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a b s t r a c t

Candida antarctica lipase B (CAL-B, Novozyme 435) catalyzes the transacylation of methyl acrylate and
methyl methacrylate with diols and triols in 2-methyl-2-butanol at 50 ◦C. Under the experimental con-
ccepted 11 September 2009
vailable online 19 September 2009

eywords:
unctional monomers
nzyme-catalyzed transacylation

ditions, up to 70 mol% of the acyl donor methyl acrylate was converted. Methyl methacrylate is the less
efficient acyl donor (up to 60 mol%) due to the higher sterical hindrance in the enzymatic transacylation.
Under the reaction conditions high yields of the mono-acylated products are obtained, which contain
minor amounts of bis(meth)acrylates. In addition it was observed that Novozyme 435 catalyzes regiose-
lectively the acylation of the primary hydroxyl groups. In comparison with the chemical catalyzed route
no selectivity was observed for unsubstituted diols. For substituted diols more mono-acylated product

catal
andida antarctica lipase B was formed in the lipase-

. Introduction

Hydroxy functional acrylates and methacrylates are interest-
ng precursors for hydrophilic and water-soluble polymers which
re promising functional polymers for biotechnological applica-
ions [1,2], including biomedical and pharmaceutical products
uch as contact lenses, dental materials, optical lenses, encap-
ulated cells, carriers for controlled drug delivery as well as
ydrogels [3–6]. Hydroxy functional monomers are versatile and

deal co-monomers for cross-linking via the pendant hydroxy
roup; they can be used as precursor for further chemical modi-
cation leading to novel monomeric building blocks for polymer
ystems. Furthermore, hydroxy functional monomers can be
sed to tune the hydrophobic/hydrophilic balance of copolymers
or different applications like thermoresponsive polymers [7,8].
ven though 2-hydroxyethyl acrylate and methacrylate (HEA,
EMA) are commercially available and well known, monomers

ike 3-hydroxypropyl acrylate and methacrylate (3HPA, 3HPMA),
-hydroxybutyl acrylate and methacrylate (4HBA, 4HBMA), 2-
ydroxypropyl acrylate and methacrylate (2HPA, 2HPMA), and
lyceryl acrylate and methacrylate (GA, GMA) are either not com-

ercially available, or only available at a very high price.
Chemical synthesis of hydroxy functional mono(meth)acrylates

s based on the reaction of acrylic and methacrylic acid with dif-
erent cyclic ethers like ethylene oxide and propylene oxide [9].

∗ Corresponding authors.
E-mail addresses: keul@dwi.rwth-aachen.de (H. Keul),

oeller@dwi.rwth-aachen.de (M. Moeller).
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yzed reaction than in the chemical catalyzed reaction.
© 2009 Elsevier B.V. All rights reserved.

When cyclic oxides are not available or they are not reactive
enough, it is necessary to use other procedures for the prepara-
tion of hydroxy functional monomers. A common method is the
direct reaction of polyols with rather expensive (meth)acrylic acid
chlorides or active esters of (meth)acrylic acids [10–12]. Chemical
synthesis with non-activated (meth)acrylic alkyl esters, however,
requires high temperatures, pressure, acidic catalysts, polymeriza-
tion inhibitors and complex purification procedures to isolate the
mono(meth)acrylates from the mixture of mono- and multifunc-
tional monomers, leading to low overall yields.

In recent years, the employment of triacylglycerol lipases as
biocatalysts for transesterification/transacylation reactions has
emerged as a potential route to replace the conventional chemi-
cal methods. The main reason for this development is the hope for
more efficient processes with higher chemo-, regio- and stereose-
lectivity [13–15] and with fewer environmental problems. The use
of lipases as catalysts is a non-toxic and environmental friendly
technology and requires mild operating conditions compared to
chemical procedures [16–18]. Besides the advantage of mild oper-
ating conditions, the availability of lipases from different microbial
sources possessing specificity of action and the fact that their cat-
alytic activity can be easily regulated are some of the highlights that
most of the chemical catalysts do not possess.

For lipase-catalyzed transacylation, a non-polar environment
is required with low water content to shift the thermodynamic

equilibrium in favour of esterification—disfavour of hydrolysis.
Numerous reports have appeared in the literature on the lipase-
catalyzed ester synthesis, with monoalcohols [19–22] as well
as polyols demonstrating the regioselective acylation of pri-
mary alcohols in organic solvents [23–25]. Moreover, the use of

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:keul@dwi.rwth-aachen.de
mailto:moeller@dwi.rwth-aachen.de
dx.doi.org/10.1016/j.molcatb.2009.09.008
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Table 1
Lipase-catalyzed transacylation reactions performed for 120 h at 50 ◦C; starting materials.

No Alcohol Acyl donor Novozyme 435 (mg) Solvent (mL)

Name g (mmol) Name g (mmol)

