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anding of laccase-catalysed
oxidative oligomerisation of dimeric lignin model
compounds†

B. Ramalingam,*a B. Sana,b J. Seayad,a F. J. Ghadessyb and M. B. Sullivanc

Laccase-catalysed oligomerisation of dimeric b-O-4 linked lignin model compounds was studied in detail to

understand the oligomerisation process by monitoring the reaction progress using high performance liquid

chromatography (HPLC) and mass spectroscopy (MS). The initial oxidation intermediates of oligomerisation

were isolated for the first time and characterised by spectroscopic methods sucessfully. The experimental

observations indicated that C5–C50 biphenyl linkages, one of the most thermodynamically stable linkages

present in the native lignin, are formed exclusively during the early stage of the oligomerisation process.

The experimental observations were supported by density functional theory (DFT) calculations of relative

free energies of possible products. The C5–C50 biphenyl tetramer is the thermodynamically more favoured

product compared to the C5–O–C40 product by a free energy difference of 10.0 kcal mol�1 in water.

Among the various linking possibilities for further formation of hexamers, the thermodynamically more

stable product with a similar C–C linkage is proposed as a plausible structure based on the mass of the

hexamer isolated and DFT calculations. The current study demonstrates that laccase catalyzes the

oligomerisation more preferentially than oxidative bond cleavage in b-O-4 linkages and that product

formation is likely controlled by the thermodynamic stability of the resultant oligomers.
Introduction

Lignin, the second most abundant natural polymer has attracted
much attention as one of the potential feedstocks for the
sustainable production of fuels,1 chemicals1,2 and materials.3 The
lignin polymer mainly consists of phenylpropane units that are
bonded through various types of C–O and C–C linkages,3 formed
from monolignol such as p-coumaryl, coniferyl and sinapyl alco-
hols (Scheme 1). The polymerisation ofmonolignols is believed to
be catalysed by enzyme cocktails comprising laccase and peroxi-
dases by the preliminary formation of a phenoxy radical followed
by uncontrolled radical polymerisation.4 Synthetically, laccase,
a multi-copper containing metalloenzyme has been used in the
polymerisation of phenol and amine containing aromatics5 as
well as lignin model compounds in the presence of molecular
oxygen. The redox potential of the substrates and the nature of
substituents on the aromatic ring have been shown to affect the
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polymerisation. For instance, in the case of phenols,6 naphthols7

and methoxy phenols,8 enhanced polymerisation rates were
observed when a methoxy substituent is present at the ortho-
position relative to the phenolic OH group. The redox potential of
substrates was found9 to be important in the fungal laccase-
catalysed oxidation of various lignin model compounds. The
reaction rates of oxidation were studied by monitoring the oxygen
consumption and compared with physiochemical properties of
monomeric and dimeric model compounds without details on
isolated products. In a very recent study, encapsulated laccases
were used10 as stable catalysts for the oxidative polymerisation of
aromatics such as syringic acid, gallic acid, vanillic acid and
syringol to obtain lignin-like oligomers with molecular weight
ranging between 400–2100 Da. The low molecular oligomeric
materials obtained from lignin model compounds, are expected
to possess some of the characteristics of the native lignin. Thus,
the phenol containing lignin-like oligomers could potentially be
utilized as an additive to plastics,11 sunscreen lotions,12 as anti-
oxidants13 and UV absorbers14 similar to lignin. The low molec-
ular weight lignin oil was reported15 to be a potential lubricant
additive for commercial engine oils with better miscibility and
compatibility than kra lignin.

