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Lipase-catalyzed transesterification was used as an efficient tool for the interconversion of B-ketoesters. Catalytic
activity of commercial lipase B from Candida antarctica (Novozym 435) was evaluated in systems involving non
activated acyl donors, and enhanced using microwave irradiation. Interestingly, the combination of CAL B in
microwave irradiation worked excellent in solvent-free conditions, thus assuring a highly competitive and
environment-friendly process with high yields (up to 96%) in competitive times (< 2h). The combination of
biocatalysis with solvent-free systems and microwave assistance is currently scarcely used, and may represent a

powerful synergy for preparative reactions.
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Introduction

B-Ketoesters are versatile starting materials for the
preparation of a wide variety of important chiral
building blocks. The development of economic and
environmentally responsible methodologies for their
interconversion remains a challenge, since conven-
tional processes often lead to significant amounts of
wastes and/or are performed under strong reaction
conditions. We are interested in the development
of new green strategies for the synthesis of insect
pheromones, since many of them can be furnished
starting from B-ketoesters (/, 2). Aggregation pher-
omones of economically important stored grain pests,
such as Sitophilus orizae (Sitophilure), S. granarius
(Sitophilate), and Rhyzopertha dominica (Dominicalure
I and II), can be synthesized from these versatile
building blocks (3-5).

Microwave irradiation has been used as “‘green
approach” in classical organic synthesis (6—71), and a
wide variety of reactions were reported in water,
organic solvents, or solvent-free conditions, in which
microwave heating led to higher conversions and
lower reaction times comparing with conventional
methods (/12-15).

The effect of microwave irradiation in organic
syntheses is attributed to a combination of thermal
effects (heating rate, superheating or ‘“hotspots”),
and to the selective absorption of radiation by polar

substrates (/6). These nonthermal effects have been
deeply discussed and rationalized according to reac-
tion medium and mechanistic considerations (/7—19).
Furthermore, the use of microwaves in lipase-cata-
lyzed reactions has been increasingly studied during
the past decade, leading to improvements in conver-
sion, reaction rates, and stereoselectivities (20—30).
Moreover, Rejasse and co-workers demonstrated that
the stability of immobilized lipase B from Candida
antarctica (CAL B, Novozym 435) in organic media
can be enhanced by using microwave dielectric
heating rather than conventional thermal heating,
thus explaining the enhancements observed in con-
version rate (31, 32).

Likewise, Yadav and colleagues highlighted the
synergism between lipase activity and microwave
irradiation in CAL B-catalyzed transesterifications
(21, 25, 33). Moderate-to-good conversions at short
reaction times compared to conventionally heated
reactions were reported. Yet, reactions were conducted
in toluene and at low substrate concentrations, with
the consequent ecological and economic concerns.

From a practical viewpoint, it would be relevant
to provide processes that may gather environmentally
friendly aspects with attractive reaction outcomes.
For instance, that may be achieved by combining a
solvent-free process with microwave irradiation.
The use of microwave-assisted approaches with
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solvent-free processes has been extensively investi-
gated in the past few years (34—45). Yet, to the best of
our knowledge, the combination of enzyme catalysis
with solventless processes under microwave irradia-
tion has been scarcely reported (31, 32, 46—48).

Herein we explore the combination of solvent-free
processes and microwave irradiation for the efficient
syntheses of B-ketoesters. Thus, an environmentally
friendly and efficient methodology for the enzymatic
interconversion of structurally related B-ketoesters
using 2- and 3-pentanol as nucleophiles is set. CAL B
was used as biocatalyst, and its reusability was also
studied to assess enzyme stability in the applied
reaction conditions.

Results and discussion

As model reaction, we carried out the transesterifica-
tion of ethyl 3-oxobutanoate (1) with 2- and 3-pentanol
as nucleophiles and CAL-B as catalyst, under
microwave irradiation and in the absence of solvent
(Scheme 1). Experiments were conducted at 50°C in a
monomode laboratory microwave reactor equipped
with an airtight vessel with a mixture of ester and
alcohols of 1:2 and 1:1 for the synthesis of compounds
2 and 3 respectively. Reactions reached up to 95%
isolated yield (Figure 1, Table 1). Control experiments
were performed in the absence of enzyme, and the
reactions reached less than 10% yield in 2 hours
(Figure 1). Transesterification of 1 with 2- and 3-
pentanol were also carried out under conventional
heating using a thermostatized orbital shaker, at 30,
40, and 50°C. When reactions were conducted in that
way, yields in the range of 80% were only achieved
after 48 h (49). Consequently, not only the enzyme was
active under the reaction conditions, but an enhance-
ment in the activity was achieved under microwave
irradiation, consistent with literature reports (21, 25,
33). Remarkably, significant higher yields were ob-
served in solvent-free conditions, compared to litera-

