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“All-trans” alkyds (unsaturated polyesters) were pre-
pared by lipase-catalyzed polytransesterifications of di-
esters of fumaric acid and 1,4-butane diol. Industrially
prepared alkyds, however, contain aromaticity in their
backbone, which is introduced by phthalic acid deriva-
tives and/or isomers. Thus, in this study, the specificity
of lipases toward aromatic esters, diesters, and diols was
investigated in order to find a means of introducing aro-
maticity in the lipase-catalyzed synthesis of “all-trans”
alkyds. It was found that lipases from Pseudomonas and
Mucor efficiently catalyzed the polytransesterification
of dichloroethyl fumarate with aromatic diols such as
benzene dimethanol. Crystallinity was found in the “all-
trans” alkyds synthesized in acetonitrile. In order to de-
termine whether this property was due to the nature of
diol or the frequency of the double bond in the back-
bone of the polyester, other alkyds were prepared in
which the length of the diol was changed as well as the
number of carbons (odd or even) in the diol and the
chemical nature of the diol (primary or secondary). In
all cases crystallinity was found. It thus seems that the
stereochemistry of the double bond is responsible for
this property. Molecular weights, which were deter-
mined by gel permeation chromatography (GPC) analy-
ses, were comparable with those of the industrially
prepared alkyds.

INTRODUCTION

The first step in the industrial preparation of “general-
purpose polyesters” involves the condensation of an
unsaturated dicarboxylic acid (or anhydride or ester
derivative) and/or an aromatic dicarboxylic acid {or one
of its derivatives) with a diol to produce an alkyd. The
alkyd is then cured to produce the thermoset general-
purpose polyester. During the conventional preparation
of alkyds, unsaturated constituents undergo extensive
cis/trans isomerization. In contrast, in alkyd syntheses
that are catalyzed by lipases, an “all-trans” product is
obtained.” The presence of trans double bonds in the
polymer backbone both improves the quality of the final
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product?® and facilitates a faster curing reaction in the
subsequent processing of the alkyd.

Biocatalyzed reactions in organic solvents,””*'* in-
cluding enzyme-catalyzed transesterification of diesters
with diols,"®*' have previously been reported. We have
applied this type of biosynthetic method in an ongoing
study of lipase-catalyzed syntheses of polyesters. In our
first set of experiments fumaric acid esters were reacted
with 1,4-butane diol.> Fumaric acid was chosen as the
model compound, since it is one of the starting mate-
rials often used in the synthesis of general-purpose
polyesters. In the lipase-catalyzed transesterification of
fumaric acid diesters with 1,4-butane diol in acetoni-
trile, a crystalline solid alkyd insoluble in most organic
solvents was obtained.> When tetrahydrofuran (THF)
was used as the solvent, a low molecular weight soluble
alkyd was obtained. We thus deemed it necessary in
future studies to investigate the effects of the nature of
the diol and the frequency of the double bond in the
backbone of the polyester on crystallinity or solubility
of the final polyester in organic solvents.

The only functionality lacking in our unsaturated
polyester which is often present in general-purpose
polyesters is aromaticity, which is generally introduced
by using phthalic acid derivatives or their isomers. Thus,
we sought a way of introducing the aromatic function
into our “all-trans” polyester backbone.

The aim of the present study was thus twofold: to ex-
amine the specificity of lipases from different sources
toward aromatic esters and diesters and to a variety of
aliphatic and aromatic diols in the transesterification
reaction and to investigate the reaction of different
types of diol (primary, secondary, long-chain, or aro-
matic) with our model ester, dichloroethyl fumarate, in
two different organic solvents, acetonitrile and THF.

MATERIALS AND METHODS

Chemicals

Dichloroethyl fumarate, chloroethyl benzoate, chloro-
ethyl phenyl acetate, chloroethyl hydrocinnamate, and
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dichloroethyl phthalate were prepared by azeotropic es-
terification of the corresponding acids with 2-chloro-
ethanol in toluene. Aliphatic and aromatic diols were
purchased from Aldrich. Dianol 33 (4,4'-isopropylidene-
diphenoxy-1-propane-2-ol) was a gift from Makhteshim
Ltd.), Beer-Sheva, Israel.

Enzymes

Candida cylindracea lipase and porcine pancrease li-
pase were purchased from Sigma. Lipases AP6 from
Aspergillus niger and Rhizopus and Lipase P from Pseu-
domonas fluorescens were gifts from Amano Pharma-
ceutical Co., Ltd., Nagoya, Japan. Mold lipases from
Mucor immobilized on anion exchangers were gifts from
Novo Industries, Bagsvaerd, Denmark.