As laccase is one of the key enzymes believed to be respon-
sible for the bio-synthesis and degradation of lignins in nature,
it is important to understand the mechanism of laccase cata-
lysed oxidations to explore new applications of laccase catalysis.
However, in laccase catalysed oxidations, complexity in
RSC Adv., 2017, 7, 11951–11958 | 11951
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Scheme 1 Chemical structure of lignin monomers and models.
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uncontrolled reactions of phenolic radicals and limitations in
isolating the initial oxidation products hinder understanding of
the lignin polymerisation and depolymerisation processes. In
this regard, Lahtinen et al.16 have studied the product distri-
bution in the laccase catalysed oxidation of monomeric lignin
models such as vanillyl alcohol in detail. Computational evalua-
tion of the oxidation products of vanillyl alcohol and its reaction
intermediates indicated that the hydrogen bonding provides an
additional stabilising effect for formation of the thermodynami-
cally more stable C5–C50 linkage. Attempts were also made17 to
isolate and characterize the products obtained in the fungal lac-
case catalysed oxidation of guaiacylic and syringylic lignin model
compounds. The oxidation of secondary alcohol (Ca) was observed
for syringyl alcohol and syringylic b-O-4 dimers, while three types
of C5–C50 coupling products were reported for vanillyl alcohol. The
Trametes versicolor laccase (TVL) catalysed selective dimerization
of lignin model compounds such as vanillin, acetovanillin,
methylvanilllate and eugenol was reported recently.18 The initial
oxidation products were characterised by NMR and all of them
were found to contain C5–C50 linkages. However, no details on
linkages present in the higher molecular weight oligomers were
reported. Laccase-catalysed oxidative phenolic coupling products
with C5–C50 linkages were reported19 for a series of vanillidine
derivatives to afford dimeric products in 79–93% yields.

The polymerisation of lignin model compounds including
b-O-4 linked dimer 1 was reported by Rittstieg et al. using
T. hirsuta laccase as a catalyst in the absence20 and presence21 of
2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS).
11952 | RSC Adv., 2017, 7, 11951–11958
Themolecular weight distribution (MWD) 4000 Da was reported
in the absence of ABTS, while increase in MWD was observed in
presence of ABTS. About 21% of initially used ABTS was found
to present in the resulting polymeric product. Although laccase-
catalysed oligomerisation of dimeric lignin model compounds
has been reported in the literature, details of the oligomerisation
process and linkages present in the oxidation products have not
been reported so far. The objective of the current study was to gain
insight into the laccase catalysed oxidation process and the mode
of linkages present in the initial oxidation products using b-O-4
linked dimeric lignin model compounds that are considered
close mimetics of native lignin. Unlike the monomeric lignin
model compounds, the dimeric model compounds possess b-O-4
linkages, the most abundant (45–60%) linkage present in
native lignin. The structural information gained on the
oxidation products of such dimeric model compounds would
enable (i) improved knowledge on the role of laccase in
enzyme-based lignin polymerisation and depolymerisation
processes, (ii) use of the oligomeric materials for specic
applications with improved understanding on the linkages
present and (iii) to broaden the scope of laccase-catalysed
reactions for the greener synthesis of organic molecules in
a more sustainable manner.

Results and discussion

In this study, the oxidation of b-O-4 linked dimeric lignin
model compounds 1-(4-hydroxy-3-methoxyphenyl)-2(2-methoxy
phenoxy)-propane-1,3-diol (1) and 1-(3,4-dimethoxyphenyl)-2(2-
methoxyphenoxy)-propane-1,3-diol (2) were investigated adopt-
ing a similar reaction protocol reported by Rittstieg et al.20

