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The depolymerisation of the biopolymer lignin has the potential to provide access to a range of
high value and commodity chemicals. However, research in this increasingly important area of
green chemistry is hindered by the lack of analytical methods. The key challenge in using

NMR is the throughput that can be achieved without the need for high field spectrometers

www.rsc.org/

fitted with cryoprobes. Here, we report the use of a relatively fast 2D HSQC NMR experiment

performed on a 500 MHz spectrometer fitted with a BBFO+ probe to obtain high quality
spectra. The use of the developed protocol to study the selective modification of the B-B
linkage in Kraft lignin is also reported.

Introduction

The Kraft process, also known as Kraft pulping, is used in the pulp
and paper industry to produce cellulose fibres from wood. Lignin is a
by-product of this process. Global paper and paperboard production
has increased by more than 50% since 1990,% consequently
providing a potentially large scale source of Kraft lignin worldwide.
Although, it is not typically being extracted from the black liquor,?
the recently developed LignoBoost technology can be used to
recover high quality lignin from this waste product at an additional
cost.® According to the International Lignin Institute, approximately
50 million tons of lignin are produced every year worldwide. This
lignin is mostly viewed, at present, as non-commercialisable waste.*

Lignin is a complex cross-linked biopolymer derived from plants. Its
structure consists of a series of aryl rings interconnected by various
chemical linkages. Although the relative amount of each linkage is
species-dependent, the key structures are common to all, with the

main ones being the B-O-aryl ether unit (B-O-4), the
phenylcoumaran unit (3-5) and the resinol unit (3-B, Figure 1).

B-0O-4

o\

Fig. 1 Structural representation of a fragment of lignin showing
common linkages

This journal is © The Royal Society of Chemistry 2013

With the depletion of fossil fuels as a source of chemicals and the
widely accepted notion that biomass will play an important role in
our Society, lignin is being regarded as a major future source of
renewable aromatic chemicals, given its unique chemical structure.®®
For example, lignin has been used in the production of vanillin™*2
and dyes®®!* and has shown potential as a renewable source of
phenols in phenolic resins.®® However, at present lignin
depolymerisation still constitutes a significant barrier to the
exploitation of lignin as a green source of aromatic chemicals. This
problem is a major obstacle for the economic viability of
biorefineries, which need to valorize all components of
lignocellulosic biomass including lignin.*’

Nuclear magnetic resonance spectroscopy is widely used to study
and understand the structure of lignin and lignin
depolymerisation.®**® Given its complex polymeric nature, the
interpretation of traditional *H and 3C spectra remains extremely
challenging due to broad signals and extensive signal overlap. As a
result, 2D HSQC experiments have become one of the most
important analytical tools to study lignin, reflected in the large
volume of papers published in this area in recent years. In the past
decade, NMR analysis of lignin has been mainly conducted on
relatively low field spectrometers,>?>?® which suffer from long
experiment times to produce good quality spectra. This has
hampered the analysis of a large number of samples. With the
advances in NMR spectroscopy in recent years, the state of the art in
terms of lignin analysis using NMR relies heavily on the use of
cryogenic probes?®* or a 600-900 MHz spectrometer®®® or a
combination of both.®3%%° This expensive technical requirement has
limited the study of lignin degradation in many chemistry
departments across the world.

Here we report the use of 2D HSQC experiments to
characterise (30 min to 2 hours experiment time) and analyse
Kraft lignin quickly using a 500 MHz spectrometer without the
use of a cryoprobe. These studies enabled us to follow the
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Fig. 2 A. Full width 2D HSQC NMR spectrum of Kraft lignin provided by MeadWestvaco Corporation; B. 2D HSQC NMR
spectrum obtained using a 86 ppm sweep width centred around 90 ppm (8. 47-133 ppm); C. 2D HSQC NMR spectrum obtained
using a 40 ppm sweep width centred around 70 ppm (8. 50-90 ppm); D. Table comparing the ratios of integral intensities obtained
for specific linkages relative to the aromatic region (coloured in red) calculated for each experiment. Each NMR analysis was run
3 times. Mean values + SD are shown (n>3). Contours are colour coded according to the linkage they are assigned to. Black cross
peaks currently correspond to unassigned signals. Folding in the indirect dimension of the non-oxygenated aliphatic and aromatic
regions can be seen (purple and red regions respectively). NMR samples were run on a 500 MHz spectrometer at a concentration

of 100 mg of substrate in 0.6 mL of DMSO-d6.

selective modification of the B—f linkage in Kraft lignin upon
treatment with the oxidant 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ).

