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Abstract

The equilibrium constants for the formation of fatty acid butyl esters by the lipase-catalyzed condensation were estimated
in nitriles, tertiary alcohols and their mixtures. The equilibrium constant for the synthesis of butyl decanoate did not depend
on the alkyl chain length of the nitriles or alcohols, but significantly depended on the type of solvent polar group. The constant
in the mixture of a nitrile and a tertiary alcohol increased as the molar fraction of the nitrile in the mixture increased. The
IR spectra of the €O bond of decanoic acid and butyl decanoate were measured in various solvents. The measurements
indicated that the interaction between the decanoic acid-auotyl alcohol was stronger than that between butyl decanoate
and the alcohol. The interaction would be a reason for the dependence of the equilibrium constant on the fraction of nitrile in
a mixed solvent.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Equilibrium constant; Reaction medium; Lipase; Condensation; IR spectrum

1. Introduction is an important factor for predicting the equilibrium
yield of the desired product, only a few studies have
Over the past two decades, much attention has beenreported the factors affecting the constant for the
paid to the enzymatic reactions in organic solvents. lipase-catalyzed esterification in organic solvents.
The lipase-catalyzed esterification has been widely Some reports have dealt with the thermodynamics of
used for the synthesis of stereoselective compounds,the ester formation in various reaction mefgial?]. It

cosmetics, foods and pharmaceutiddls3]. The sol- has been reported that the equilibrium constant based
vents usually used for the esterification are acetoni- on substrate and product concentrations depends on
trile, acetone, tertiary alcohols suchtasutyl alcohol the type of reaction mediunfi7—12], although the

andt-amyl alcohol, and hydrophobic solvents such as thermodynamic equilibrium constant should be char-
hexane. The esterification in an organic solvent can acteristic of the reaction and does not depend on
be shifted toward the product side by decreasing the the type of medium. This phenomenon is widely
concentration of water, one of the products, in the observed for various sets of reaction media and reac-
reaction mixture. Although the equilibrium constant tants. The shift in the equilibrium constants is related
to the solvent properties such as the partition coeffi-
"+ Corresponding author. Tel+81-75-753-6286: Cient_ to 1-octa_\n_0[_8—10], the dielectric consta_ri_tll]_,
fax: +81-75-753-6285. relative permittivity [9,10] and water solubility in
E-mail address: adachi@kais.kyoto-u.ac.jp (S. Adachi). organic solven{l2]. However, our knowledge seems
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to be still insufficient to elucidate the reason for the acid and 1-butanol were placed in a 50 ml glass vial,
change in the equilibrium constant depending on the and lipase (250 mg of immobilized lipase or 50 mg of

nature of the reaction medium. Furthermore, a mix- free lipase) and 50 ml of the reaction medium were
ture of two or more solvents is scarcely used for the then added to the vial. The concentrations of both the
enzyme-catalyzed synthesis except for the reactions infatty acid butyl ester and the fatty acid were changed in
biphasic systems, although the nature of the reaction the range of 20—100 mmol/l, and the concentration of

medium can be easily changed by mixing solvents.

In this study, the equilibrium constants for the
lipase-catalyzed condensation of 1-butanol and fatty
acids with acyl chain lengths of 8-14 in some
water-miscible solvents were estimated. The solvents
used were nitriles, 1,4-dioxane, tertiary alcohols and
mixtures of nitriles and tertiary alcohols. The effect
of the alkyl chain length of the solvents on the equi-
librium constant was also examined. The change in
the equilibrium constant was discussed based on the
IR spectra of a fatty acid and an ester measured in
various solvents.