Commercially available laccases from Trametes versicolor laccase
(TVL), Rhus vernicifera laccase (RVL) and Pleurotus ostreatus lac-
case (POL) were used as the oxidation catalysts in the current
study. Compounds 1 and 2 were independently taken in sodium
acetate buffer (pH �5.2) under oxygen atmosphere and stirred at
room temperature for 3 hours with 20 units per mL of TVL. A pale
brown precipitate formed from the ask containing compound 1
was collected and found to be soluble in common organic solvents
such as acetone, ethyl acetate and chloroform. Preliminary anal-
ysis by nuclear magnetic resonance (NMR) spectra indicated the
complete disappearance of compound 1 and possible formation
of oligomeric species. Analysis of the precipitate obtained from
compound 1 by gel permeation chromatography (GPC) indicated
the formation of higher molecular weight compounds with
average molecular weight (Mw) of 2120 Da and polydispersity
(Mw/Mn) of 1.1 (Fig. 1). A molecular weight distribution (MWD) up
to 4000 Da was reported20 for the polymerisation of compound 1
using T. hirsuta laccase. The observed difference (2120 vs. 4000Da)
inMWDmight be due to the variance in source and concentration
of the laccase and methods used in molecular weight determi-
nation. POL also promoted the oligomerisation of 1 as that of TVL
and led to the formation of oligomers with similar MWD (Mn ¼
2095 Da;Mw ¼ 2165 Da;Mw/Mn ¼ 1.0, Fig. S1, ESI†). Treatment of
compound 1 with RVL did not promote any oxidation products
and the starting material remained unreacted (Fig. 3) as observed
by NMR and HPLC. Treatment of compound 2 with TVL, RVL and
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 GPC of oligomers (O1). GPC lignin model compound is given
for comparison. Fig. 3 Comparison of initial reactivity of three different laccases.
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POL laccases did not initiate any oligomerisation or oxidative
cleavage,22 indicating the specicity of laccase towards the
phenolic substrates in the formation of phenoxy radicals that is
crucial for subsequent oligomerisation. The reduction in
concentration of laccase from 20 units per mL to 2 units per mL
did not affect the molecular weight distribution of the oligomer
formed (Mn¼ 2120 Da;Mw¼ 2170 Da;Mw/Mn¼ 1.0, Fig. S2, ESI†).
However, the initial rate of disappearance of 1 was found to be
approximately 5 fold slower (t1/2 ¼ 34.9 min, Fig. S3, ESI†).

To gain understanding on the progress of the oxidation reac-
tion, the reaction mixture was analysed by high performance
liquid chromatography equipped with mass spectroscopy (LC-MS)
Fig. 2 LC-MS traces of laccase-catalysed oxidation of 1 at reaction tim
standard for quantification. Mass obtained for the major and minor peaks
(Fig. S4†).

This journal is © The Royal Society of Chemistry 2017
aer quenching the reaction with sodium azide at regular inter-
vals. The percentage of unreacted compound 1 was quantied
using 9-acetylphenanthrene as an internal standard. The initial
reaction progress for the oxidation of 1with laccases TVL, POL and
RVL is presented in Fig. 3. The amount of 1 decreased dramatically
upon treatment with TVL and POL, while RVL did not show any
noticeable activity. The higher activity of TVL and POL could be
attributed respectively to their higher redox potentials (790 mV
and 650 mV) than that of RVL (430 mV). The HPLC chromato-
grams obtained for the reaction progress of 1 with TVL is pre-
sented in Fig. 2. Analysis of two newmajor peaks appeared (Fig. 2)
at 25.2 min and 26.4 min by LC-MS indicated the mass of the
es 0 min and 30 min. 9-Acetylphenanthrene was used as an internal
are indicated. LC-MS traces at regular time intervals are depicted in ESI