Results and Discussions

2D HSQC NMR Experiments

Given the literature precedent,?° we were pleasantly surprised at

the quality of the 2D HSQC spectrum of Kraft lignin obtained in
only 2 hours using a 500 MHz spectrometer equipped with a BBFO+
probe (Figure 2A). A standard hsqcetgpsp.3 Bruker pulse sequence
was used to obtain, reproducibly, spectra of sufficient quality to
enable comparison of integral intensities in the aliphatic and
aromatic regions. This subsequently allowed us to determine the
relative ratios of the B-O-4 (1.94), B-5 (0.55) and B-B (0.89)
linkages in Kraft lignin using the aromatic region (100) as an
internal standard (Figure 2D).%

With the cross-peaks characteristic of our linkages of interest i.e. the
B-O-4, B-5 and B-p found between 50 and 90 ppm in the °C
dimension of the HSQC spectrum, we considered reducing the
sweep width in that dimension in order to reduce experiment time
and increase throughput. Gratifyingly, reducing the sweep width and
the number of increments in the "3C dimension shortened the
experiment time to 30 min, whilst maintaining the same resolution

2| J. Name., 2012, 00, 1-3

and sensitivity as the standard HSQC (Figures 2C and 2D). Antiecho
sampling mode was used, causing the signals below 50 ppm and
above 90 ppm to be folded at the near end of the spectrum. It was
shown that folding of cross peaks in the indirect dimension did not
hamper using the aromatic region as an internal standard as the ratios
of integral intensities obtained for each linkage remained practically
unaffected compared to the standard HSQC (Figure 2D). An
experiment including the aromatic region, i.e. from 47 to 133 ppm,
was also run (experimental time of one hour), which could be used
to study interesting signals in the aromatic region (Figure 2B and
2D). For comparison, 2D HSQC spectra were also obtained under
more typical conditions (i.e. high field spectrometer fitted with a
cryoprobe), which provided similar ratios to the ones obtained with
our 500 MHz spectrometer equipped with a BBFO+ probe (see Fig.
S1).

Our modified NMR protocol was then used to analyse the
outcome of the DDQ treatment of Kraft Lignin. Treatment of
lignocelluloses with DDQ has previously been reported to
characterise covalent bonds between lignin and carbohydrate in
lignin-carbohydrate complexes.®** In addition, DDQ has been
used to study the oxidation of pinoresinol moieties® and the
reactivity of furofuran®*’ but to the best of our knowledge, no
work has been reported on the use of DDQ to modify lignin
itself.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Partial 2D HSQC NMR spectra (8./8y 50-95/2.5-6.0) of A. commercially available Kraft lignin isolated after stirring in
DMF overnight and precipitated from Et,O and Kraft lignin after treatment with B. 0.5 and C. 0.75 weight equivalents of DDQ);
Contours are colour coded according to the linkage they are assigned to (see Figure 2 legend). The disappearance of the cross
peaks corresponding to the B-p linkage is highlighted by pink circles. Black cross peaks currently correspond to unassigned
signals. NMR samples were run on a 500 MHz spectrometer at a concentration of 100 mg of substrate in 0.6 mL of DMSO-d6.

Analysis of the reaction of Kraft lignin with DDQ

Kraft lignin was treated with various weight equivalents of DDQ in
DMF over 12 hours (see Figure S2). Following precipitation from
Et,0 and washing with H,O, the treated lignin samples were
analysed using our 2D NMR methods. Figure 3 shows the 2D HSQC
analysis of a sample of Kraft lignin (typically soft wood lignin
contains mainly guaiacyl units)®® before and after treatment with 0.5
and 0.75 weight equivalents of DDQ.

m(O4

pp
m s

3.0 4

2.5 1

2.0 A

1.5 1

1.0

Ratios of linkages relative to the
aromatic region

0.5 1

0.0 -

0 025 . 05 0.75 1
Number of weight equivalents of DDQ added

Fig. 4 Ratios of linkages in precipitated Kraft lignin following
treatment with different weight equivalents of DDQ. Each sample
was stirred overnight in DMF in the absence or presence of DDQ
and the lignin precipitated from Et,0. Each NMR analysis was run 3
times and quantification was performed by integration of the cross
peaks and normalised relative to the aromatic region. Mean values +
SD are shown (n>3) (see Table S1).

This journal is © The Royal Society of Chemistry 2012

The treatment of Kraft lignin with DDQ appeared to modify
selectively the B—p linkage at 0.5 weight equivalents of DDQ as
judged by the reduction in volume of the cross-peaks assigned to this
linkage (Figures 3, 4 and S2 and Table S1). At higher weight
equivalents of DDQ, reaction of the B-O-4 units could also be
detected (Figures 4 and S2 and Table S1). The data also suggested
that the B-5 linkage remained essentially untouched under the
reaction conditions investigated (Figures 4 and S2 and Table S1).

The selective processing of the B-p linkage by DDQ prompted us to
use a model compound to determine the chemical reaction taking
place in this process.