Enzymatic Activity

The hydrolytic activity of a lipase is defined as the
amount of free fatty acid liberated from a triglyceride
per unit time. In our assay for lipase activity the libera-
tion of butyric acid from tributyrin was followed with a
pH meter at pH 7.5. The changes in pH were corrected
with a standard solution of sodium hydroxide. This
analysis was performed routinely to confirm that the
lipase had not lost its activity after being used as a cata-
lyst. Even after a number of repeated uses we did not
find any meaningful decrease in hydrolytic activity of
the enzymes investigated.

It is important to mention that there is no direct cor-
relation between the hydrolytic activity and the trans-
esterification activity, the latter being much lower. In
a typical polytransesterification reaction between a
diester and a diol, the transesterification activity of a
lipase was defined by us as the appearance of the mono-
transesterification product per unit of time or the disap-
pearance of the diester per unit of time. Usually, higher
oligomers formed after 24 h, and a qualitative compari-
son was sufficient for choosing the most efficient lipase.
Since all the enzymes were crude preparations, spe-
cific activities were usually very low. Thus, relatively
large amounts of enzyme, 1 g, were added in a typical
reaction.

Reaction

The reaction system contained a 1:1 molar ratio of
diester to diol in a given volume of organic solvent.
Usually 0.01 mol diester and 0.01 mol diol were dis-
solved in 100 mL solvent. Reactions could be performed
even in concentrated solutions (up to 2M) when THF
was used as the solvent. The limiting factor for more
concentrated solutions was the solubility of the diester
in the organic solvent. The solid enzyme preparation

was added to the reaction mixture without further ma-
nipulation. The mixture was shaken at 260 rpm on a
gyrorotatory shaker at 37°C. At intervals, samples were
withdrawn and analyzed by thin-layer chromatography
(TLC) or by high-performance liquid chromatography
(HPLC). At the end of the reaction, the enzyme was
filtered off, the solvent and the leaving alcohol were
evaporated off, and the remaining mixture of oligomers
was analyzed by 'H nuclear magnetic resonance (NMR)
spectroscopy and gel permeation chromatography
(GPC). The enzyme was washed first in the solvent in
which the reaction was performed and then with ether,
dried, and stored for reuse.

The TLC was performed on silica-gel-coated plastic
sheets (Merck). Elution was accomplished with a mix-
ture of petroleum ether, 60—80°, and ethyl acetate (5:3).
Spots were visualized with a UV lamp or by exposure
to iodine vapor. The HPLC was performed on a Spec-
tra Physics instrument with a C-8 reverse-phase col-
umn (Supelco) utilizing an isocratic eluting mixture of
acetonitrile : water (80:20). Peaks were detected at
220 nm and recorded on a 4290 Integrator (Spectra
Physics). For the HPLC analyses, HPLC-grade aceto-
nitrile (Merck) and doubly distilled water were used.
The GPC was also performed on a Spectra Physics in-
strument equipped with a PSM-400 column or with
two connected u-styragel columns (500 and 1000 A).
Samples were prepared by dissolving 40 mg of the
oligomer mixture in 10 mL THF. The HPLC-grade
THF (Bio-Rad) was used as the eluting solvent at a rate
of 1.5 mL/min. Peaks were detected at 254 nm. The 'H
NMR spectra were recorded on a Bruker WP-200-5Y
FT-nmr (200 MHz) spectrometer (CDCl;, tetramethyl-
silane as standard). X-ray powder diffractometry was
performed with a Philips instrument, PW 1050/70 (Ra-
diation CuKae, scintillation counter detector. Data were
collected by step scanning with 0.02°/step every 2 s).

RESULTS AND DISCUSSION

Specificity of Lipases toward Aromatic Esters

The biocatalaytic activity of lipases from different
sources was studied in transesterification reactions of
chloroethyl aromatic esters and r-butanol (Table I).
Homologs of benzoic acid esters I (phenylacetic acid
and hydrocinnamic acid) were accepted as substrates
by some of the lipases, especially Novo's Mucor en-
zyme and the lipase from Pseudomonas. The reaction
was also catalyzed to some extent by the yeast enzyme
(C. cylindraceae). The same behavior was observed with
chloroethyl benzoate as substrate. Since dichloroethyl
phthalate (II), the substrate that was of greatest interest
to us, underwent only a monotransesterification reac-
tion, we sought other means of introducing aromaticity
into the alkyd backbone, as described below.
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Table I. Effect of the type of lipase on the transesterification between chloroethyl aro-

matic esters and n-butanol in THF.

Chloroethyl esters of*

Benzoic  Phenyl acetic  Hydrocinnamic  Phthalic
Lipase Supplier acid acid acid acid®
P. fluorescens Amano + + +++ +
C. cylindraceae Sigma + + + -
Porcine pancreas Sigma - - - +
Rhizopus Amano - - - -
A. niger Amano - - + -
Mold Amano - - ++ -
M. miehei Novo + ++ +++ +

* The extent of appearance of product after 24 h was graded from + (small amount) to
+++ (end of transesterification reaction); —, no reaction.