RSC Adv., 2017, 7, 11951–11958 | 11953
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tetramer (3, 661.3 Da (M+ + Na), Fig. S5, ESI†) and the hexamer (4,
979.3 Da (M+ + Na), Fig. S7, ESI†) respectively. As the reaction
proceeded, the concentration of 1 decreased progressively and the
formation of 3 and 4 (Fig. 2) were found to be enriched. The
detection of 4 (Fig. 2) by LC-MS suggested that the oligomerisation
likely took place by a step-wise association of 1 to 3. Otherwise, the
self-coupling of 3 would lead to the formation of octamer directly
without the formation of the hexamer 4 (Fig. 2). In contrast to the
T. hirsuta laccase catalysed polymerisation of 1,20 we did not
observe the formation of any low molecular weight monomeric
products as evidenced by LC-MS. The results indicated that laccase
promoted the oligomerisation of 1 directly rather than depoly-
merisation of the dimeric or higher molecular weight products
into monomeric products followed by re-polymerisation. The
minor peak appeared at 25.6 min (Fig. 2) exhibited the mass value
of 3 (661.2 Da, M+ + Na, Fig. S6, ESI†), indicating possible
formation of diastereomeric isomers of tetramer 3. The bond
rotation of newly formed aryl–aryl bond (cf. below, 3C, Fig. 4) is
likely restricted due to highly substituted nature of lignin model
compound (1) that resulted in the development of R- and S- dia-
stereoisomers. More possibilities could be anticipated while the
next molecule of 1 couple with 3C. Consequently, analysis of peak
at 27.19min (Fig. 2) by LC-MS indicated themass value of hexamer
4 (979.1 Da,M+ +Na, Fig. S8, ESI†). The appearance ofminor peaks
at 25.6 min and 27.19 min, might also be due to the formation of
tetramers and hexamers with different linkages, although DFT
calculation did not favour such possibilities (cf. below).

The formation of a phenoxy radical by one electron oxidation
with concomitant reduction of oxygen to water by laccase is well
Fig. 4 (a) HSQC correlations of aromatic region of compounds 1 and 3

11954 | RSC Adv., 2017, 7, 11951–11958
known.23 The phenolic radical (1R1) could undergo resonance
and consequently various radical couplings are possible
(Scheme 2). Simple oxidation of primary (Cg) and secondary
alcohol (Ca) could also be possible22 under the present oxidative
conditions (Scheme 2). However, we did not observe any
detectable amount of Ca and/or Cg oxidised products under
these conditions. In order to isolate the product that is being
formed at the initial stage of the oligomerisation, the reaction
was carried out with a lower concentration of laccase (2 units
per mL).24 Aer 30 min, the reaction was quenched with an
aqueous solution of NaN3. LC-MS analysis indicated the pres-
ence of the tetramer (3) predominantly (�50%) together with
compound 1 and other higher molecular weight oligomers.
Tetramer (3) was separated from the other oligomers and
compound 1 by semi-preparative thin layer chromatography
(TLC) using 10% dichloromethane in hexane. The observed
mass value of 661.39 (M + Na) by ESI mass spectroscopy indi-
cated the isolation of tetramer 3. For the isolation of hexamer 4,
the reaction was carried out with 20 units per mL of laccase and
the reaction was quenched aer 1 h. Isolation of hexamer was
carried out by semi preparative HPLC and conrmed by mass
(m/z, 979.60, M + Na) analysis.

The linkage present in 3 was established by 1H, 13C and 2D
NMR spectroscopy. The 1H and 13C NMR spectra were measured
in deuterated acetone-D6 (Fig. S9–S12, ESI†) and the following
observations and interpretations were made. (i) The presence of
phenolic OH (d, 7.39 ppm), Ca–OH (d, 4.51 ppm) and Cg–OH (d,
3.69 ppm) groups observed in deuterated acetone, which ruled
out the possibility of dimer formation through C–O or O–O
C. (b) Important HMBC correlations present in compound 3C.