2. Materials and methods
2.1. Materials

Butyl octanoate, butyl decanoate, octanoic, de-
canoic, lauric and myristic acids, and 1-butanol were
purchased from Wako Pure Chemical Industries (Os-
aka, Japan). Butyl laurate and butyl myristate were
purchased from Tokyo Chemical Industries (Tokyo,
Japan). Acetonitrile, propionitrile, butyronitrile, 1,4-
dioxane,t-butyl alcohol andt-amyl alcohol used as
the reaction medium were from Wako. Two kinds
of lipases, Chirazynfe L-2 (C2-carrier-fixed) and
Chirazyme L-2 (free) fronCandida antarctica, were
obtained from Roche Diagnostics (Manheim, Ger-
many). All other chemicals were from either Wako or
Nacalai Tesque (Kyoto, Japan).

2.2. Condensations

One of the solvents or a mixture of two solvents
at a specific volumetric ratio was used as a reac-
tion medium for the lipase-catalyzed esterification.
A typical esterification was conducted as follows: a
specific amount of water was added to the reaction
medium to adjust its water concentration in the range
of 30—80 mmol/l, which was precisely determined by
Karl-Fischer titration. The fatty acid butyl ester, fatty

1-butanol was fixed at 50 mmol/l. The vial was tightly
screw-capped and vigorously shaken at 160rpm at
50°C. At appropriate intervals, 30 of the reaction
mixture was sampled and used for the HPLC analysis.

2.3. Estimation of equilibrium constant

The reaction considered here can be described as
follows:

A+Fs E4+W 1)

where A, F, E and W represent the alcohol, fatty acid,
ester and water, respectively. The equilibrium con-
stant, K, for the ester formation can be defined by
Eqg. (2)based on the concentrations of the reactants.

K- CeCw @
CaCE

whereC; represents the concentration of the compo-
nenti (i = E, W, AorF).

The reaction was conducted at five or six different
initial concentrations of E, F and W for each reaction
medium to determine the equilibrium constant in the
medium. After the reaction reached equilibrium, the
concentrations of the reactants were determined. The
CeCw values were then plotted versus BgCr val-
ues. TheK value was evaluated from the slope of a re-
gression line connecting the plots and passing through
the origin.

24. Analysis

The water concentrationCy, was determined
using the MKS-510 Karl-Fischer titrator (Kyoto
Electronics Manufacturing, Kyoto). The volume of
injected sample was 5 or 10ml. The concentrations
of the fatty acid butyl esters and fatty acids were de-
termined by the HPLC equipped with the Shimadzu
LC-10AT pump (Kyoto), SPD-10AV UV-Vis detec-
tor (220 nm, Shimadzu) and Cadenza CD-C18 col-
umn (30 mm x 30 mm, Imtakt, Kyoto). The eluents
used were methanol/water mixtures of 85/15, 92/8,
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92/8, 95/5 and 65/35, 75/25, 80/20, 90/10 (v/v) for

butyl-octanoate, decanoate, laurate and myristate, and

octanoic, decanoic, lauric and myristic acids, respec-
tively, at 0.5ml/min. The concentration of 1-butanol
was calculated from the material balance of the reac-
tants.

2.5. IR spectra

The IR spectra of the decanoic acid and butyl
decanoate dissolved in the nitriles, tertiary alcohols
or the mixtures of acetonitrile andbutyl alcohol at
various ratios were measured using the FTIR-8300
spectrometer (Shimadzu) by the ATR method. The
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concentrations of decanoic acid and butyl decanoate Fig. 2. Estimation of the equilibrium constant for the immobilized

were both fixed at 200 mmol/l.

3. Results and discussion

3.1. Equilibrium constant for the ester formation in
various media

Fig. 1 shows the transient changes in the butyl
decanoate concentration during its synthesis by the
immobilized lipase-catalyzed condensation in acetoni-
trile at 50°C. The estrification reached equilibrium
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Fig. 1. Transient changes in the concentration of butyl decanoate
during the immobilized lipase-catalyzed condensation of 1-butanol
with decanoic acid in acetonitrile at 5C. The initial concentra-
tions of 1-butanol and water were both 50 mmol/l, and those of
butyl decanoate and decanoic acid were bgi) 20 mmol/l, (J)

50 mmol/l and {\) 80 mmol/l.

