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bstract

We report here on the use of a biphasic reaction solvent during the laccase catalysed transformation of sinapinic and ferulic acids. As compared to

uffer alone, higher product selectivity, higher yields and higher product stability were obtained simply using ethyl acetate as added non-miscible
o-solvent. Reactions run in biphasic medium are marginally longer but offer an easy separation protocol allowing to obtain the highest yield
eported so far for the synthesis of the two bis-lactone lignans originating from sinapinic and ferulic acids.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Laccases are blue copper oxidases that catalyse a single
lectron oxidation of various phenolic and non-phenolic com-
ounds with a concomitant four-electron reduction of dioxygen
o water [1]. The technological potential of laccases has been
ecognised long ago and numerous studies devoted to their
se in various bioprocesses (delignification, ethanol production,
ioremediation. . .) have been conducted [2,3]. Laccases have
een also used as catalyser for fine chemistry [4,5] and recent
chievements in the field [6–10] exemplified their potential. A
ey point to consider when using laccases is that a radical is
he primary product of the reaction. It is generally considered
hat once formed, the radical product is released and is sub-
ect to further transformation linked to its own reactivity in the
eaction medium. The reaction selectivity is not enzymatically
ontrolled, but rather and to some extent medium-controlled. In
ddition, the product is generally a laccase substrate that can
eact further, leading to complex mixtures through polymerisa-
ion. The well-known laccases catalysed oxidation of sinapinic
cid (SA) and ferulic acid (FA) offer good example of such a

omplexity. With SA as substrate, a single dimeric compound (a
is-lactone lignan, Scheme 1) is obtained before it reacts further
o give a complex mixture as judged by HPLC [11]. With FA as
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ubstrate, two main dimeric products are initially formed due to
he possibility of C–O coupling (Scheme 1) but the bis-lactone
ignan is not detected [12].

In this paper, we report on the use of biphasic media to run
accase catalysed transformation of SA and FA. Our objective
as to improve both the yield and the selectivity through a simple

daptation of the reaction medium.

. Material and methods

.1. General

Melting points were determined on an Electrothermal 9300
apillary melting point apparatus and are uncorrected. IR spec-
ra were measured on KBr plates on a Bruker IFS25 spec-
rophotometer. NMR spectra were recorded on a Bruker Avance
PX-300 spectrophotometer (1H, 300 MHz; 13C, 75.5 MHz),

hemical shifts (δ) are reported in ppm relative to the NMR
olvent. Microanalyses were performed on a Thermo Finnigan
A 1112 apparatus. Flash column chromatography was carried
ut with silica gel 60 (MERCK, particle size 230–400 mesh).
PLC analysis were conducted using a LiChrospher 100 RP-
8 (5 �m) column from Agilent Technologies, and an HP 1100

eries system (DAD). Solvent flow: 0.5 mL/min. Solvent gradi-
nt: 100% A to 40% A–60% B in 10 min and then to 100%

in 20 min (A: 90/10/0.1, water/acetonitrile/acetic acid; B:
0:10:0.1, acetonitrile/water/acetic acid). The detection was per-

mailto:gilles.iacazio@univ-cezanne.fr
dx.doi.org/10.1016/j.molcatb.2006.06.003
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Scheme 1. Literature reported laccase catalyse

ormed at 280 nm. Synthetic methyl-3,4,5-trimethoxybenzoate
as used as internal standard in all cases. Laccase preparations

rom Trametes versicolor and Agaricus bisporus were purchased
rom Fluka. Lac1 and Lac3 from Trametes C30 were obtained
s previously described [13,14]. Crude laccase preparation from
elanocarpus albomyces was a kind gift from Dr. Kristiina
ruus, VTT, Finland. Sinapinic and ferulic acids were purchased

rom Aldrich and were used without purification.

.2. Analytical biotransformations

.2.1. Buffered medium alone
9.5 mL of 50 mM buffer (phosphate or acetate) at the required

H, and 0.5 mL of a substrate solution (sinapinic or ferulic acids)
issolved in CH3CN (final substrate concentration 0.1 mg/mL)
ere stirred with a magnetic stirrer in a 20 mL open round
ottomed flask at room temperature. The reaction was initi-
ted by addition of a concentrated laccase solution to reach a
nal activity of 150 U/L for SA and 375 U/L for FA (ABTS

s substrate). To follow the reaction, periodically withdrawn
liquots were analysed by HPLC (sinapinic acid tr = 12.6 min;
is-lactone 1 tr = 16.0 min; ferulic acid tr = 15.4 min; bis-lactone
tr = 23.9 min).

t
1
t
a

transformations of sinapinic and ferulic acids.

.2.2. Biphasic system
Two millilitres of 50 mM buffer (phosphate or acetate) at the

equired pH, and 8 mL of a substrate solution (sinapinic or fer-
lic acid) dissolved in the requested non-miscible solvent (final
ubstrate concentration 0.1 mg/mL) were vigorously stirred with
magnetic stirrer in a 20 mL open round bottomed flask at room

emperature. The reaction was initiated by addition of a concen-
rated laccase solution to reach a final activity of 150 U/L for SA
nd 375 U/L for FA (ABTS as substrate). To follow the reaction,
eriodically withdrawn aliquots were analysed by HPLC.