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Laccase-catalysed oxidative dimerization of 1. Radical formation and their different coupling possibilities are shown. The more
favoured structure 3C is shown. The protonation and re-aromatization sequence are not presented for clarity. Relative free energies were
calculated in gas phase and water by DFT and are given respectively within parentheses.
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linkages; (ii) the observation of only one set of signals for Ca–H
(d, 4.93 ppm), Cb–H (d, 4.33 ppm), Cg–H (d, 3.76 and 3.76 ppm)
and methoxy (d, 3.79 and 3.86 ppm) protons indicated that the
tetramer formed from compound 1 is C2-symmetric; (iii) Attached
Proton Test (APT) experiment in 13C spectrum, the number of
quaternary carbons in the aromatic region was increased while the
number of aromatic CH carbons decreased compared to the
spectrum of compound 1 (Fig. S13, ESI†). All the above informa-
tion indicated the possibility of a C2-symmetric molecule with
a linkage through the aromatic carbons. The above fact was sup-
ported by the observation of only six aromatic C–H correlations in
the heteronuclear single quantum coherence (HSQC) spectra
compared to the seven C–H correlations found for compound 1
(Fig. 4a). The structure of tetramer 3C was nally conrmed by
the heteronuclear multiple bond correlation (HMBC) spectrum
(Fig. 4b). The phenolic –OH group showed both J2 and J3 correla-
tions with three quaternary carbon atoms with d (ppm) values
148.5, 143.7 and 126.0, which indicated the formation of a new
bond at the C5 position of ‘ring A’ of compound 1. The proton
assigned to one of the aromatic protons of ‘ring A’ at d, 6.95 ppm
showed strong HMBC (J3) correlations with four different carbons
as indicated in Fig. 4b. The J3 correlation of the proton (d, 6.95
ppm) at ‘ring A’ to the carbon (126.0 ppm) of ‘ring A*’ indicated
that both rings are connected through a C5–C50 linkage. Based on
the above rationale, the structure of the tetramer was conrmed as
3C (Fig. 4). To our knowledge, the complete NMR interpretation
for the tetramer 3C is reported for the rst time.25

The exclusive formation of 3C under the experimental
conditions was supported with results obtained by DFT studies.
The relative free energies of hypothetically favoured products
that are being formed through linkages C5–C50 (3C) and C5–O–
C4 (3B) were calculated. The formation of 3C was found to be
more favoured by 5.4 kcal mol�1 than that of 3B. Solvation with
This journal is © The Royal Society of Chemistry 2017
water was found to destabilize 3B further by 4.6 kcal mol�1,
indicating the possible role of hydrogen bonding in the
formation of C5–C50 linkage. DFT calculation for the formation
3A in gas phase (74.2 kcal mol�1) and in water (71.4 kcal mol�1)
indicated that the O–O linkage would be highly unfavourable.
The observations could be related to 5–50 biphenyl linkages
present in lignin. In the biosynthesis of lignin, the more stable
biphenyl linkages (115–118 kcal mol�1)26 might be formed
initially by the oxidative polymerisation of p-coumaryl, coniferyl
and sinapyl alcohols.

NMR spectra of the hexamer 4 in acetone-D6 and chloroform-
D showed a complex unresolved spectral pattern, possibly due
to the existence of hexamers with different linkages that were
not separable under the HPLC conditions. Based on the limited
experimental details (mass, m/z ¼ 979.60, M + Na) available for
the hexamers, we envision that calculating the free energies of
most possible structures would help to identify the linkages
present in the hexamer. In fact, in the case of the tetramer (3C),
the prediction by DFT is in good agreement with the experi-
mentally observed product. Aer the initial formation of 3,
radicals originating from both 1 and 3 could possibly be present
in the reaction mixture. The phenoxy radical of tetramer (3R1)
undergoes delocalisation as indicated in the Scheme 3. The
potential transition states that are originated from the radicals
centred at C1, C3 and C5 on the aromatic ‘ring A’ of 3 are not
taken into consideration, as the dimerization through those
carbons ultimately leads to formation of the less favoured de-
aromatized product. In the LC-MS analysis, we did not
observe signicant formation (Fig. 2) of octamers that would
possibly be formed by homo or hetero radical coupling of 3R2

and/or 3R3. Thus, based on the above rational assumptions and
understanding of radical chemistry, the ve most possible
modes of linkages for the hexamers were considered for the DFT
RSC Adv., 2017, 7, 11951–11958 | 11955
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Scheme 3 Proposed pathways for the formation of hexamers (4A–4E). The unflavoured structures originated from radical resonances at C3, C1