lipase-catalyzed synthesis of butyl decanoatéd) {-butyl alcohol
or () acetonitrile at 50C.

within 10 h in all cases when the initial concentrations
of butyl decanoate and decanoic acid were varied
at the fixed concentrations of 1-butanol and water.
Therefore, in this study, the concentrations of the
reactants at a reaction time of 24 h were regarded as
the equilibrium ones in every case. The equilibrium
constant,K, was evaluated by plotting th€sCw
values versus th€aCg values according td&q. (2)
(Fig. 2. A straight line passing through the origin
could be obtained in every case, indicating that the
equilibrium constant did not depend on the reactant
concentrations for the solvents tested.

Fig. 3shows the equilibrium constants for the for-
mation of butyl decanoate in various solvents. The
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Fig. 3. The equilibrium constants for the immobilized lipase-
catalyzed synthesis of butyl decanoate in various reaction media
at 50°C.
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equilibrium constants itramyl alcohol and-butyl al-
cohol were 1.9 and 1.4, while those in the nitriles were
from 21 to 38. The constant in 1,4-dioxane was mid-
way between the values in the nitriles and those in the
tertiary alcohols. The values in the nitriles were almost
first-order greater than those in tertiary alcohols. The
alkyl chain length of the nitriles or tertiary alcohols
scarcely affected the constant.

The equilibrium constants were estimated for the
condensation carried out using the immobilized lipase.
To examine the effect of the enzyme support on the
equilibrium constant, a free lipase from the same ori-
gin as the immobilized one was employed for the syn-
thesis of the fatty acid esters with different acyl chain
lengths in acetonitrile. The equilibrium constants eval-
uated by using the free lipase were compared with
those evaluated by using the immobilized lipase. There
was no significant effect of the enzyme support on
the equilibrium constant. The effect of the acyl chain
length on the equilibrium constant was also insignif-
icant. These results indicated that the property of the
reaction medium (solvent) was a major factor affect-
ing the equilibrium constant. Therefore, the immobi-
lized lipase was used in the following experiments.

The equilibrium constant for the synthesis of butyl
decanoate was estimated in the mixtures with nitriles
and tertiary alcohols at various volumetric ratios. The
nitriles used were acetonitrile, propionitrile and bu-
tyronitrile, and the alcohols wetrtebutyl alcohol and
t-amyl alcohol.Fig. 4 shows the relationship between
the equilibrium constant and the molar fraction of the
nitrile in the mixtures, which was calculated from the
volumetric fraction based on the density and molecular
mass of the solvents. All the plots could be connected
by a curve, and the equilibrium constant increased
as the molar fraction of the nitrile in the mixture in-
creased. The alkyl chain length of the nitrile or tertiary
alcohol only slightly affected the equilibrium constant.
These results would suggest that the equilibrium is
controllable to a certain degree using a mixture of a
nitrile and a tertiary alcohol as the reaction medium.

3.2. IR spectrum

The thermodynamically-defined equilibrium con-
stant for a reaction should be intrinsic at specific
temperature and pressure. However, the equilibrium
constant for the synthesis of butyl decanoate, which
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Fig. 4. The equilibrium constants for the formation of butyl de-
canoate in mixtures of alcohols and nitriles of various molar ratios
at 50°C. The open and closed symbols represent the mixtures
of t-butyl alcohol andt-amyl alcohol, respectively, with<¢, @)
acetonitrile; (J, M) propionitrile; and {\, A) butyronitrile.

was defined by the concentrations of the reactants in-
stead of the activities, largely depended on the type of
reaction medium. To elucidate the effect of a reaction
medium on the equilibrium constant for the synthesis
of butyl decanoate, the IR spectra of decanoic acid
and butyl decanoate were measured in various sol-
vents. Although four reactants were included in the
present reaction system, the spectra of decanoic acid
and butyl decanoate were measured because they have
a carbonyl double bond &D), which absorbs in the