R1 1,4Bdiol 2.09 (23) MA 1 (11.5) 100 3.09
R2 1,3Pdiol 1.76 (23) MA 1 (11.5) 100 2.72
R3a 1,5Pdiol 2.42 (23) MA 1 (11.5) 100 3.48
R4a 1,6Hdiol 2.74 (23) MA 1 (11.5) 100 3.78
R5a EG 1.44 (23) MA 1 (11.5) 100 2.34
R6a 2Me1,3Pdiol 2.09 (23) MA 1 (11.5) 100 3.1
R7 1,2Pdiol 1.76 (23) MA 1 (11.5) 100 2.74
R8 Glycerol 3.2 (35) MA 1 (11.5) 100 3.58
R9a 1,2,6Htriol 4.68 (35) MA 1 (11.5) 100 5.26
R10a NPG 2.42 (23) MA 1 (11.5) 100 3.42
R11 1,4Bdiol 1.8 (20) MMA 1 (10) 100 2.8
R12 1,3Pdiol 1.52 (20) MMA 1 (10) 100 2.5
R13a 1,5Pdiol 2.42 (20) MMA 1 (10) 100 3.48
R14a 1,6Hdiol 2.36 (20) MMA 1 (10) 100 3.42
R15a EG 1.24 (20) MMA 1 (10) 100 2.17
R16a 2Me1,3Pdiol 1.77 (20) MMA 1 (10) 100 2.83
R17 1,2Pdiol 1.52 (20) MMA 1 (10) 100 2.53
R18 Glycerol 2.76 (30) MMA 1 (10) 100 3.25
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R19a 1,2,6Htriol 4.02 (30) MMA
R20a NPG 2.08 (20) MMA

a No kinetic study was performed.

crylic and methacrylic esters in transacylation reaction using
ipases was investigated before: Hajjar et al. described the enzy-

atic transacylation of diols dissolved in ethyl acrylate using
commercial lipase from Chromobacterium viscosum [26]; Ikeda

t al. reported the enzymatic transacylation of vinyl acrylate
ith alcohols using immobilized lipase from Candida cylindracea

27]; the synthesis of 2-carbamoyloxyethyl methacrylate from
-hydroxyethylcarbamate and vinyl methacrylate in a solvent mix-
ure of toluene/THF (3/1) catalyzed by lipase PS-30 Pseudomonas
pecies was presented by Derango et al. [28]; Warwel et al. used
ovozyme 435 as biocatalyst in the transacylation of methyl acry-

ate and methyl methacrylate with unsaturated fatty alcohols [29];
hile Athawale et al. gave a comprehensive study of the reac-

ion parameters governing the enzymatic synthesis of geranyl
ethacrylate using porcine pancreatic lipase and 2,3-butanedione
ono-oxime methacrylate as acyl donor in diisopropyl ether as sol-

ent [30]. Patents on this subject (as for example by Goldschmidt
mbH Essen, Germany) describe the preparation of surfactants

rom polyols and fatty acids showing the industrial relevance of
his research [31].

In the present study we investigated the enzymatic transacy-
ation of methyl acrylate and methacrylate with diols and triols,
valuating: (i) the possibility of acylation of one or both primary
ydroxyl groups leading to either mono- or bis(meth)acrylates
s well as (ii) the stereoselectivity and the possibility of acyla-
ion of secondary hydroxyl groups. For this purpose immobilized
ipase B from Candida antarctica on a macroporous acrylic resin,
nown as Novozyme 435, which has exceptionally high activity
nd versatility towards transesterification reactions [21,32–36],
as used. Since Novozyme 435 is commercially available, func-

ional monomers can be prepared on larger scales and used without
urther purification, directly for copolymerization.

One of the main problems with the use of polyols lies in their
ydrophilic nature, with the consequence that they do not dis-
olve in the commonly used non-polar solvents. To avoid the use
f solvents like dimethyl formamide or pyridine in enzymatic acy-
ations 2-methyl-2-butanol, a slightly polar solvent, was used in
hich CAL-B is stable and both reactants are soluble. This alco-
ol is not a substrate for the lipase being too sterically hindered
o enter the active site [37,38]. However, the reactivity and selec-
ivity of Novozyme 435 in this solvent has not yet been reported.
nother bottleneck in enzymatic transacylation of methyl acrylate
1 (10) 100 4.7
1 (10) 100 3.08

and methacrylate is the effect of methanol produced in the reaction
on the activity of the lipase [39–42]. Nonetheless one can remove
methanol either by distillation or by using molecular sieves.

2. Experimental part

2.1. Materials

Methyl methacrylate (MMA, 99+%, Fluka), methyl acrylate (MA,
99%, Acros Organics), ethylene glycol (EG, 99.8%, Riedel-de Haën),
1,3-propanediol (1,3Pdiol, 99.6+%, Aldrich), 1,4-butanediol (Bdiol,
99+%, Acros Organics), 1,5-pentanediol (1,5Pdiol, 96%, Fluka), 1,6-
hexanediol (1,6Hdiol, 97%, Fluka), neopentyl glycol (NPG, 99%,
Aldrich), 2-methyl-1,3-propanediol (2M1,3Pdiol, 99%, Aldrich), 1,2-
propanediol (1,2Pdiol, 99.5+%, Sigma–Aldrich), 1,2,6-hexanetriol
(Htriol, 97%, Acros Organics), glycerol (99.5+%, Sigma–Aldrich), 2-
methyl-2-butanol (2Me2BuOH, 96+%, Fluka) and all solvents were
used as received. A commercial lipase, Novozyme 435 (Lipase B
from C. antarctica immobilized on a macroporous acrylic resin,
10,000 U g−1 Novo Nordisk) was dried in vacuum at room temper-
ature for 24 h and stored under nitrogen before it was used as a
biocatalyst for the transacylation reactions.

All reactions were carried out under nitrogen atmosphere.
Nitrogen (Linde, 5.0) was passed over molecular sieves (4 Å) and
finely distributed potassium on aluminium oxide before use.