and C5 carbons of ‘ring A’ are not presented; relative free energies were calculated in gas phase and water by DFT and are given respectively
within parentheses.
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calculation (4A–4E, Scheme 3). Relative free energy changes
(Fig. 5) for hexamers 4A–4E were compared to the most stable
product. The thermodynamic stability of the hexamers follows
the order 4B (0 kcal mol�1) > 4A (4.1 kcal mol�1) > 4D (5.8 kcal
mol�1) > 4C (13.7 kcal mol�1) > 4E (29.3 kcal mol�1). We propose
that the hexamer might be formed through a C–C linkage as
illustrated in hexamer 4B. However, the difference in energy
Fig. 5 Relative free energy changes for the formation of hexamers
with different linkages in gas phase and under solvation.

11956 | RSC Adv., 2017, 7, 11951–11958
between 4A vs. 4B (4.1 kcal mol�1) and 4A vs. 4D (1.7 kcal mol�1)
is not remarkably different. DFT calculation of 4A–4E was per-
formed using water as a solvent. The observed data indicated that
solvation signicantly enhance the overall stability of product
formation (Fig. 5). In the oxidation of vanillyl alcohol, the
formation of a thermodynamically less stable C5–C50 (by 5.6 kcal
mol�1) dimer was observed16 over the most stable vanillin due to
hydrogen bonding present in the former.
Experimental
Chemicals and materials

Lignin model compounds 1-(4-hydroxy-3-methoxyphenyl)-
2(2-methoxyphenoxy)-propane-1,3-diol (1) and 1-(3,4-
dimethoxyphenyl)-2(2-methoxyphenoxy)-propane-1,3-diol (2)
were purchased from TCI and Azatech chemicals respectively
and used as such for all the experiments. Trametes versicolor
laccase (TVL), Rhus vernicifera laccase (RVL) and Pleurotus
ostreatus laccase (POL) were purchased from Aldrich and
used as such for enzymatic reactions.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26975c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
6:

43
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
General procedure for laccase catalysed oligomerisation.
Dimeric lignin model compounds (0.30 mmol) were dissolved
in dimethylsulphoxide (0.50 mL, 10% with respect to buffer)
and 5 mL of sodium acetate buffer (pH 5.2) added. The reaction
mixture was purged with O2 for 5 min. A solution of laccase (2–
20 units per mL) was then added followed by stirring at 25 �C
under O2 (balloon) for 3 hours. The pale brown precipitate
formed was collected by centrifugation and dried under vacuum
at 50 �C for 24 hours. Yield: 92 wt%. The intermediate samples
(400 mL) for HPLC analysis were taken by quenching 400 mL of
the reaction mixture with 4% aqueous solution (400 mL) of
sodium azide. Known amount of 9-acetylphenanthrene was
added for estimating the amount of unreacted compound 1
present in the reaction mixture. HPLC analysis: Jupiter 4u
Proteo 90A (150 � 4.5 mm); H2O (0.1% CF3COOH): CH3CN
(0.1% CF3COOH), gradient ow, 90%H2O to 50%H2O (25 min),
50% H2O to 30% H2O (30 min); ow rate, 0.5 mL min�1; 25 �C;
254 nm. tr (dimer) ¼ 17.7 min, tr (tetramer) ¼ 25.1 min, tr
(tetramer) ¼ 26.4 min.