® Only monotransesterification.

(CH,),COOCH,CH.Cl
where n = 0 (benzoate)
n = 1 (phenylacetate)
n = 2 (hydrocinnamate)
|
COOCH,CH,CI

©/COOCH »CH,Cl

I1, dichloroethyl phthalate

Specificity of Lipases toward Unsaturated and
Aromatic Diols

Since we wanted to compare the lipase-catalyzed syn-
thesis product with the industrial polyester, we at-
tempted to introduce the aromatic function into our
polyester by using an aromatic diol. Since the lipases
from Pseudomonas and Mucor had accepted the aro-
matic esters, it was decided to perform this part of the
study with those two lipases.

Unsaturated diols, analogs of 1,4-butane diol, were
also investigated, mainly for purposes of comparison.
Table II presents the results of reactions between the
model ester, dichloroethyl fumarate (III), and a variety
of diols. It can be seen that both unsaturated and aro-
matic diols underwent transesterification with dichloro-
ethyl fumarate. With the aromatic diols high oligomers
were detected after longer periods of time (24—48 h).

H COOCH,CH,Cl
C=C
CICH.CH,00C H

11, dichloroethyl fumarate

The extent of oligomerization, expressed in terms of
the molecular weight of the product mixture, was deter-
mined in the benzene dimethanol diols in reactions per-
formed in THF as solvent (Table III). For purposes of

Table II. Lipase-catalyzed transesterification between dichloro-
ethyl fumarate and a variety of diols in THF.

Reaction® after

Diol 24 h 48 h
Mucor
1,4-Butene diol - +
1,4-Butyne diol - +
1,3-Benzene dimethanol + ++
1,4-Benzene dimethanol + ++4+
2,6-Pyridine dimethanol + +
Pseudomonas

1,4-Butene diol + ++
1,4-Butyne diol - +
1,3-Benzene dimethanol ++ +++
1,4-Benzene dimethanol + +++
2,6-Pyridine dimethanol ++ ++

* The occurrence of a reaction was followed by the appearance
of monomer or dimer (+) or higher oligomers (++) or the complete
disappearance of the starting diester (+++).

comparison the molecular weights of alkyds obtained
with 1,4-butane diol are also listed.

Phenol was not found to be a suitable substrate for
the lipases used in this study, perhaps because of its
acidity. Derivatives of phenol, such as bisphenol A
(4,4’ -isopropylidene diphenol) were, however, found to
react with the fumaric acid ester. By HPLC analysis a
monomer, a dimer, and a trimer were detected. Better
results were obtained when a primary diol derivative of
bisphenol A, i.e., 4,4'-isopropylidenebis[(2-(2,6-dibro-
mophenoxy) ethanol] (BBPAE) (IV) was used.

Br CH; Br
|
HOCH,CH,0— —Cii— —OCH,CH,0H
Br CH, Br
1V, BBPAE
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Table III. Molecular weright and dispersivity factors of polyester oligomers.

Dio! (solvent in which the

reaction was performed) M,* Dispersivity factor”
1,4-Butane diol (in THF) 600-800 1.33
1,4-Butane diol (in acetonitrile) 1200-1400 1.05
1,3-Benzene dimethanol (in THF) 768 1.49
1,4-Benzene dimethanol (in THF) 1260 . 1.55
BBPAE® (in THF) 872 1.39
BBPAE (in acetonitrile) 2208 1.75

* Determined by GPC.

® Dispersivity factor is defined as the ratio M,,/M,.
¢ BPAE, 4,4'-isopropylidenebis[2-(2,6-dibromophenoxy)ethanol].

The enzyme-catalyzed reactions were performed in
both THF and acetonitrile. Molecular weight determi-
nations by GPC showed a molecular weight of 872 for
the soluble oligomeric mixture produced in THF and
an average molecular weight of 2208 (m.p. 128-131°C)
for the solid alkyd synthesized in CH3;CN.

In the polycondensation reaction between Dianol 33
(V) and dichloroethyl fumarate, the nonspecific mold
lipase was found to be the most efficient catalyst.

CH;——C‘H—CHZO—
OH CII'I3
50
CH;
-——OCHz—ClH—CH3

OH
V, Dianol 33

Specificity of Lipases toward Aliphatic Diols

The all-trans unsaturated polyester, poly(butylfuma-
rate), obtained by lipase-catalyzed transestcrification of
1,4-butane diol with dichloroethyl fumarate was ana-
lyzed by powder X-ray diffractometry (Fig. 1). The
diffraction lines at definite (Bragg) angles were charac-
teristic of crystalline matter. When a sample of the in-
dustrial unsaturated polyester was subjected to X-ray
analysis (Fig. 2), a pattern typical of an amorphous
polymer was obtained. It was possible that the crys-
tallinity revealed in poly(butylfumarate) (Fig. 1) was re-
lated to the preservation of the trans configuration of
the double bond along the polyester chain. However,
since this property could possibly be attributed to the
nature of the diol (primary or secondary, chain length,
odd or even number of carbon atoms), the specificity of
the lipases from Pseudomonas and mold toward differ-
ent diols was investigated by following their polytrans-
esterifications with dichloroethyl fumarate (Table IV).
It was found that polyethylene glycol (PEG-300) and a

homologous series of diols with a skeleton of 2 to 10 car-
bons reacted with the model diester (Table IV).