1: R1 =CH3; R2=H; R3=Et

4: R1 = R2 = CH3, R3 =Et

5: R1 = CH3, R2 = H, R3 =t-Bu

6: R1 =R3=Et; R2=H

7 R1 = CH(CH3)2, R2 =H; R3 = Et

ture data (2/). Therefore, by achieving almost full
conversion in 2 h, the use of enzymatic reactions
combined with microwave-assisted solvent-free system
appears to be a very efficient alternative for enzymatic
transesterifications. Clearly this approach can be
extended to other lipase-based reactions. Likewise,
for the production of low-added value products by
means of biocatalysis (i.e. biodiesel), the use of
competitive solvent-free processes is clearly an impor-
tant asset.

Triggered by these results, experiments using
structurally related acyl donors were conducted, as
also shown in Scheme 1. The reactions were run at 50
and 70°C. Results are summarized in Table 1.
Excellent yields (higher than 90%) were observed at
50°C for substrates 6 and 7, namely ethyl 3-oxovalerate
and ethyl 4-methyl-3-oxovalerate, using either 2- or
3-pentanol as nucleophile, in addition to already
obtained results for substrate 1. Compounds 2, 3,
10-13 were obtained efficiently in two hours under the
stated conditions (entries 1, 3, 13, 15, 17, and 19). On
the other hand, conversions could not be improved by
increasing reaction temperature to 70°C. Moreover,
compounds 2, 3, 10, 11, 12, and 13 were obtained in
considerably lower yields (entries 2, 4, 14, 16, 18,
and 20) than when carrying out the biotransformation
at 50°C.

Substrate structure definitely has a key influence
over the course of the reaction. When ¢-butyl 3-
oxobutanoate 5 was used as substrate, conversions
were rather low for products 2 and 3 (entries 9—12),
presumably due to the steric hindrance conferred by
the #-butyl substituent. Nevertheless, in these cases, a
higher temperature (70°C) led to 2-fold increase of the
conversion (entries 10 and 12) over the same reaction
time. Furthermore, the methyl substituent in o-posi-
tion in the B-keto ester leads to a dramatic decrease of
enzyme acceptance, achieving very low conversions
using either 2- or 3-pentanol as nucleophile, at 50 or
70°C (entries 5-8).

R
0o o J;A
R
R1)J\HJ\O 5
Ry

2: R1=CH3; R2=H; R4=H; R5=Et

3: R1 = CH3, R2 = H, R4 = R5 = CH3

8: R1 = CH3; R2 = CH3; R4 =H; R5 =Et

9: R1 = CH3, R2 = CH3, R4 = R5 = CH3

10: R1 =Et, R2=H; R4=H; R5=Et

11: R1 =Et, R2=H; R4=R5=CH3

12: Ry = CH(CHa)y; Ry = H; R, = H; Rs = Et
13: R1 = CH(CH3)2, R2 = H, R4 = R5 = CH3

Scheme 1. Transesterification of 1 and 4—7 with 2- and 3-pentanol as nucleophiles, CAL-B as catalyst, solvent-free conditions,

and microwave irradiation.
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Figure 1. Conversion in transesterification of 3-oxobutano-
ate with 2- and 3-pentanol, yielding compounds 2 and 3,
respectively. Microwave irradiation in solvent-free condi-
tions. Control experiments performed in the absence of
enzyme.

Reactions performed with (rac)-2-pentanol as
nucleophile (compounds 2, 8, 10 and 12) resulted in
a highly stereoselective process, reacting only the (R)-
isomer, according to Kazlauskas rule (50), thus
obtaining in all cases the corresponding esters
with > 99% ee. The reactions were monitored by
chiral gas chromatography (GC), and compared to
optically pure standards.

In order to test the suitability of this approach for
large-scale preparations, the reaction of compounds
1, 6, and 7 with 2- and 3-pentanol as nucleophiles
were conducted in 10 mmol scale (maximum load
allowed by the laboratory monomode reactor used),
obtaining yields up to 95%, comparable to those
reported in Table 1.