Isolation of tetramer (3C). Dimeric lignin model compound
1 (0.10 g, 0.31 mmol) was dissolved in dimethylsulphoxide (0.5
mL, 10% with respect to buffer) and 5 mL of sodium acetate
buffer (pH 5.2) was added. Aer purging the reaction mixture
with O2 for 5 min, a solution of laccase (2 units per mL) was
added, stirred for 35 min at 25 �C and quenched with 4%
aqueous solution of NaN3. The reaction mixture was extracted
with ethyl acetate (3 � 10 mL), dried over sodium sulphate and
concentrated. Compound 3 was obtained by semi-preparative
TLC using 10% dichloromethane in hexanes. The collected
product was analysed by NMR and mass spectroscopy. Yield:
24.2 mg (24%). 1H NMR (acetone-D6, 400 MHz), d ¼ 7.39 (br s,
2H, phenolic OHs), 7.12 (t, J¼ 2.0 Hz, 2H, ArH), 6.99 (dd, J¼ 7.9,
1.5 Hz, 2H, ArH), 6.96–6.89 (m, 6H, ArH), 6.84–6.80 (m, 2H,
ArH), 4.93 (t, J ¼ 5.0 Hz, 2H, Ca–H), 4.51 (dd, J¼ 4.5, 1.5 Hz, 2H,
Ca–OH), 4.34 (dd, J ¼ 5.5, 1.5 Hz, 2H, Cb–OH), 4.34 (dd, J ¼ 5.5,
1.5 Hz, 2H, Cb–OH), 3.86–3.83 (m, 8H, Cg–H, OCH3), 3.79–3.74
(m, 8H, OCH3, Cg–H), 3.69 (t, 2H, J ¼ 6.0 Hz, Cg–OH); 13C NMR
(acetone-D6, 100 MHz) d ¼ 152.1, 149.2, 148.4, 143.7, 133.9,
133.9, 126.0, 123.4, 122.9, 121.9, 119.9, 113.7, 110.5, 86.8, 74.1,
61.9, 56.5, 56.4, 29.8; LR-MS (ESI): m/z calcd for C34H38O12:
638.24. Found: 661.40 (M + Na)+.

Computational methods. Gas phase calculations were per-
formed using the M06-2X functional27 with the 6-31G(d) basis
set. Harmonic frequency calculations were carried out to ensure
the nature of the local minima as well as estimating the Gibbs
free energies at 298 K. Water calculations were performed using
the SMD28 continuum solvation model. All DFT calculations
were carried out using the Gaussian 09 program suite.29

Conclusions

The initial progress of the laccase-catalysed oxidative oligo-
merisation reaction for b-O-4 linked dimeric model lignin
compounds was carefully studied. The redox potential and
concentration of laccase were found to be important in the
formation of products. The initial oligomerisation products
were isolated successfully and the mode of linkages was
This journal is © The Royal Society of Chemistry 2017
established. The current study indicated that the oligomerisa-
tion of b-O-4 linked lignin model compound led to the forma-
tion of a tetramer through C–C linkages exclusively similar to C5–

C50 linkages present in the native lignin. The initial stage of oli-
gomerisation process was found to be governed by the thermo-
dynamic stability of products although different linkages are
possible for the radicals to couple. The current understanding on
the oligomerisation of dimeric lignin model compounds would
pave the way to make important decisions in the use of laccase in
the oxidative cleavage of lignin. Laccase has been considered30 as
one of the potential enzymes for the depolymerisation of lignin.
Our current studies indicate that oligomerisation by oxidative
coupling is more preferred over the oxidative cleavages even in
the case of readily cleavable b-O-4 linkages (54–69 kcal mol�1).26

Although the laccase has a potential to cleave lignin or lignin
model compounds in the presence of mediators22 to phenol-
containing monomers or dimers, these phenolic compounds
may undergo re-polymerisation more readily under similar reac-
tion conditions. As a result, the thermodynamically more stable
oligomers or polymers will be formed at the end of the overall
process. Meyer et al.26 reviewed laccase-catalysed bond cleavage in
lignin and made similar conclusions earlier. Thus, laccase alone
would not be able to cleave lignin under oxidative conditions.
Altering the redox potential of laccase by mutation in order to
facilitate the oxidation of non-phenolic hydroxyl groups,may help
lignin depolymerisation in the presence of suitable redox medi-
ators. The current observations might help to exploit the readily
accessible stable laccase enzymes for aromatic C–C coupling,
which is currently under exploration in our laboratory.
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