.3. Preparative biotransformations

Twenty millilitres of 50 mM buffer (phosphate or acetate) at
he required pH and 80 mL of a substrate solution (sinapinic or
erulic acids) dissolved in ethyl acetate (final substrate concen-
ration 1.25 mg/mL for SA and 1 mg/mL for FA) were vigorously
tirred with a magnetic stirrer in a 250 mL open round bottomed
ask at room temperature. The reaction was initiated by addi-
ion of a concentrated laccase solution to reach a final activity of
500 U/L for SA and 3750 U/L for FA (ABTS as substrate). At
he end of the reaction, the organic phase was withdrawn and the
queous phase extracted once with ethyl acetate. The combined
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in FA allow various carbon–carbon and carbon–oxygen cou-
S. Tranchimand et al. / Journal of Molec

rganic phases were dried over anhydrous sodium sulfate and
oncentrated in vacuo. For SA, the formed product did not need
urther purification: 120 mg (97%) of 1 were obtained as a pur-
le solid. Mp: 198 ◦C (decomposition), IR (KBr, cm−1): 3441,
963, 2851, 1776, 1523, 1325, 1156, 1116, 700, 610. 1H NMR
DMSO-D6) δ: 8.61 (s, 2H), 6.71 (s, 4H), 5.77 (s, 2H), 4.29
s, 2H), 3.81 (s, 12H). 13C NMR (DMSO-D6) δ: 175.6, 148.1,
36.2, 128.1, 104.0, 82.2, 56.1, 48.0. Anal. calc. for C22H22O10:
, 59.2; H, 4.9. Found: C, 59.0; H, 5.5.

In the case of FA, the product was purified by flash chro-
atography (ethyl acetate/pentane: 90/10): 36 mg (36%) of 2
ere obtained as a yellow solid. Mp: 191 ◦C (decomposition), IR

KBr, cm−1): 3444, 2924, 2850, 1788, 1520, 1267, 1231, 1185,
24, 627. 1H NMR (DMSO-D6) δ: 9.25 (s, 2H), 6.98–6.73 (m,
H), 5.73 (s, 2H), 4.2 (s, 2H), 3.8 (s, 6H). 13C NMR (DMSO-
6) δ: 175.3, 147.8, 147.3, 128.9, 119.1, 115.4, 110.6, 82.0,
5.7, 48.0. Anal. calc. for C20H18O8: C, 62.2; H, 4.7. Found: C,
2.6; H, 4.9.

. Results

We first studied the laccase catalysed oxidation of SA as
he steric hindrance of the two methoxy groups of this com-
ound limit the complexity of the reaction mixture to a single
roduct (Scheme 1) resulting from a C–C coupling. A com-
ercial laccase preparation from T. versicolor was used for

reliminary studies. HPLC analysis of the reaction conducted
n 50 mM phosphate buffer, pH 5, revealed a rapid formation of
major compound (maximum yield 85% after 20 min, Table 1).
s expected from a previously published study, this compound

later identified as the bis-lactone lignan 1, see below), disap-
eared gradually from the reaction medium (24% yield after 2 h,
ig. 1) [11].

Keeping the same enzyme and substrate concentrations, we
ested the influence of different biphasic systems on the reac-
ion. Four organic water non-miscible solvents (diisopropyl
ther, toluene, ethyl acetate, dichloromethane) were indepen-
ently used in a 1/4: buffer/organic solvent ratio. Except for
ichloromethane (no conversion observed), whatever the co-
olvent used, only compound 1 was detected by HPLC.

From the different reaction conditions tested, highest yield
or the conversion of SA to bis-lactone 1 by laccase were

btained in the presence of either ethyl acetate or toluene
s co-solvent. Bis-lactone 1 appeared to be more stable
hen ethyl acetate rather than toluene was used. Diisopropyl

ther did not allow to stabilise bis-lactone 1 enough and

able 1
nfluence of added co-solvent on the biotransformation of sinapinic acid catal-
sed by T. versicolor laccase

dded co-solvent Maximum yield 1/time Yield after 2 h (%)

one 85%/20 min 24
iisopropyl ether 77%/30 min 2
thyl acetate 90%/60 min 85
oluene 97%/50 min 68
ichloromethane 0% 0

p
[

T
I
a

L

T
A
T
T
M

ig. 1. Trametes versicolor catalysed bioconversion of sinapinic acid in mono-
nd biphasic (buffer/ethyl acetate) system.

ichloromethane did not allow any conversion of the substrate
t all. For further studies we thus selected ethyl acetate as co-
olvent.

In order to test the general ability of these newly established
onditions, we tested four other laccase preparations (Trametes
30 Lac 1, Trametes C30 Lac 3, A. bisporus laccase and M.
lbomyces laccase) under the previously established conditions.
esults of biotransformation are reported in Table 2.

