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Lipase-Mediated Dynamic Kinetic Resolution of 1-Phenylethanol Using Niobium
Salts as Racemization Agents
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In this work, a racemization method of (S)-1-phenylethanol by niobium salts was developed.
Among the salts available, the niobium phosphate hydrate (NbOPO,.nH,0) reduced the
enantiomeric excess (ee) of the chiral alcohol from 95 to 0% after 24 h at 60 °C in toluene. This
new racemization agent was combined with a lipase (CALB) in order to achieve a chemoenzymatic
dynamic kinetic resolution (DKR). Experiments demonstrated that the DKR process is feasible
and the corresponding (R)-1-phenylethyl acetate was obtained with 92% conversion and 85% ee.
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Introduction

Enantiomerically enriched alcohols are important
building blocks in the synthesis of several chiral biologically
active compounds for pharmaceuticals, agrochemicals, food
products.! In the literature, the chromatographic separation
of racemates,? the chemo- and biocatalytic stereoselective
reduction from ketones® and the kinetic resolution (KR)*
of secondary alcohols are examples of methodologies that
have been explored for their preparation.

Among the biocatalytic methods to obtain such chiral
secondary alcohols, the enzymatic KR is one of the most
used methods.’ From a synthetic point of view, the factors
that make the resolution quite attractive are the availability
of enzymes (hydrolases), the possibility of reaction in
organic media and the high rates of selectivity and activity
towards a wide range of substrates. The kinetic resolution of
racemic secondary alcohols in organic media is promoted
through an enzyme-catalyzed enantioselective acylation
of one enantiomer of the racemic mixture in the presence
of an acyl donor.

Lipases are the most used biocatalysts in this
transesterification reaction.”® The ester formed is optically
active which can be hydrolyzed to the enantiopure alcohol.
However, the main disadvantage of kinetic resolution
is the maximum conversion of 50% since one of the
enantiomers is reacted more quickly than the other. In order
to circumvent the yield issue, the addition of a racemization
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agent in the resolution is an attractive method. This process
is called dynamic kinetic resolution (DKR) and combines
the enzyme-catalyzed kinetic resolution (KR) with the
in situ racemization, providing the product as a single
enantiomer in up to 100% yield (Scheme 1).°

The racemization agents have the function of racemize
the chiral unreacted reagent and are extensively investigated.?
In the review article by Verho and Bickvall,’ there are
examples of metal complexes of Pd, Rh, Ir, Ru and V that
have already been tested on various secondary alcohols.
Metal salts have also shown the ability to racemize chiral
alcohols. VOSO,, for example, has been used successfully
in combination with the enzyme CALB in the DKR of
some secondary alcohols.!® According to the authors, the
racemization mechanism using vanadium salts is through
the formation of benzyl carbocation, differently from the
catalytic cycle of oxidation and reduction (e.g., the Shvo
catalyst).? A disadvantage of most commercial racemization
agents is their high cost, making their availability difficult.
The Shvo catalyst,'" for example, is one of the most well-
known catalysts used in racemization reactions, it costs
around R$ 4.106,00 per 500 milligrams.'? In addition, many
of these racemization catalysts need strong basic conditions
or high heating to be activated, which can be considered a
difficulty to be faced, considering that these conditions can
inhibit enzymatic activity.? In the case of VOSO,, dynamic
kinetic resolution was only possible with the use of long
chain esters as a transesterification agent and at relatively
high temperatures (80 °C).> Despite several reports in
literature on DKR, there are still challenges to overcome
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Scheme 1. Dynamic kinetic resolution.

in this field such as compatibility of racemization agents
with enzymes and environmental issues, high cost and the
harsh conditions which can be harmful to enzymes.