IR range of 1700-1800 cni, and the reaction media
used in this study do not have a&QO double bond.
The spectra of decanoic acid in various solvents or
their mixtures are shown iRig. 5. The wavenumber

at the absorption peak of a0 double bond did not
depend on the alkyl chain length of the medium for
both the nitriles and tertiary alcoholgif. 5(a), but

the peak shifted to a higher wavenumber when the
volumetric fraction of acetonitrile in the mixture with
t-butyl alcohol was higheHig. 5(b). Butyl decanoate
showed two peaks in the range of wavelengths when
the volumetric fraction of acetonitrile in the mixture
was equal to or lower than 0.2%if). 6), and the
stronger peak was adopted in this study because it
was observed at any fraction. These results indicate
that the intermolecular interaction ¢fbutyl alcohol
with the reactants is stronger than that of acetonitrile.
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Fig. 5 The IR spectra_of deganoic acid in (@) various soIvenFs and Fig. 6. The IR spectra of butyl decanoate in (a) various solvents
(b) mixtures of acetonitrile with-butyl alcohol. The concentration and (b) mixtures of acetonitrile witkbutyl alcohol. The concen-

of decanoic acid was 100mmol/l in all cases. The solvents used yation " of butyl decanoate was 100mmol/l in all cases. The line
in (a) were &) acetonitrile; {««) propionitrile; () t-butyl alcohol designations are the same asFiig. 5.

and (.) t-amyl alcohol. The volumetric ratios of acetonitrile to '
t-butyl alcohol in (b) were) 1/0, (——-) 3/1, (.) 1/1, (---) 1/3

and (..) 0/1. be linearly, on a semi-logarithmic scale, correlated to

the wavelength at the peak of theeQ double bond
Fig. 7 shows the relationships between the of decanoic acid, as shown Fig. 8 The correlation

wavenumber at the absorption peak of aGCdouble would allow us to predict the equilibrium constant for
bond and the molar fraction of acetonitrile in the mix-

ture with t-butyl alcohol for decanoic acid and buty! 1740
decanoate. The wavenumber for decanoic acid in-
creased with an increase in the fraction of acetonitrile,
while the change in wavenumber for butyl decanoate
was smaller than that for decanoic acid. These results
suggest that the hydroxyl group of decanoic acid
interacts with the hydroxyl group dfbutyl alcohol
via the hydrogen bond, while the hydrogen bonding
between butyl decanoate and the hydroxyl group of
t-butyl alcohol is weak because butyl decanoate does
not have a hydroxyl group. Thus, the stronger inter-
action of decanoic acid witkrbutyl alcohol than that 1710
of butyl decanoate allows the reaction to shift toward 0 0.5 1.0
the hydrolysis in the mixture with higher fraction of Molar fraction of acetonitrile
t-butyl aICO_hOI'_ . . . Fig. 7. Relationships between the molar fraction of acetonitrile in
The equilibrium constank, estimated in the mix-  its mixture with t-butyl alcohol and the wavenumbers whef@)(
ture of acetonitrile and-butyl alcohol at 50C could decanoic acid and{) butyl decanoate showed a peak foF@.

1730

17200

Wavenumber [cm—1]
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100 T T T T T their mixtures. The alkyl chain length of tertiary alco-
hols or nitriles used as a reaction medium did not af-

X fect the equilibrium constant, but the type of a solvent
g polar group was a significant factor. The equilibrium
§ B . constant changed depending on the volumetric frac-
§ 10 L | tion of the nitrile in the mixtures with tertiary alco-
£ = > 3 hols, and nitriles are more favorable for ester formation
2 n ] than tertiary alcohols. The equilibrium constant for the
=2 B 7] synthesis of butyl decanoate was discussed based on
3 0 | the IR spectra of decanoic acid and butyl decanoate
w i o | in various solvents. The interaction of decanoic acid
1 I L l I I with t-butyl alcohol suggested affecting the equilib-
1710 1720 1730 1740 rium constant.
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