2.2. Measurements

1H NMR and 13C NMR spectra were recorded on a Bruker
DPX-400 FT-NMR spectrometer at 400 MHz and 101 MHz, respec-
tively, using deuterated dimethyl sulfoxide (DMSO-d6) as solvent.
Gas chromatography measurements with chiral columns were
recorded on a Sichromat 1-4 apparatus. A precolumn (L = 3 m)
and an Ivadex 1 column (L = 25 m) were applied. GC–MS analysis
was performed on a Shimadzu GC-MS-QP5000. All spectra were

measured with a column temperature program from 80 to 300 ◦C
(25 ◦C/min) and 3 min hold time at 300 ◦C. The injection tempera-
ture was 300 ◦C and the detector temperature 250 ◦C. Identification
of the compounds was performed using the mass/charge ratio (m/z)
from the MS detector.
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Table 2
Lipase-catalyzed transacylation reactions performed for 120 h at 50 ◦C; conversion
of the acyl donor and the concentration of products.

No Acyl donor conversion Product concentration

Name Conversion (%) Mono-acylated (mol%) Di-acylated (mol%)

R1 MA 76 88 12
R2 MA 74 91 9
R3 MA 78 88 12
R4 MA 79 88 12
R5 MA 14 99 1
R6 MA 74 94 6
R7 MA 57 77 and 21 2
R8 MA 73 94 and 3 3
R9 MA 75 72 and 14 and 8 4 and 2
R10 MA 64 95 5
R11 MMA 60 87 13
R12 MMA 82 92 8
R13 MMA 70 87 13
R14 MMA 73 88 12
R15 MMA 0 0 0
R16 MMA 66 92 8
R17 MMA 57 80 and 20 0
R18 MMA 50 92 and 6 2
R19 MMA 73 71 and 19 and 5 4 and 1
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1H NMR (DMSO): ı = 1.08 (d, J = 6.31, H8), 3.84 (m, H6), 3.94 (m,
H6, H7), 4.46 (d, J = 4.88, H4), 4.86 (d, J = 4.86 Hz, H9), 5.9 (d, H1), 6.19
(m, H2), 6.34 (d, H1).
R20 MMA 50 91 9

. Syntheses

.1. Representative procedure for lipase-catalyzed synthesis of
ydroxy (meth)acrylates

1,4-Butanediol (2.09 g, 23 mmol) was dissolved in 2-methyl-2-
utanol (3.09 mL, 50 vol% of the reaction mixture). To this mixture,
ethyl acrylate (1 g, 11.5 mmol) and Novozyme 435 (100 mg,

0 wt% with respect to MA), were added and stirred for 120 h
t 50 ◦C. The reaction progress was monitored by 1H NMR spec-
roscopy and GC–MS of samples taken at different reaction times:
.36, 0.75, 1.5, 3, 6, 12, 24, 72, 96 and 120 h. One to two drops of
ample were directly dissolved in deuterated dimethyl sulfoxide
DMSO-d6) and 50 �L was transferred in GC–MS vials. The molar
atio of the products was determined by 1H NMR spectroscopy
s well as by GC–MS assuming similar sensitivity for the various
ompounds. For R1 the following concentrations of 4-hydroxybutyl
crylate were determined at the times mentioned above: 11.6%,
7.8%, 25.6%, 35.8%, 47.2%, 55.1%, 63.3%, 66.8%, 67.8% and 68%.
ll other reactions were performed according to this procedure

Tables 1 and 2).
The enzyme was removed by filtration and M(M)A by distillation

n vacuo at 40 ◦C from the reactions R1, R2, R7, R8, R11, R12, R17,
nd R18. The following monomers were isolated by this procedure
nd analysed by 1H NMR and 13C NMR spectroscopy.

.1.1. 4-Hydroxybutyl methacrylate (4HBMA)

1H NMR (DMSO): ı = 1.48 (m, H9), 1.65 (m, H8), 1.88 (s, H1), 3.43
m, H10), 4.10 (t, J = 5.11 Hz, H7), 4.46 (t, J = 5.10 Hz, H11), 5.5 (s, H4),
.02 (s, H4′

).

13C NMR (DMSO): ı = 17.8 (C1), 28.51 (C8), 28.83 (C9), 60.23

C10), 64.17 (C7), 125.3 (C4), 136 (C2), 166.4 (C3).
lysis B: Enzymatic 62 (2010) 81–90 83

3.1.2. 4-Hydroxybutyl acrylate (4HBA)

1H NMR (DMSO): ı = 1.47 (m, H8), 1.65 (m, H7), 3.43 (m, H9),
4.11 (t, J = 5.11 Hz, H6), 4.46 (t, J = 5.46 Hz, H10), 5.91 (d, H1), 6.17
(m, H2), 6.3 (d, H1).

13C NMR (DMSO): ı = 28.51 (C7), 28.83 (C8), 60.23 (C9), 64.17
(C6), 128.3 (C2), 131.2 (C1), 165.5 (C3).

3.1.3. 3-Hydroxypropyl methacrylate (3HPMA)

1H NMR (DMSO): ı = 1.76 (m, H8), 1.87 (s, H1), 3.46 (m, H9), 4.15
(t, J = 6.49 Hz, H5), 4.56 (t, J = 5.17 Hz, H10), 5.65 (s, H4), 6.01 (s, H4).

13C NMR (DMSO): ı = 17.88 (C1), 35.68 (C8), 57.17 (C9), 61.54
(C7), 125.32 (C4), 135.96 (C2), 166.51 (C3).

3.1.4. 3-Hydroxypropyl acrylate (3HPA)

1H NMR (DMSO): ı = 1.75 (m, H7), 3.48 (m, H8), 4.16 (t, J = 6.56 Hz,
H6), 4.55 (t, J = 5.17 Hz, H9), 5.92 (d, H1), 6.17 (m, H2), 6.31 (d, H1).