To assure the (economic) competitiveness of the
whole process, the reusability of the catalyst was
studied and compared in both thermally heated and
microwave irradiated reactions. After each reaction
cycle, the enzyme was filtered and washed three times
with hexane, dried at room temperature for 24 hours
and reused as such. Results showed that microwave

Green Chemistry Letters and Reviews 541

irradiation does not affect the catalyst stability,
compared to thermal heating. We could perform
CAL-B-catalyzed transesterification of all substrates
without losing any significant enzyme activity even
after 10 consecutive cycles. Thus, our system provides
a simple and competitive process for lipase-catalyzed
transesterification reactions.

Experimental section

Materials and general methods

Lipase Novozym 435 (C. antarctica B, CAL B) was
obtained from Novozymes. Solvents were purified
and dried by conventional methods. Commercial
reactants were purchased from Sigma-Aldrich Inc.

The degree of advance of the reactions and the
reactants’ purity were preliminary monitored using
analytical TLC on silica gel (Kieselgel HF254 from
Macherey-Nagel) and visualized with UV light (254 nm)
and/or p-anisaldehyde in acidic ethanolic solution.
Further analyses were performed by GC in a Shimadzu
2010 equipment, with FID detector (Flame Ionization
Detector) and a Carbowax 20M MEGA column (30
m x0.25 mm x0.25 pm). Temperature program:
60°C/2°/min/120°C/10°C/min/180°C (5 min). TSPLIT:
220°C, TFID: 250°C. Chiral GC were performed with
a MEGADEX DET TBS B (25 m x0.25 mm x 0.25
pm). Temperature ramp was: 38°C (10 min)/1°/min/
60°C/10°C/min/200°C (5 min). TSPLIT: 150°C,
TFID: 200°C.

Column chromatography was performed using
silica gel flash (Kieselgel 60, EM reagent, 230—240
mesh.) from Macherey-Nagel.

NMR spectra (‘*H and '*C) were carried out in a
Bruker Avance DPX 400 MHz equipment. All
experiments were taken at 30°C, CDCl; was used as
solvent and TMS as internal standard.

The microwave heating was performed in a
laboratory monomode microwave reactor (CEM

Table 1. Conversions obtained by means of transesterification of 1 and 4-7 with 2- and 3-pentanol as nucleophiles, CaL-B as
catalyst, solvent-free conditions, and microwave irradiation in a monomode laboratory reactor. Reaction time: 2 hours.

Entry  Substrate  Product  Temp. (°C)  Yielda (%)

Entry  Substrate  Product  Temp. (°C)  Yielda (%)

1 1 2 50 92
2 1 2 70 67
3 1 3 50 95
4 1 3 70 59
5 4 8 50 14
6 4 8 70 21
7 4 9 50 6
8 4 9 70 11
9 5 2 50 18
10 5 2 70 4

11 5 3 50 15
12 5 3 70 43
13 6 10 50 96
14 6 10 70 59
15 6 11 50 97
16 6 11 70 85
17 7 12 50 90
18 7 12 70 81
19 7 13 50 92
20 7 13 70 79

“Isolated yield.
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corporation, model Discover) with 10 mL Pyrex tubes
equipped with septum seal and magnetic stirring.
Reactions involving thermal heating were conducted
in orbital shaker Thermoforma model 420.