A metal that has aroused local interest is niobium,
since Brazil has 98% of the world’s reserve of this metal.'
The niobium compounds have several applications
in various organic reactions and therefore should not
be overlooked.'* The most commonly used niobium
compound as efficient Lewis acid is niobium pentachloride
(NbCls). A variety of applications of NbCl; in organic
synthesis have been reported, for example, in Diels-Alder
reactions, multicomponent reactions (MCR), one-pot
reactions, among others.!>!¢ Furthermore, the niobium
oxide salts (NbOX) are also interesting for synthetic
purposes. For instance, niobium pentoxide (Nb,O;) is
considered a useful catalyst for oxidation and dehydration
reactions, rearrangements and photocatalysis.!® Niobium
phosphate (NbOPO,) catalyzes esterification reactions,'’
the synthesis of quinoline derivatives'® and lactic
acid.’ The use of ammonium niobium oxalate is more
recent and has proved to be an efficient catalyst for the
synthesis of 2-arylbenzothiazoles and 3-aryl-2H-benzo[b]
[1,4]benzoxazin-2-ones,” as well as for the synthesis of
3-arylquinoxalin-2(1H)-ones.?!

In a comparative way, still regarding the use of
vanadium salts as a racemization agent, we believe that the
use of niobium salts could play the same role. According to
the literature, there are similarities in terms of oxophilicity*
and acidity (already mentioned use as Lewis acid). Also,
there are precedents that the mechanism of formation
of benzyl carbocation seen with vanadium salts, could
happen with niobium salts. Yadav er al.?® reported the
nucleophilic substitution reactions of benzylic alcohols
catalyzed by NbCls, probably by a carbocation mechanism.
To the best of our knowledge, there is no report on the
use of these Nb compounds in the racemization process
in DKR. Thus, this work reports the dynamic kinetic
resolution of secondary alcohols using niobium catalyst
as a racemization agent.

(0]
RZAO’ Rs

acyl donol

{_ Enzyme

acyl donol

Higa et al. 1957

o}

PN

0" R
ROR,

(R)-Product

o

Py

0" R,

B

R™ "Ry
(S)-Product

Experimental
General

Solvents were purchased from Synth (reagent grade,
Diadema, Brazil) and used without further purification.
Lipase B (CALB) from Candida antarctica lipase
(Novozym-435) was purchased from Sigma-Aldrich
(St. Louis, USA). Niobium salts (NbOPO,.nH,0,
Nb,0;.nH,0, NbCls and NH,[NbO(C,0,)(H,0)x].nH,0)
was gently donated by Companhia Brasileira de Metalurgia
e Mineracao (CBMM) (Araxd, Brazil) through Prof Mirela
Inés de Sairre (UFABC-CCNH). Mixing and heating of
Falcon and glass tubes were made in a Thermomixer®
(Eppendorf, Hamburg, Germany). Analytical thin-layer
chromatography (TLC) was performed with aluminum-
backed silica plates coated with a 0.25 mm thickness of
silica gel 60 F254 (Merck, Darmstadt, Germany), exposure
to vanillin or potassium permanganate solution and heating.
Column chromatography separations were followed using
35-70 mm (240-400 mesh) silica gel purchased from Sigma-
Aldrich (St. Louis, USA). Chiral gas chromatography with
flame ionization detection (GC-FID) analyses were recorded
on a 450-GC (Varian, Palo Alto, USA) with a Chiralsil-Dex
CB B-cyclodextrin (25 m x 0.25 mm) column using H, as
the carrier gas. Analysis method for chiral GC to determine
the enantiomeric excess (ee) values of 1-phenylethanol
was adopted from the literature, and the respective
retention times are in agreement with the expected results
described by Costa and Omori.* The enantiomeric excess
of 1-phenylethanol was calculated according to equation:
[(E,—E)/(E,+E,)] x 100, where E, and E, are the amount
of enantiomers as determined by chiral GC analyses.