13C NMR (DMSO): ı = 31.4 (C7), 57.1 (C8), 61.4 (C6), 128.3 (C2),
131.2 (C1), 165.5 (C3).

3.1.5. 2-Hydroxypropyl methacrylate (2HPMA)

1H NMR (DMSO): ı = 1.07 (d, J = 6.25 Hz, H9), 1.88 (s, H1), 3.85
(m, H7), 3.91 (m, H8, H7), 4.86 (d, J = 4.86 Hz, H10), 5.67 (s, H4), 6.07
(s, H4).

13C NMR (DMSO): ı = 17.94 (C1), 19.77 (C9), 63.92 (C8), 68.88
(C7), 125.64 (C4), 135.87 (C2), 166.45 (C3).

3.1.6. 2-Hydroxypropyl acrylate (2HPA)
13C NMR (DMSO): ı = 19.71 (C8), 63.9 (C7), 68.88 (C6), 128.31
(C2), 131.34 (C1), 165.39 (C3).
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.1.7. Glyceryl methacrylate (GMA)

1H NMR (DMSO): ı = 1.87 (s, H1), 3.44 (m, H9), 3.7 (m, H8), 3.98
m, H7), 4.08 (m, H7), 4.69 (t, J = 5.67 Hz, H11), 4.95 (d, J = 5.27, Hz
10), 5.65 (s, H4), 6.04 (s, H4).

13C NMR (DMSO): ı = 17.9 (C1), 62.47 (C9), 65.82 (C7), 69.1 (C8),
25.7 (C4), 135.85 (C2), 166.6 (C3).

.1.8. Glyceryl acrylate (GA)

1H NMR (DMSO): ı = 3.42 (m, H8), 3.69 (m, H7), 4 (m, H6), 4.13
m, H6), 4.67 (t, J = 5.69 Hz, H10), 4.93 (d, J = 5.26 Hz, H9), 5.92 (d, H1),
.2 (m, H2),6.32 (d, H1).

13C NMR (DMSO): ı = 62.47 (C8), 65.05 (C6), 69.17 (C7), 128 (C2),
31.4 (C1), 165.5 (C3).

. Results and discussion

In our previous work, we developed a simple route for preparing
unctional acrylates and methacrylates via an enzymatic transacy-
ation of methyl acrylate and methyl methacrylate as substrates

ith different monoalcohols [21]. Hydrophilic, hydrophobic as well
s tertiary amine functionalized (meth)acrylates were prepared

nd could be readily used in a further step for polymerization. Thus,
ifferent poly[(meth)acrylate]s were synthesized via a cascade
eaction of enzymatic transacylation and radical polymerization.
n the present work, our previous approach was expanded to the

ore demanding syntheses of hydroxy functional acrylates and

cheme 1. Transacylation reaction of MA and MMA with different symmetrical and asy
sed as solvent. [M(M)A]:[OH] = 1:2 for diols and 1:3 for triol.
lysis B: Enzymatic 62 (2010) 81–90

methacrylates via an enzymatic transacylation of methyl acrylate
and methacrylate with different diols and triols (Scheme 1). In this
way, monofunctional (meth)acrylate monomers, which are diffi-
cult to synthesize via conventional methods or are hardly acquired
and are even not commercially available could be obtained. As will
be shown in a forthcoming paper, the obtained monomers can be
used without further purification to prepare copolymers via free
radical and controlled radical polymerization.

To investigate the effect of the alcohol structure used as sub-
strate on the formation of hydroxy functional mono(meth)acrylate
monomers, symmetrical diols (EG; 1,3Pdiol; 1,4Bdiol; 1,5Pdiol;
1,6Hdiol), substituted symmetrical diols (2M1,3Pdiol; NPG), an
asymmetrical diol (1,2Pdiol), a symmetrical triol (glycerol) as well
as an asymmetrical triol (1,2,6Htriol) were selected. The enzy-
matic transacylation is reversible and, therefore, mono-, di- and
tri-functional (meth)acrylates can be obtained. Nonetheless, ster-
ical hindrance at the active site of the enzyme is expected to
suppress multiple acylation as well as acylation of secondary alco-
hol groups. In addition enantioselectivity studies are performed
on the transacylation of the asymmetrical diol (1,2Pdiol) and triol
(1,2,6Htriol) of which racemic mixtures were used. Furthermore,
it should be noted that the reaction rate and product distribution
depend on the ratio of the alcohol to M(M)A [10–12], the speci-
ficity of Novozyme 435 and the thermodynamic water activity [43].
During the current work the molar ratio of the acyl donor/polyol
was set to 1/number of OH groups in the polyol (this means
M(M)A/diol = 1/2 and M(M)A/triol = 1/3).

4.1. Kinetic studies

4.1.1. Conversion/time dependence
To gain a better understanding of the mechanism of the

lipase-catalyzed transacylation we conducted kinetic studies using

1,3Pdiol, 1,4Bdiol, 1,2Pdiol as well as glycerol as polyols and MA
and MMA as acyl donors. These alcohols were used in order to syn-
thesize hydroxy functional acrylates and methacrylates that may
be suitable for a wide variety of applications [1–6]. Novozyme 435
was selected for this study being a very active and stable commer-

mmetrical diols and triols. Conditions: T = 50 ◦C; Novozyme 435; 2Me2BuOH was



D. Popescu et al. / Journal of Molecular Catalysis B: Enzymatic 62 (2010) 81–90 85

F
1
a

c
o
t
r
t
d
t
a
[
a
c
o
a
a
t
a
t
(

t
N
(
t

F
1
2
t

ig. 1. Concentration of mono- and bisacrylates from the reaction of MA with
,4Bdiol vs. time. Comparison between data obtained from 1H NMR and GC–MS
nalysis (MA:1,4Bdiol = 1:2 M; T = 50 ◦C in 2Me2BuOH).