Table IV shows that in all the enzymatic transesteri-
fications about half of the starting diester reacted in the
first 8 h, irrespective of the nature of the diol. After
24 h higher oligomers were usually formed. With PEG-
300 only the monotransesterification product was ob-
tained. In the series of longer chain diols (Ce, Cs,Cyo,
PEG-300) the reaction seemed faster with the 1,8-octane
diol, although the differences were relatively small. The
product obtained in the polytransesterification of di-
chloroethyl fumarate with 1,8-octane diol was isolated,
and the average molecular weight was found by GPC to
be 1781, with a dispersivity factor of 1.44. X-ray powder
diffractometry revealed that this product was also crys-
talline. Thus, it seems that crystallinity in the polyester
is not an expression of the length of the diol or the
density (frequency) of double bonds in the macromo-
lecular chain. '

For the short-chain diols (C,—C,) the fastest reaction
was obtained with 1,4-butane diol. The reaction also
proceeded well with ethylene glycol, although the hy-
droxyl groups in this diol are vicinal with no methylene
groups separating them. The parity of the number of
carbons in the diol did not seem to have a special effect
on the unsaturated polyesters. Crystallinity was found
in all the products.

Since all the diols used in this study were primary
diols and the industry uses mainly propylene glycol
(1,2-propane diol), we thought it important to prepare
an enzymatically catalyzed polyester with this diol. In
this reaction two enzymes were used, the Amono Pseu-
domonas lipase and a nonspecific mold lipase from
Novo. The reaction rates were almost identical with the
two enzymes, but even after long periods of time
(~2 weeks) starting materials were still present in the
oligomeric mixture, preventing further examination
of molecular weights or crystallinity. However, from
Table IV it can be seen that the rate of reaction was
slower with the secondary diol than with the isomeric
1,3-propane diol.

In all the examined polytransesterification reactions
the trans configuration of the double bond was pre-
served. A patent was then issued based on the results

886 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 37, APRIL 1991



4.0

3.5

3.0

2.5

2.0

Intensity (countsx1000)

0.5

0.0

et

17 19 21 23

Figure 1.

25 27 29 31

2 Theta

X-ray powder diffraction of all-trans poly(butylfumarate).

3.5

2.5

1.5

INTENSITY (counts x 1000)

_W

0.5

My

y Y Y y T T y

1113 15 17

Figure 2, X-ray powder diffraction

presented in this article as well as on the physico-
mechanical properties of these alkyds.*

CONCLUSIONS

The specificity of a variety of lipases to unsaturated
and aromatic diols was investigated in the enzymatic
polytransesterification with dichloroethyl fumarate. It
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of an industrial unsaturated polyester.

was found that lipase-catalyzed polycondensations do
occur with aromatic diols. By this method we overcame
the difficulty of using aromatic diesters (phthalic or
isophthalic) which are the conventional starting materi-
als for unsaturated polyesters. The average molecular
weight was found to compare favorably with the values
obtained from chemical polymerization.” The main ad-
vantage in using lipases as catalysts in the polyconden-
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Table IV. Relative rates of lipase-catalyzed transesterifications
between dichloroethyl fumarate and a variety of diols.”

Remaining diester

Diol 8h 24 h
Ethylene glycol 42.9 22.0
1,3-Propane diol 453 16.0 .
1,2-Propane diol

(propylene glycol)® 56.0 30.0
1,4-Butane diol 38.0 9.5
1,6-Butane diol 55.0 27.7
1,8-Octane diol 45.3 18.2
1,10-Decane diol 51.3 20.6
PEG-300 54.6 320

#0.01 mol diester and 0.01 ml diol dissolved in 100 mL THF were
shaken on a gyrorotatory shaker at 37°C in the presence of lipase
from Pseudomonas (Amano). The quantities of the remaining start-
ing material were determined by HPLC analysis (a calibration
curve of dichloroethyl fumarate was used).

® Since propylene glycol has a secondary hydroxyl group, the re-
action was also performed with the nonspecific mold lipase from
Novo. The results obtained were very similar to those with Pseu-
domonas lipase.

sation reactions is the mild conditions used which
preserve the absolute configuration, thus imparting new
and interesting qualities to the synthesized alkyds.
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