From Table 2 it could be concluded that, quasi-quantitative
ields were obtained with all laccase preparation used, suggest-
ng that the reaction is independent of the enzyme preparation.
or a full characterisation of the formed product, we ran a
reparative reaction with 125 mg of SA up-scaling all other
arameters accordingly. Based on results presented in Table 2,
he T. versicolor laccase preparation was chosen as it is eas-
ly available commercially. Spectroscopically pure bis-lactone

was obtained in quantitative yield (97%) after separation of
he organic phase at the end of the reaction (30 min), evapora-
ion of ethyl acetate and drying under vacuum. X-ray diffrac-
ion analysis of crystals of bis-lactone 1 obtained in acetoni-
rile confirmed the previously assigned relative stereochemistry
Fig. 2).

Based on our results of laccase-catalysed oxidation of SA
n biphasic system we then tested these reaction conditions for
he oxidation of FA. As this was described previously, the lack
f a methoxy group adjacent to the reactive p-phenolic group
lings and therefore multiple reaction products were expected
12]. When T. versicolor laccase catalysed oxidation of FA was

able 2
nfluence of various laccase preparations on the biotransformation of sinapinic
cid in buffer/ethyl acetate biphasic medium

accase preparation ABTS laccase
unit added

Maximum
yield 1/time

rametes versicolor 0.320 90%/60 min
garicus bisporus 0.311 97%/90 min
rametes C30 Lac 1 0.365 100%/50 min
rametes C30 Lac 3 0.374 98%/70 min
elanocarpus albomyces 0.365 98%/30 min
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Fig. 2. Perspective view
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ig. 3. Trametes versicolor laccase catalysed bioconversion of ferulic acid in
ono- and biphasic (buffer/ethyl acetate) system.

rst conducted in buffer alone, a main product among several

inor ones was detected by reverse-phase HPLC. The major

ompound was found to co-eluate with synthetically obtained
is-lactone 2 [15]. When the same reaction was conducted in the
reviously described biphasic system, the reaction was found to

c
s
r
u

Scheme 2. Trametes versicolor laccase catal
of bis-lactone 1.

e excessively slow as compared to results obtained with SA (the
onversion was still not complete after 2 h of reaction). Changing
he buffer from phosphate (50 mM, pH 5) to acetate (50 mM, pH
) while keeping ethyl acetate as non-miscible solvent allowed
faster transformation of FA (Fig. 3) and apparently improved

electivity as less minor compounds were detected by HPLC
not shown).

In both cases (two different pH), 2 was found to be the main
roduct formed (Scheme 2).

The systematic generation of 2 as a major product under our
perating conditions contrast with the results of Carunchio et al.
ho reported the obtention of two main products from a Pyric-
laria oryzae laccase catalysed FA oxidation (0.07 M acetate
uffer, pH 6, ethanol 9%), both products arising from a C–O
oupling (Scheme 1). It is not known whether the difference
n product selectivity of the two reactions is due to the use
f a different enzyme preparation or to the different physico-

hemical properties of the two reaction media. In this context it
hould nevertheless be stressed that when other laccase prepa-
ations (Trametes C30 Lac 3 and M. albomyces laccase) are
sed to oxidise FA in biphasic system, compound 2 is always

ysed biotransformation of ferulic acid.
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[

[
[

[

[

[15] R.C.D. Brown, N.A. Swain, Synthesis 6 (2004) 811–827.
S. Tranchimand et al. / Journal of Molec

ormed predominantly. The scaled up reaction using 100 mg
f FA allowed the purification of 36 mg of compound 2 (36%
ield). Enzymatically generated compound 2 was found to be
pectroscopically identical to its chemically generated counter-
art [16], thus assessing the shown relative stereochemistry.
lthough the overall yield we obtained for the synthesis of

ompound 2 is low, to the best of our knowledge, 36% is the
ighest yield reported so far either from chemical or enzymatic
ynthesis.

. Conclusion

From this work we conclude that a biphasic system can be
sed to improve both the selectivity and the yield of laccase
atalysed reactions. Removal of the formed product(s) from the
queous phase is probably important in impairing their further
ransformation by the enzyme. Successful use of a biphasic sys-
em for laccase-catalysed biotransformation have been reported
reviously [17]. Recently dimerisation of 17�-estradiol [7] and
esveratrol [8] have been obtained with a laccase preparation
rom Trametes pubescens in a buffered/ethyl acetate biphasic
ystem. Unfortunately, both the very long reaction time (48 h)
sed and the absence of data in an homogeneous aqueous solvent
n the two reports make the comparison with our data diffi-
ult. However, from these examples and from our own data,
e believe that, providing a necessary optimisation for each

nzyme/substrate couple, the use of laccases in biphasic systems
ill widen the synthetic applicability of these very interesting

nd robust oxidases that use inexpensive molecular dioxygen as

o-oxidant. On the other hand, it should be noted that the synthe-
is of bis-lactone lignans is of particular interest since they are
onvenient precursor for the obtention of furofuranones, dihy-
roxyfurofurans and furofurans [15].

[
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