ially available lipase. 2Me2BuOH was used as the solvent because
f its polarity allowing the dissolution of the polar polyols while
he enzyme retains its catalytically active conformation [36,37]. The
eaction temperature was set to 50 ◦C, which is within the optimum
emperature range for enzyme stability (40–60 ◦C) [44]. In order to
ecrease the formation of bis(meth)acrylates, the molar ratio of
he acyl donor/polyol was set to 1/number of OH groups in the
lcohol according to a theoretical model presented in the literature
10–12]. Probes were taken at different reaction times and were
nalysed by 1H NMR spectroscopy and GC–MS to determine the
onversion and ratio of the products. The results from both meth-
ds were compared with respect to the formation of monoacrylate
nd bisacrylate (Fig. 1) for the transacylation of MA as acyl donor
nd 1,4Bdiol as alcohol in a molar ratio of 1/2. Fig. 1 shows that
he evolution of the ratio of the new monomers, 4-hydroxybutyl
crylate (4HBA) and bisacrylate (BisBA), in time is approximately
he same from 1H NMR spectroscopy (dotted line) and from GC–MS
continues line).

The small differences are within experimental error and are due

o overlapping signals in the 1H NMR spectrum. Fig. 2 shows the 1H
MR spectra at the beginning of the reaction (t0) and after 24 h

t24): characteristic for the progress of the reaction are signals of
he methyl ester group (signal 3) at ı = 3.68 ppm and protons at the

ig. 2. 1H NMR spectra of the enzymatic transacylation reaction between MA and
,4Bdiol at time 0 h (t0) and after 24 h (t24). MA:1.4Bdiol = 1:2 molar ratio, T = 50 ◦C in
Me2BuOH. (#) Signals corresponding to 2Me2BuOH and (*) signals corresponding
o 1,4Bdiol.
Fig. 3. Time-conversion plot for the enzymatic transacylation of MA and 1,4Bdiol
as determined via 1H NMR analysis. MA:1,4Bdiol = 1:2 molar ratio; T = 50 ◦C;
2Me2BuOH as solvent.

sp2 hybridised C-atoms at (signals 1 and 2) ı = 5.9–6.3 ppm. After
24 h (t24) the formation of 4HBA is proven by the appearance of sig-
nal 8 at ı = 4.46 ppm as a triplet, corresponding to the OH group (in
some cases, the coupling interaction between the CH2 and the OH
protons may be observed in DMSO [45]), the methylene group 4 at
ı = 4.11 ppm as a triplet, the methylene groups 5 and 6 at ı = 1.65
and 1.5 ppm as multiplets as well as the methylene group 7 at
ı = 3.42 ppm. The appearance of methanol signals at ı = 3.17 ppm for
the methyl group and at ı = 4.11 ppm for the hydroxyl group further
indicates that the transacylation was successful. From the 1H NMR
spectrum the concentration of the products can be calculated using
the integral of the methyl groups from the solvent, 2Me2BuOH, at
ı = 1.05 ppm as reference. The concentration of 4HBA was calcu-
lated according to the integrals of signal 8 at ı = 4.46 ppm and signal
3 corresponding to the methoxy group of MA at ı = 3.68 ppm. In
order to determine the concentration of BisBA formed, integration
of the double bonds region was taken into consideration.

Fig. 3 shows time conversion plots of the reaction between MA
and 1,4Bdiol as determined by 1H NMR spectroscopy. The forma-
tion of mono- and bisacrylates follows the statistical model [10]
for the first 24 h, where both the monoacrylate and bisacrylate are
formed in a ratio of 89 mol% of 4HBA and 11 mol% of BisBA. This
ratio remained constant from 24 h to 120 h showing that the reac-
tion reached the equilibrium after 24 h. Similarly GC–MS revealed
88 mol% 4HBA and 12 mol% BisBA after 24 h and for 120 h. This
result corresponds to the calculated model and reveals that for
the 1,4Bdiol no regiospecificity is observed in the lipase-catalyzed
reaction [10].

For the reactions of 1,3Pdiol, 1,4Bdiol, 1,2Pdiol and glycerol with
MA and MMA as acyl donor, the yield of the monoacrylates vs. time
is shown in Fig. 4. The yield of bisacrylates after 120 h is shown
in Figs. 5 and 6 and Table 3 for all the reactions. The first con-
clusion of the time/conversion plot (Fig. 4) is that acrylates react
faster than methacrylates. One reason for this result could be the
higher sterical demand of MMA compared to MA in the enzymatic
transacylation reaction. In addition the higher chemical reactiv-
ity of MA than MMA could explain the experimental results. In the
kinetically controlled regime of the reaction for MA, the highest rate
of conversion is observed for glycerol followed by 1,3Pdiol, 1,4Bdiol,
and 1,2Pdiol. In the case of MMA as acyl donor a similar behaviour

is observed. However, the final conversion of glycerol and 1,2Pdiol
is lower than that of 1,3Pdiol and 1,4Bdiol. This can be explained by
the higher sterical demand of these substrates and by the increase
of viscosity of the medium which makes difficult the diffusion to
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Table 3
Molar ratios of the products obtained from the enzymatic transacylation of MA and MMA with 1,2Pdiol, glycerol and 1,2,6Htriol. M(M)A/1,2Pdiol = 1/2 M; M(M)A/glycerol
(1,2,6Htriol) = 1/3 M; T = 50 ◦C; 2Me2BuOH as solvent.