Synthesis of (rac)-1-phenylethanol
Synthesis of 1-phenylethanol for GC standard was

prepared by reduction of the corresponding acetophenone
with sodium borohydride in methanol. To a stirred solution
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of acetophenone (13.9 mmol, 1.67 g) in methanol (50 mL)
at 0 °C, sodium borohydride (13.9 mmol, 529 mg)
was added portion wise. After 20 min, the solvent was
removed under reduced pressure and the crude product was
suspended in ethyl acetate (100 mL). The organic phase
was then washed (3 x 50 mL) with saturated solution of
ammonium chloride. The organic phase was dried with
anhydrous Na,SO,, filtered and concentrated under reduced
pressure. After GC analysis, the product was applied
without further purification.

Enzymatic kinetic resolution of 1-phenylethanol®

To a solution of racemic 1-phenylethanol (1) (13.5 mmol,
1.642 g) in hexane (80 mL), CALB lipase (250 mg) was
added followed by a dropwise addition of vinyl acetate
(27 mmol, 2.35 mL). The reaction was kept under orbital
stirring at 180 rpm for 4 h. After filtration, the organic phase
was concentrated under reduced pressure. The crude product
was purified by column chromatography using hexane/
ethyl acetate (9:1) as eluent. (R)-1-Phenylethyl acetate (2)
(959 mg, isolated yield: 43%) (S)-1-phenylethanol (679 mg,
isolated yield: 41%).

General procedure for racemization of (S)-1-phenylethanol

The corresponding niobium salt (50 mg) (Tables 1 to
4) was added in a 15 mL Falcon tube containing alcohol
(S)-1-phenylethanol (0.24 mmol) dissolved in 6 mL of an
appropriate solvent. The reaction was kept under stirring
and heating for the time indicated (Tables 1 to 4). 100 uL
aliquots for GC analysis were collected after 3, 6 and 24 h of
reaction and diluted with 100 pL ethyl acetate ina 1.5 mL
microtube. Chromatograms from chiral GC analysis were
used to calculate conversion and enantiomeric excess (ee)
values.

General procedure for DKR reaction

In a 15 mL glass tube with screw top cap, the lipase
(10 mg) and the niobium salt (50 mg) were inserted into
the tube separated by thin cotton layers. At the end, a
solution of racemic 1-phenylethanol (0.24 mmol, 30 mg)
in toluene (6 mL) was added followed by vinyl acetate
(1 mmol, 86 mg). The tube was closed and the reaction was
stirred at 700 rpm at 60 °C. Aliquots were collected after
the time indicated in the Tables 5 and 6. Chromatograms
from chiral GC analysis were used to calculate conversion
and ee values.
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Results and Discussion
Racemization reaction

Initially, we focused on the optimization of conditions
for the racemization of chiral 1-phenylethanol. For this
purpose, four available niobium salts were screened for
their activity with compound 1 in toluene at 60 °C. The
enantiomeric excesses of 1 were measured after 3 and 24 h,
and the results are summarized in Table 1.

Table 1. Racemization of (S)-1-phenylethanol (1) using Nb salts®

OH OH
Nb salt z
[r—
. aee——
©/K toluene ©/\
(S1  60°C (R)1

ee of 1 after ee of 1 after

entry Nb salt 3IN/% 2400/ %
1 none 96 94
2 NbOPO, nH,0 50 0
3 Nb,045.nH,0 9 94
4 NbCl, 46 =
5 NH,[NbO(C,0,)(H,0),].nH,0 94 76

%(S)-1-Phenylethanol (0.24 mmol), Nb salt (50 mg) in toluene (6 mL) were
stirred (700 rpm) at 60 °C; enantiomeric excess (ee) was determined by
chiral GC analysis; ‘no peaks of 1-phenylethanol was detected.