Microwave-assisted synthesis of compounds 2, 3, 8—13

All experiments were carried out in absence of
solvent. An amount or 0.5g of the acyl donor was
used in each case, the lipase/acyl donor ratio (w/w)
was 0.3, and the acyl donor/alcohol ratio (eq/eq) was
0.5 and 1 when using 2- and 3-pentanol as nucleo-
philes respectively. The enzyme was added to a
mixture of the corresponding acyl donor and nucleo-
phile, and the microwave heated experiments were
carried out by duplicated in a 10 mL airtight Pyrex
vessel, at 50 and 70°C for two hours. Aliquots were
taken at 30, 60, and 120 minutes, giving all consistent
values. Once the reactions were completed, the
enzyme was filtered-off and the products were
purified by silica gel flash chromatography (8:2
hexane:EtOAc). 2 (51): '"H RMN: & (ppm) = 5.04—
496 (m; 1H, CH), 3.44 (s; 2H, CH,), 2.29 (s; 3H,
CHj;), 1.66-1.57 (m; 2H, CHj), 1.39-1.35 (m; 2H,
CH,), 1.26 (d; J=6.3 Hz, 3H, CHj3), 0.94 (t; J=7.3
Hz, 3H, CH;). '*C RMN: & (ppm) = 206.1, 171.2,
72.6, 50.9, 38.3, 30.4, 20.2, 18.9, 14.2. 3: '"H RMN: §
(ppm) = 4.85-4.79 (m; 1H, CH), 3.46 (s; 2H, CH,),
2.59 (q; J=7.3 Hz, 2H), 1.63-1.56 (m; 4H, CH,), 1.11
(t; J=7.3 Hz, 3H), 091 (t; J=7.3 Hz 3H). °C
RMN: 3 (ppm) =203.8, 67.6, 78.5, 49.7, 36.7, 26.7,
9.9, 7.9. 8: '"H RMN: § (ppm) = 5.11-5.04 (m; 1H,
CH), 3.49 (q; J=7.1 Hz, 1H, CH), 2.25 (s; 3H, CH3),
1.35 (d; J=7.1 Hz, 3H, CHj3), 1.35-1.33 (m; 2H,
CH,), 1.33-1.28 (m; 2H, CH,), 1.27 (d; J=7.1 Hz,
3H, CH3), 0.93 (t; J=7.1 Hz, 3H, CH;). *C RMN: §
(ppm) =204.0, 170.9, 72.5, 54.3, 28.7, 21.9, 14.2,
13.0. 9: '"H RMN: & (ppm) = 4.76-4.83 (m, 1H, CH),
3.42 (q, J=7.1 Hz, 1H, CH), 2.17 (s, 3H, CHj3), 1.55—
1.62 (m, 4H, CH,), 1.22 (d, J=7.1 Hz, 3H, CHj),
096 (t, J=7.3 Hz, 6H, CH;). ')C RMN: 3§
(ppm) = 204.5, 171.8, 78.6, 55.6, 32.7, 21.7, 9.8, 8.1.
10: '"H RMN: & (ppm) = 4.92-5.00 (m; 1H, CH), 3.47
(s; 2H, CH,), 2.57 (q; J=7.2 Hz, 2H), 1.64—1.55 (m;
2H, CH,), 1.43-1.37 (m; 2H, CH,), 1.28 (d, /=6.3
Hz, 3H, CH3), 1.09 (t; J=6.9 Hz, 3H, CHj3), 0.91 (t;
J=7.2 Hz, 3H, CH;). 3C RMN: § (ppm) = 203.6,
171.0, 71.4, 48.8, 37.8, 30.3, 19.9, 18.7, 14.3. 11 (52):
"H RMN: & (ppm) = 4.85-4.79 (m; 1H, CH), 3.46 (s;
2H, CH>), 2.59 (q; J =7.3 Hz, 2H), 1.63—-1.56 (m; 4H,
CH,), 1.11 (t; J=7.3 Hz, 3H), 091 (t; J=7.3 Hz,
6H). *C-RMN: & (ppm) = 203.8, 167.6, 78.5, 49.7,
36.7, 26.7, 9.9, 7.9. 12: '"H RMN: § (ppm) = 4.94—
5.02 (m, 1H, CH), 3.49 (s, 2H, CH,), 2.74 (sept,
J=6.8 Hz, 1H, CH), 1.57-1.63 (m, 2H, CH,), 1.42—

1.52 (m, 2H, CH,), 1.25 (d, J=6.3 Hz, 3H, CHj),
1.15 (d, J=6.8 Hz, 6H, CH3), 0.93 (t, J=7.2 Hz, 3H,
CHs;). >C RMN: § (ppm) = 206.8, 167.1, 72.1, 47.5,
41.2, 37.9, 19.9, 18.6, 17.9, 13.9. 13: 'H RMN: §
(ppm) = 4.82 (tt, J, =6.9 Hz, J, =5.7 Hz, 1H, CH),
3.52 (s, 2H, CH,), 2.75 (sept, J=6.9 Hz, 1H, CH),
1.54-1.65 (m, 4H, CH,), 1.15 (d, J=6.9 Hz, 6H,
CH;), 091 (t, J=7.5 Hz, 6H, CH3). '>*C RMN: &
(ppm) = 206.8, 167.3, 78.0, 47.4, 41.2, 26.4, 17.9, 9.6.

Conclusions

CAL B-catalyzed efficient and environmentally
friendly transesterifications can be set up by combin-
ing microwave-assisted reactions with solvent-free
approaches. Competitive reaction times (< 2h, high
conversions), together with high substrate concentra-
tions, easier work-up, and largely diminished waste
formation, can be achieved. Moreover, the extensive
reuse of the biocatalyst is also an important goal
achieved by the herein reported strategy, in order to
develop not only sustainable but also economically
viable processes for the large-scale preparation of
useful building blocks.
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