Reaction R MA R MMA

77 mol% 80 mol%

21 mol% 20 mol%

2 mol% 0 mol%

94 mol% 92 mol%

3 mol% 6 mol%

3 mol% 2 mol%

72 mol% 71 mol%

14 mol% 19 mol%

8 mol% 5 mol%

4 mol% 4 mol%

2 mol% 1 mol%
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he active centre of the lipase [39]. To these arguments, the lower
eactivity of secondary alcohol groups in glycerol and 1,2Pdiol can
e added. As a consequence the unsubstituted ˛, ω diols (1,3Pdiol
nd 1,4Bdiol) reach higher equilibrium conversions than substi-
uted polyols (glycerol and 1,2Pdiol). In addition the log P of the

ixture containing glycerol may play a significant role, resulting in
different water activity which results in a lower conversion.

.1.2. Influence of the alcohol structure on the product ratio
.1.2.1. Symmetrical, unsubstituted diols. To study the effect of the
tructure of the diol on the enzymatic transacylation, symmetri-
al diols (EG; 1,3Pdiol; 1,4Bdiol; 1,5Pdiol; 1,6Hdiol; 2Me1,3Pdiol;
PG), an asymmetrical diol (1,2Pdiol), a symmetrical triol (glyc-
rol) and an asymmetrical triol (1,2,6Htriol) were analysed. All
transacylation reactions studied were performed at 50 ◦C for 120 h
in 2Me2BuOH as solvent with 10 wt% Novozyme 435 with respect
to M(M)A. The molar ratio M(M)A/alcohol was set to 1/number of
OH groups in the alcohol in order to decrease the probability of for-
mation of bis(meth)acrylates. The concentration of products was
determined as discussed above by 1H NMR spectroscopy or GC–MS.
In some cases both methods were used to obtain optimal results.

For all cases except 1,3Pdiol, the final conversion of MA is higher
than that of MMA being in the range of 59–78 mol%, respectively,

50–73 mol% (Figs. 5 and 6). The conversion of both esters with EG is
a special case due to the hydrophilicity of EG, which could trap the
tightly bound water necessary for retaining the tertiary structure of
the enzyme and thereby causing a rapid deactivation of the lipase
with a consequence of no reaction respectively low conversion [43].
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ig. 4. Formation of mono(meth)acrylates in time as determined from 1H NMR spec-
roscopy. M(M)A:diol = 1:2 molar ratio; M(M)A:glycerol = 1:3 molar ratio; T = 50 ◦C;
Me2BuOH as solvent.

In the case of symmetrical diols (1,3Pdiol, 1,4Bdiol, 1,5Pdiol and
,6Hdiol) the product distribution mostly follows the statistical
ule as described in the literature [10,11] for chemical transacy-
ation reactions, i.e., the enzyme does not have any selectivity
or the formation of mono(meth)acrylate over bis(meth)acrylates.
onetheless in the case of the reaction between MA and 1,3Pdiol or
MA and 1,3Pdiol the concentration of monosubstituted product

s slightly higher than in the case of 1,4Bdiol, 1,5Pdiol and 1,6Hdiol
nd also higher than expected for the statistical product distribu-
ion (Fig. 5). This is most likely due to the chain length of the diol;
he monosubstituted product formed in the reaction with 1,3Pdiol
s more sterically hindered than longer diols. As a result the forma-
ion of the disubstituted compounds is suppressed. As expected,
his effect is slightly stronger in the reaction with MMA where the
terical hindrance of the MMA plays an additional role (Fig. 6). How-
ver, the transacylation with EG, which is expected to have even

ore pronounced selectivity for the mono(meth)acrylate was not

uccessful. In the case of the reaction between MA and EG a con-
ersion of 14 mol% of products in respect with MA was achieved
fter 120 h corresponding to a concentration of mono- to bisacry-
ate of 99/1 as determined from GC–MS (Fig. 5) whereas in the case

ig. 5. Mol% of mono- and bisacrylates resulting from the transacylation of MA with
ifferent symmetrical diols after 120 h at 50 ◦C in 2Me2BuOH using a molar ratio
A:diol = 1:2.
Fig. 6. Mol% of mono- and bismethacrylates resulting from the transacylation of
MMA with different symmetrical diols after 120 h at 50 ◦C in 2Me2BuOH using a
molar ratio MMA:diol = 1:2.

of MMA as acyl donor no reaction was observed at all after 120 h
(Fig. 6).

4.1.2.2. Symmetrical, substituted diols. The effect of sterical hin-
drance was further evaluated by the use of the substituted
symmetrical diols 2Me1,3Pdiol and NPG. Not surprisingly the
highest concentration of mono(meth)acrylates and the lowest of
bis(meth)acrylates were obtained with these diols (Figs. 5 and 6).
Again the sterical hindrance of the monosubstituted com-
pound, which could react with the acyl donor to result in
bis(meth)acrylates plays an important role. Iglesias et al. [10,11]
demonstrated the formation of 73 ± 3 mol% monoacrylate and
80 mol% monomethacrylate for the reaction of NPG and acid
chloride with a molar ratio of NPG to acid chloride of 7–3,
while the calculated statistical amount of mono(meth)acrylate is
88 mol%. Comparing these results with results obtained by enzy-
matic transacylation having a similar NPG:M(M)A molar ratio
of 2:1, one can notice the higher amount of the monosubsti-
tuted compounds (1H NMR spectroscopy: 95 mol% for the acrylate
and 92 mol% for the methacrylate), clearly proving the advantage
of using Novozyme 435. One more important observation was
made when evaluating the product ratio in time (Fig. 7). In fact,
the conversion of monoacrylate formed in this reaction increases

during the reaction from 39 mol% (t = 24 h) to 56 mol% (t = 120 h)
in respect with the acyl donor MA, while the concentration of
bisacrylate remains constant at 3 mol% up to 120 h. The same
behaviour was observed for 2Me1,3Pdiol, where the concentra-
tion of the monoacrylate increases from 60 mol% to 67 mol% and