Among all Nb salts examined, NbOPO,.nH,0O
showed the highest activity for the racemization of
(S)-1-phenylethanol, giving 0% ee in 24 h of reaction
(Table 1, entry 2). Possible byproduct formation was
observed in the reaction using NbCl;. In this case, GC
analysis after 24 h did not indicate the presence of starting
material (entry 4). NbCls hydrolyzes rapidly in contact
with moisture, releasing HCI in the medium which may
have contributed to possible 1-phenylethanol dehydration
and styrene formation.? This screening result corroborates
with the higher catalytic activity of niobium phosphates
observed by Bassan et al.?” The authors also pointed
that niobium phosphate presents higher concentration of
Brgnsted acid sites than the niobium oxide. The niobium
oxide phosphate hydrate (NbOPO,.nH,0) was then selected
for further investigation.

Next, the effect of catalyst amount was evaluated in the
racemization of (S)-1-phenylethanol catalyzed by niobium
phosphate. Catalyst loadings from 10 to 200 mg were
selected and the results were presented in Table 2.

A small decrease of ee was observed when 10 mg
of niobium phosphate was used (Table 2, entry 1) even
after 24 h of reaction, indicating the necessity of higher
quantities. The amount of 50 mg of niobium phosphate
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Table 2. Racemization of (S)-1-phenylethanol (1) varying the quantity
of NbOPO,.nH,0*

OH OH
NbOPO,.nH,0 :

- ©/\
toluene
(S)-1 (R)-1

60 °C
entry NbOPO,.nH,0/ eeof1after eeoflafter eeof1 after
mg 3h°/ % 6h°/ % 240"/ %
1 10 88 84 78
2 50 50 33 0
3 100 12 0 1c
4 150 6 2 6
5 200 0 1 14¢

%(S)-1-Phenylethanol (0.24 mmol), NbOPO,.nH,0 in toluene (6 mL) were
stirred (700 rpm) at 60 °C; Yenantiomeric excess (ee) was determined by
chiral GC analysis; “Cunknown byproduct formation.

was chosen for further experiments. Besides the high
activity with 100 mg of catalyst (entry 3), the reaction
mixture presented a slurry aspect which could also
compromise the DKR setup. Also, above the amount of
50 mg, we noticed the formation of a byproduct after 24 h
of reaction (entries 3 to 5). In order to detect possible
interferences in the reaction, we observed later that this
byproduct is generated from the plastic Falcon tube in
contact with warm toluene. Indeed, further tests with
glass tubes indicated that there is no formation of this
byproduct.

Next step was to evaluate the ideal temperature for the
racemization. In this case, the reaction was conducted at
20, 40 and 60 °C. The results are summarized in Table 3.

Table 3. Racemization of (S)-1-phenylethanol (1) using NbOPO,.nH,0,
in different temperatures®

OH OH

NbOPO4.nH,O H

—_——

toluene
(S temperature (R
ent Temperature /  ec of 1 after ee of 1 after  ee of 1 after
Y °C 3h°/ % 6h°/ % 24h°/ %

1 20 >98 >98 >98
2 40 96 96 86
3 60 50 33 0

%(S)-1-Phenylethanol (0.24 mmol), NbOPO,.nH,0O (50 mg) in toluene
(6 mL) were stirred (700 rpm); "enantiomeric excess (ee) was determined
by chiral GC analysis.

The enantiomeric excess of the reaction at 60 °C
(entry 3) was smaller than the reactions at 20 and 40 °C
(entries 1 and 2). As expected, the heating affects the
reaction kinetics and thus the temperature at 60 °C was

Higa et al. 1959

preferred for subsequent reactions. Reactions above 60 °C
were not conducted for safety issues since the solvent used
is volatile and to avoid energy waste. Besides, very high
temperatures can compromise the efficiency of the lipases
to be tested in DKR.

In a recent report by Milagre and co-workers,?® the
VOSO, catalyzed racemization of (S)-1-phenylethanol is
faster at 80 °C but a byproduct formation was also observed.
They concluded that decreasing the temperature resulted
in better selectivity.

