7.06 (m, 10H) ppm. *C NMR
(CDCls) 6:196.9; 132.2; 128.4; 127.8; 127.5; 106.5 ppm.

3.4. Synthesis of the MCF Material

The preparation procedure of silicecous MCF was the same as described in the litera-
ture [29,30]. In brief Pluronic P123 (4 g) was dissolved in 30 mL of H2O and 120 mL of 2 M
HCl solution at room temperature. Then, NH4F (0.046 g) and 1,3,5-trimethylbenzene (11.6
mL) were added under vigorous stirring at 40 °C. After 1 h of stirring TEOS was added
(9.4 mL), whereupon the mixture was stirred for 1 h, and then stored at 40 °C for 20 h, and
then at 100 °C for 24 h. After cooling the precipitate was filtered under vacuum, dried at
room temperature and calcinated at 500 °C for 8 h.

3.5. Modification of the MCF Surface

Before grafting of functional groups, MCFs were contacted with water vapor for 5 h,
and subsequently dried at 200 °C for 2 h. Hydrophobic groups were grafted onto MCFs
surface, to obtain the load of functional moiety of about 1.5 or 3.0 mmol/g of silica, by
direct reacting of organosilanes and organodisilazane (Me, Oc, Hd) with hydroxy groups
present on the silica surface under reflux (24 h, 85 °C). In particular, 30 mL of the solution
containing organosilanes and organodisilazane were stirred under reflux with 1 g of MCF
for 24 h, after which the solvent was evaporated.

3.6. Characterisation of the Supports

Nitrogen adsorption/desorption isotherms from the silica materials were obtained
using a Micrometrics ASAP 2020 instrument at =196 °C to calculate the specific surface
area (Seer), pore volume (Vpnz), and their average size (dm). The size of the pores was
obtained using the Barret-Joyner-Halenda (BJH) method. The amounts of functional
groups and adsorbed water into the functionalized silica matrices were determined by a
thermogravimetric method. The measurements were performed using a Mettler Toledo
STARS851 thermobalance. Samples of approximately 10-13 mg were heated at a rate of 10
°C/min in a standard 150 uL Pt crucibles under an air flow of 50 mL/min. A Thermo Sci-
entific FTIR Nicolet 6700 spectrometer was used for the spectroscopic studies of function-
alized samples. The spectra were recorded in the range of 4000 to 500 cm™ with a resolu-
tion of 4 cm™.

3.7. Lipase Immobilization on the Modified MCF Carrier

The functionalized MCFs (0.5 g) were rinsed by centrifugation (9000 rpm, 20 min)
with ethanol, distilled water and 0.1 M phosphate buffer (pH 7.0), three times for each
solution. Then 16.5 mL of native Candida antarctica lipase B solution in 0.1 M phosphate
buffer (pH 7.0) was added and incubated with silicas for 2.5 h at room temperature and
then overnight at 6 °C. After that they were washed off with 20 mL of 0.1 M phosphate
buffer (pH 7.0) to remove protein excess. Finally the biocatalysts obtained were dried at 4
°C under vacuum. Eluates from the immobilization steps were collected and amount of
protein was determined by the Lowry Assay. As a standard bovine serum albumin (BSA)
was used.
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3.8. Protein Desorption from the Surface of Novozym 435

Desorption procedure was performed as described in the literature [41]. To Novozym
435 (0.5 g) 2% (v/v) Triton X-100 solution in 0.1 M phosphate pH 7 (25 mL) was added and
then incubated for 24 h at room temperature.

3.9. Activity Assay
3.9.1. General Procedure for Hydrolytic Activity of the Immobilized Lipase

The hydrolytic activity of biocatalysts was determined using the procedure described
by Gustafsson et al. [42]. The substrate solution (5.5 mM p-nitrophenyl acetate in acetoni-
trile, 15 mL) was dissolved in 50 mM phosphate buffer pH 7 (85 mL) and incubated for 10
min at 37 °C. Then the CALB-MCFs or Novozym 435 (5 mg) were added and reaction was
carried out for 15 min at rotation speed of 500 rpm. Periodically, during the reaction, 1 mL
of the samples were collected (and the catalyst was filtered off) to monitor progress of the
reaction. The amount of released p-nitrophenol was measured spectrophotometrically at
400 nm and calculated using the calibration curve.

3.9.2. General Procedure for Transesterification of (rac)-1-Phenylethanol (Kinetic Resolu-
tion of (rac)-1-Phenylethanol)

(rac)-1-Phenylethanol (0.625 M in toluene, 3 mL with 0.30 mmol of n-decane as an
internal standard) was added to the flask with CALB-MCF or Novozym 435 (10
mg/mmol). After few minutes acylating agent (1.5 equivalent in toluene, 3 mL) was in-
serted. The resulting mixture was stirred under ambient conditions for 5 h. Progress of
the reaction was monitored by collecting 100 uL samples of the reaction mixture (the cat-
alyst was filtered off) and analyzing by chiral GC.

3.10. General Procedure for Racemization of (S)-1-Phenylethanol

(5)-1-Phenylethanol (0.625 M in toluene, 0.4 mL with 0.04 mmol of n-decane as an
internal standard) was added to a vial containing solution of Ru catalyst (4.0 mol%) and
base (5.2 mol% for t-BuOK or 1.0 equivalent for KsPOs and K2CO:s) in toluene (0.4 mL).
The reaction mixture was stirred at 25 °C in argon atmosphere. Periodically, during the
reaction, 100 pL of the samples were collected (and the catalyst was filtered off) to monitor
progress of the reaction and analyzed by chiral GC.

3.11. General Procedure for the Dynamic Kinetic Resolution of (rac)-1-Phenylethanol

(rac)-1-Phenylethanol (0.625 M in toluene, 0.4 mL with 0.04 mmol of n-decane as an
internal standard) was added to a vial with Ru catalyst (4.0 mol%) and KsPOs (2.0 equiv-
alents), previously filled with argon. The resulting mixture was stirred under ambient
conditions for 30 min and then CALB-MCF (10 mg/mmol) and isopropenyl acetate (3.0
equivalents in toluene, 0.4 mL) was added. Progress of the reaction was monitored by
collecting 100 puL samples of the reaction mixture (the catalyst was filtered off) and ana-
lyzing by chiral GC (SI, Figures 55-57).

4. Conclusions

The lipase B from Candida antarctica (CALB) immobilized on siliceous mesoporous
cellular foams, finely functionalized with methyl groups using the disilazane precursor,
together with two most recently developed ruthenium complexes with substituted cyclo-
pentadienyl ligands, appear to form catalytic tandems very effective in the chemoen-
zymatic dynamic kinetic resolution of (rac)-1-phenylethanol. The best system (with com-
plex 2) gave 96% conversion and nearly 100% enantiomeric excess of (R)-1-phenylethyl
acetate in 8 h long one pot process, and the second one (with complex 1) was nearly as
good. However, using Novozym 435 as catalyst of acylation reaction, owing much larger
enzyme load, the time of nearly full resolution could be significantly reduced. The pro-
posed technology paves the way to the efficient synthesis of others enantiomers of sec-
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alcohols in larger scales, as well as to further development of even more effective systems
for flow syntheses.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4344/11/4/518/s1, Figures S1-S3 Thermogravimetric analysis, Figure S4 Process stability of immobi-
lized lipase, Figures S5-S7 GC chromatograms.
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