Fig. 7. Mol% of the products formed during the enzymatic transacylation of MA with
NPG and 2Me1,3Pdiol at 50 ◦C in 2Me2BuOH.
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ig. 8. Conversion scaled GC chromatograms for the reaction between methyl acry-
ate and 1,2-propanediol at different times (MA:1,2Pdiol = 1:2 molar; T = 50 ◦C in
Me2BuOH).

he concentration of bisacrylates remained constant. This result
s a consequence of the sterical hindrance of the monoacrylates

hich cannot further react with the MA to form the bisacrylates,
hus mostly monoacrylates are formed with remaining MA and the
iol excess. A possible explanation for the higher concentration
f 2MHPA than of 3HNPGA is again attributed to the sterical hin-
rance; NPG being more sterically hindered than 2Me1,3Pdiol due
o the second methyl group at the C2 position shifts the equilibrium
way back to the diol.

.1.2.3. Diols with primary and secondary hydroxyl groups. When
,2Pdiol an asymmetrical diol consisting of both a primary and

secondary hydroxyl group was used, a very small amount
f bisacrylates (2 mol%) was observed while the formation of
ismethacrylates could not be detected at all (Table 3). This
uppression of bis(meth)acrylate formation is due to the lower
eactivity of the secondary hydroxy group as well as the increased

terical hindrance caused by the vicinity of the two hydroxyl
roups. However, the ratio of monosubstituted (meth)acrylates
s 4:1 (77:21 mol% and 80:20 mol%), which is similar to the ratio
bserved for chemical synthesis of 2-hydroxypropyl acrylate from
ropylene oxide and acrylic acid where the minor isomer (2-

Fig. 10. 1H NMR spectrum of the reaction between methyl acrylat
Fig. 9. Conversion scaled GC chromatogram corresponding to the reaction between
(1) methyl acrylate and glycerol and (2) methyl methacrylates and glycerol after
120 h [M(M)A:glycerol = 1:3 M; T = 50 ◦C in 2Me2BuOH].

hydroxy isopropylacrylate, 2HIPA) is formed in 25 mol% [9,46].
Nonetheless, the chemical route is more demanding and requires
high purity reagents, CuCl as inhibitor, pyridine as solvent as well
as a high temperature [46] in comparison with the enzymatic cat-
alyzed reaction. In Fig. 8 the GC elugrams as a function of time of the
reaction products of MA and 1,2Pdiol is shown. It is clearly observed
that the appearance of the bisacrylate (BisIPA) starts after 6 h of
reaction and a concentration of no more than 2 mol% is achieved,
while the secondary hydroxyl group reacts from the beginning with
a lower rate than the primary one, providing 2HIPA in 21 mol% and
2HPA in 77 mol%.

Being a racemic diol, the reaction with 1,2Pdiol can also be
used to investigate the stereoselectivity of the lipase. It was found
that both enantiomers reacted at the primary hydroxyl group to
give 37 mol% of one isomer and 34 mol% of its enantiomer. In con-
trast to this result, it was previously reported for benzyl alcohol
derivatives that Novozyme 435 discriminates between R and S
enantiomers [47]. This difference might be an effect of the substrate

and the polarity of the solvent used (2Me2BuOH), which apparently
suppresses the selectivity of the Novozyme 435. In addition, the
system can contain traces of water, which also has several effects
on the enantioselectivity of C. antarctica lipase B (CAL-B) catalyzed

e and glycerol (MA:glycerol = 1:3 M; T = 50 ◦C in 2Me2BuOH).
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eactions, since water could be simultaneously a competitive and
nantioselective inhibitor, a competitive substrate and a lubricant
48,49].

.1.2.4. Symmetrical triol. In the case of glycerol, a symmetrical
riol, two equivalent primary hydroxyl groups and a secondary
ydroxyl group of lower reactivity are involved in the reaction
ith the acyl donor. Garcia et al. studied the direct synthesis

f monomers derived from glycerol and unsaturated acid chlo-
ides in a stoichiometrical ratio obtaining five products: two
ono-, two di- and one trisubstituted monomers [12]. Using
ovozyme 435, and a 1:3 molar ratio of (meth)acrylate to glyc-
rol only two mono(meth)acrylate products are formed and traces
f bis(meth)acrylates (Fig. 9). The broad glycerol signal is due to
he high polarity of the alcohol making it difficult to vaporise and
ausing column interactions. The major product obtained is the 1-
lyceryl (meth)acrylate in a concentration of 92 mol% (for GMA) and
4 mol% (for GA) after 120 h whereas 2-glyceryl (meth)acrylate is
btained at a low extend (1,3-dihydroxyisopropyl acrylate (DHIPA)
n a molar ratio of 3 mol% and 1,3-dihydroxyisopropyl methacrylate
DHIPMA) in 6 mol%). Only minor amounts of bis(meth)acrylates
re formed, in maximum 3 mol% (Table 3). The different isomers
f bis(meth)acrylates could not be determined due to very small
mounts. In Fig. 9, in the bis(meth)acrylate region, two peaks are
etected which were attributed to the two isomers obtained from
oth primary, respectively one primary and the secondary OH
roup.