The effect of the solvent was also evaluated in the
racemization of (§)-1. Using the optimized conditions
(60 °C, 50 mg of NbOPO,.nH,0), five common solvents
for DKR were tested (Table 4).

Table 4. Racemization of (S)-1-phenylethanol (1) using NbOPO,.nH,0,
in different solvents?

OH OH

NbOPO,.nH,0 H

_—

solvent
(S)1 60 °C (R)1
‘ Solvent ee of 1 after ee of 1 after ee of 1 after

ety otvent 30/ % 6h°/ % 2400/ %
1 toluene 76 56 42
2 hexane 88 73 71
3 1,4-dioxane > 08 > 98 >98
4 diethyl ether 98 — —
5 THF >98 - —c

(S)-1-Phenylethanol (4.8 pL), solvent (1 mL), NbOPO,.nH,O (8 mg)
were stirred (700 rpm) at 60 °C; ®enantiomeric excess (ee) was
determined by chiral GC analysis; ‘ee not measured due to evaporation.
THF: tetrahydrofuran.

The control reaction (entry 1) gave undesired high
values of ee. We attribute this lower performance due to
lower reaction scale (less than 5 pL of starting material
was used). Differently from toluene, the other solvents
tested in this screening gave poor results. In the case
of tetrahydrofuran (THF) and diethyl ether, we faced
difficulties to maintain the solvent at 60 °C. Besides, based
on the inertness with dioxane, we believe the oxygenated
solvents are not suitable due to the oxyphilic character of
niobium. Thus, we chose toluene not only because of the
high boiling point but also because it provided the best
performance of the deracemization reaction.

DKR reaction
With the optimized racemization conditions in hands,

the next step was to provide a suitable setup for DKR
using niobium phosphate as a racemization catalyst.
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CALB (Novozym-435) was the lipase of choice because
of the high reproducibility and the vast literature applying
this enzyme for resolution of 1-phenylethanol.? Initial
attempts for DKR reaction were carried out mixing all
reagents (rac-1-phenylethanol, CALB, niobium phosphate,
vinyl acetate and toluene) in a glass tube. In this case, only
traces of the desired acetate were observed even after 6 h
of reaction.

To verify a possible inhibition of the biocatalyst by the
niobium salt, another experiment was carried out with the
lipase and NbOPO, in different glass flask and the reaction
medium (supernatant) was transferred from time to time from
one flask to another. The results are summarized in Table 5.

According to the Table 5, it is evident that the
combination of both reactions (racemization and Kinetic
resolution) is feasible and the niobium salt is reusable.
However, due to the long reaction time for racemization,
it was necessary 74 h to achieve the desired chiral acetate
(R)-2 in 92% of conversion and 83% ee (entry 14). This
long reaction time is associated to the fact both reactions
occurred separately. Nevertheless, similarly to Wuyts et al.'°
and Milagre and co-workers? reports, this result shows a
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direct evidence for the necessity to physically separate the
lipase and the niobium oxide phosphate hydrate.

In order to decrease the reaction time and simultaneously
maintain the separation of the catalysts, a different setup
was necessary. Attempts to use an inner glass tube filled
with one of the catalysts capped with cotton caused leak
issues. Thus, a setup similar to a fixed bed system developed
by Souza and co-workers*® was adapted. In this case, both
the CALB and the NbOPO, were added separated by thin
cotton layers at the bottom of a single reaction tube. The
results are summarized in Table 6. Two different flasks
were prepared, flasks A and B, which the sequence of the
CALB and NbOPO, were alternated.