In the 1H NMR spectrum of the reaction between MA and
lycerol after 120, Fig. 10, only three products are detected: two
onosubstituted and a disubstituted glyceryl acrylate. The char-

cteristic signals of the proton corresponding to the OH groups
n all three products formed are present in the region between
= 4.6–5.4 ppm. The proton signal characteristic to the OH group

n glyceryl acrylate linked to the CH2 group (signal 2) appears at
= 4.66 ppm as a triplet while at ı = 4.92 ppm the proton signal
orresponding to the secondary OH group is present as a dou-
let (signal 1). The doublet observed in the region ı = 5.4 ppm is
ssigned to the OH group of the bisacrylate (signal 3), whereas
he triplet at d = 4.8 ppm is characteristic for the hydroxyl group
f dihydroxyisopropyl acrylate (signal 4). The integration of these
ignals provides us the molar ratio of the products obtained as fol-
ows: GA:DHIPA:BisAc = 94:3:3 mol%, which is in accordance with
he composition determined by GC–MS chromatography.
.1.2.5. Asymmetrical triol. Transacylation of methyl acrylate and
ethyl methacrylate with 1,2,6Htriol using Novozyme 435 as cat-

lyst was performed in 2Me2BuOH at 50 ◦C with a molar ratio
f MA/1,2,6Htriol = 1/3. The product mixture was analysed via

ig. 11. GC–MS chromatograms for the reactions between MA and MMA with
,2,6Htriol. MA:1,2,6Htriol = 1:3 molar ratio; T = 50 ◦C in 2Me2BuOH.
Fig. 12. 1H NMR spectrum of the crude reaction product obtained via transacyla-
tion of methyl acrylate and 1,2,6-hexanetriol after 120 h (MA:1,2,6Htriol = 1:3 mol%;
T = 50 ◦C in 2Me2BuOH). (*) Signals of 2Me2BuOH and (#) signals of 1,2,6Htriol.

GC–MS and 1H NMR spectroscopy. From GC–MS analysis (Fig. 11)
of the product mixture obtained with MMA as acyl donor five
products were identified: three monosubstituted and two disub-
stituted hexanetriol derivates. Based on the assumption that the
OH group in position 6 is the least hindered, 6-methacryloyl-1,2,6-
hexanetriol was considered to be the major product (71 mol%, see
Table 3) followed by 1-methacryloyl-1,2,6-hexantriol (19 mol%).
2-Methacryloyl-1,2,6-hexanetriol (5 mol%) was assigned to the
peak of lower intensity based on the hypothesis that a sec-
ondary OH group is less reactive than a primary OH group. The
two bismethacrylates were assigned to 1,6-dimethacryloyl-1,2,6-
hexanetriol (4 mol%) and 2,6-dimethacryloyl-1,2,6-hexanetriol
(1 mol%) again based on the reactivity hypothesis. It was assumed
that 1,2-dimethacryloyl-1,2,6-hexanetriol is not formed due to
sterical hindrance.

The same assumption can be made for MA as acyl donor.
The ratio of the compounds corresponds to: 86 mol% of the
two major products (6-acryloyl-1,2,6-hexanetriol and 1-acryloyl-
1,2,6-hexanetriol), 8 mol% of 2-acryloyl-1,2,6-hexanetriol, 4 mol%
of 1,6-diacryloyl-1,2,6-hexanetriol and 2 mol% of 2,6-diacryloyl-
1,2,6-hexanetriol. However in this case the two major products are
not well resolved by GC–MS; a shoulder can be observed.

For this reason 1H NMR analysis was considered as additional
analytical tool. For the transacylation using MMA as acyl donor the
results obtained by GC–MS were confirmed. The results obtained
using MA as acyl donor will be presented and discussed.

In Fig. 12 the 1H NMR spectrum of a crude reaction mixture is
shown, the main peaks (with high intensity) belong to 2Me2BuOH
and 1,2,6Htriol. The formation of methanol is clearly observed prov-
ing the transacylation reaction. Since the sensitivity of the NMR
spectroscopy is ±5 mol% only two major peaks can be assigned. For
this the new signals assigned to methylene group 3 at d = 1.6 ppm
and the signals at ı = 4.87 ppm and ı = 4.82 ppm assigned to the OH
groups 1 and 2 were taken into consideration.

From the ratio of the two hydroxyl groups the ratio of 6-acryloyl-
1,2,6-hexanetriol/1-acryloyl-1,2,6-hexanetriol was determined to
be 83.57–16.42 mol%. Considering the results of the GC where the
fraction of the two major compounds is 86 mol%, a final value of
72 mol% and 14 mol% were determined.
5. Conclusions

Because of the hydrophilic nature of diols and triols and their
incompatibility with methyl acrylate and methyl methacrylate,
the reactions presented in this paper were carried out in 2-
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ethyl-2-butanol, a tertiary alcohol, which is non-reactive in
he lipase-catalyzed reaction but is a common solvent for both
eagents: diols/triols and (meth)acrylates. In addition this work
resents a detailed investigation of the enantio- and regioselectiv-

ty in the diols and triols as well as a detailed and elaborate analysis
f the product distributions.

The transacylation of MA and MMA with diols and triols is car-
ied out under mild conditions, is easy and rapid in processing,
eing suitable for the preparation of sensitive monomers, as can
e depicted from this paper. The resulting monomers are ready for
olymerization without further purification, as will be shown in an
pcoming publication.
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