Considering the first 4 h of reaction, the flask B
produced more (R)-1-phenylethyl acetate (2) than flask A.
However, after 6 h the conversion to compound 2 is higher
in flask A. Since the enzymatic resolution is faster than
the racemization, we presume when the lipase is in the
upper layer, the enzymatic resolution prevails since the
enantiomeric excess of the 1-phenylethanol is relatively
higher during the reaction. On the other hand, when the
niobium salt is in the upper layer, the enantiomeric excess

Table 5. Chromatographic yields of DKR reaction with both catalysts separated in two glass flasks®

O

OH
CALB (Flask A)

toluene, 60 °C

©*

rac-1

©)K +
(51

NbOPO,.nH,0O |
(Flask B) Flask A Flask B
toluene, 60 °C (CALB) =5 (NbOPO,.nH,0)
Reaction Reaction time ~ Reaction time
No. time / h duration in duration in (R)-1/% S)-1/% (8)-2/% (R)-2/ % Byproduct / %
flask A/h flask B/h
1 0-1 1 - 6 44 1 50 -
2 1-2 1 - 2 43 1 54 -
3 2-3 1 - - 43 1 56 -
4 3-6 3 - 0 42 1 57 -
5 6-24 - 18 15 16 4 65 -
6 24-25 1 - 6 14 4 70 6
7 25-26 1 - 2 15 4 74 5
8 26-27 1 - <1 15 4 75 6
9 27-48 - 21 5 6 6 77 6
10 48-49 1 - 3 5 6 78 6
11 49-50 1 - 2 6 7 79 7
12 50-51 1 - 1 5 6 69 5
13 51-72 - 21 2.5 2.5 8 80 7
14 72-74 2 - 0.5 1.5 8 84 6

“Reaction conditions: (S)-1-phenylethanol (30 mg), toluene (6 mL), NbOPO,.nH,O (50 mg), vinyl acetate (86 mg), 700 rpm at 60 °C.
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Table 6. Chromatographic yields of DKR reaction with both catalysts separated by thin cotton layer in a single bottom glass flask®

Flask A
o} i : NbOPO,
)j\ o ii : CALB
/\ Jl\ Flask B
OH CAL-B Q IhCaEe
NbOPO4 nH,0 2 #:HBOPO;
= % Cotton
rac-1 toluene 60 °C (R)-2 i —>
time / h Flask (R)-1/% S)-1/% 8)-2/ % (R)-2/ % ee (R)-2/ % Byproduct / %
1 A 37 50 1 9 80 2
B 18 45 1 33 94 2
) A 30 46 1 19 90 4
B 9 43 1 45 >95 2
4 A 16 39 2 41 91 2
B 4 42 1 51 >95 1
6 A 6 28 3 59 90 2
B 2 38 2 56 93 3
4 A <1 7 7 85 85 2
B <1 18 5 75 88 2

“Reaction conditions: (S)-1-phenylethanol (30 mg), toluene (6 mL), NbOPO,.nH,0 (50 mg), vinyl acetate (86 mg), 700 rpm at 60 °C. ee: enantiomeric excess.

of the starting material is maintained relatively low all
over the reaction.

After 24 h, we obtained the same result to the last
setup (92% conversion and 85% ee). Both flasks furnished
the desired acetate in excellent value of conversion and
good enantiomeric excess. Nonetheless, the flask A was
considered a better setup because we could isolate 25 mg
of crude product after solvent removal, while for flask B,
we obtained only 5 mg.

In comparison to the DKR reactions published using
V0SO0,,'%? this long time (24 h) presented in this work
would suggests a drawback. However, the use of NbOPO,
as racemizing reagent gave better values of conversion and
ee with vinyl acetate as acyl donor.

Conclusions

In conclusion, this new intriguing reactivity of niobium
phosphate reinforces the strategic importance of continuing
to investigate this important metal, considered almost
exclusive in the Brazilian territory. Similar reactivity with
vanadium in racemization of (S)-1-phenylethanol was
observed. More studies regarding the substrate tolerance,
benzyl cation mechanism, acyl donor influence and
scalability are ongoing in our research group.

Supplementary Information
Supplementary information (chromatograms from

chiral GC analysis) is available free of charge at
http://jbcs.sbq.org.br as PDF file.
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