Synthesis of B—B model compound, Eudesmin (3)

Eudesmin (3) was selected as a f—p model compound. This was
synthesised by dimerisation of coniferyl alcohol (1) in the presence
of iron(111) chloride®® followed by methylation of the phenolic
oxygens in 2 (Scheme 1). Epieudesmin (for structure, see S1 in
Supplementary Material) was also synthesised to validate the widely
accepted relative configuration of the B— linkage in lignin (Scheme
S1 and Figure S3 for more details).>*%

HO. OH

o [ I _

O
o .
A FeCl; H,0 e . H Mel, Cs,CO5 H O
12% \O . Acetone \ H»
o
HO /O

OH
1 2 3

Scheme 1: Synthesis of B~ model compound eudesmin (3)%%°
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Fig. 5 Overlay of partial 2D HSQC NMR spectra of i) Kraft lignin after treatment with 0.75 weight equivalents of DDQ and ii) of an
authentic sample of pyran-4-one 5: A. aromatic region (8./8y 120-150/7.4-8.4) and B. aliphatic region (8./8y 50-90/4.0-5.6). The close
proximity of the aromatic and methylene cross peaks in 5 with new cross peaks present in the DDQ-treated lignin spectrum are shown in
orange and red boxes respectively. Contours are colour coded according to the linkage they are assigned to (see Figure 2 legend).

Treatment of 3 with DDQ

Treatment of eudesmin (3) with one mole equivalent of DDQ in
DMF led to exclusive formation of alkene 4 (Scheme 3). However
conversion was limited to 50% and 4 proved unstable to column
chromatography. Interestingly, treatment of eudesmin (3) with 3
mole equivalents of DDQ led to pyran-4-one 5 in 45% isolated
yield.%®>" The moderate yield of 5 obtained may be attributed to the
instability of 5 on the silica gel column since the crude reaction
mixture only appeared to contain predominantly 5 with only traces
of 4 (see Figure S4 for 'H NMR analysis). Further treatment of the
mixture of 3 and 4 with DDQ also resulted in the formation of 5
(Scheme 2), suggesting 4 is formed en route from 3 to 5.

oO—

DDQ
(3 mole eq.)

DMF

DDQ )
(1 mol eq.) /

DMF

—0

Scheme 2 Synthesis of pyran-4-one 5 from eudesmin (3)

Confident that eudesmin (3) was converted to pyran-4-one 5 under
our reaction conditions, we were interested in determining whether
the same process was also taking place in Kraft lignin. Gratifyingly,
comparison of the 2D HSQC spectrum of an authentic sample of 5
with the 2D HSQC spectrum of Kraft lignin treated with 0.75 weight
equivalents of DDQ revealed a close proximity between the cross
peak corresponding to the methylene group in 5 at 8./8, 52.9/4.65
ppm (shown in red, Figure 5B) and a new cross peak in the DDQ-
treated lignin spectrum (shown in black, Figure 5B). An additional
close proximity of a cross peak at &./84 147.3/8.21 ppm
corresponding to the pyran-4-one CH proton in 5 and a new cross
peak was observed in the Kraft lignin spectrum after treatment with
DDQ (Figure 5A). These observations were confirmed by a doping
experiment, in which an authentic sample of 5 was added to the
sample of Kraft lignin treated with 0.75 weight equivalents of DDQ.
This showed a clear overlap between the 2 sets of cross peaks

4| J. Name., 2012, 00, 1-3

(Figure S5). Taken together, these data strongly suggest that the
reactivity of the monomeric B-p linkage translates to polymeric
Kraft lignin.

Conclusions

This work has demonstrated that high quality 2D HSQC spectra of
Kraft lignin can be acquired using a 500 MHz spectrometer in the
absence of a cryoprobe. The relatively short experimental time
(between 30 and 120 minutes depending on the selected width of the
13C dimension) enabled the analysis of a large number of samples
and allowed us to follow the selective modification of the B—f
linkage in Kraft lignin upon treatment with DDQ. To the best of our
knowledge, this is the first time the selective modification of this
linkage has been reported in the literature. This may prove important
in ultimately depolymerising Kraft lignin since the Kraft pulping
process is known to both cleave and modify the B-O-4 linkage®®*’
resulting in other linkages being relatively more abundant in this
type of lignin compared to, for example, organosolv lignin. We are
currently working on the selective modification of the pyran-4-one
moiety that results from DDQ treatment of Kraft lignin.

Experimental
NMR methods

NMR spectra were acquired on a Bruker Avance 111 500 MHz
spectrometer equipped with a BBFO+ probe. The central
DMSO solvent peak was used as internal reference (8¢ 39.5, o4
2.49 ppm). The H,23C-HSQC experiment was acquired using
standard Bruker pulse sequence ‘hsqcetgpsp.3’  (phase-
sensitive gradient-edited-2D HSQC using adiabatic pulses for
inversion and refocusing). Composite pulse sequence ‘garp4’
was used for broadband decoupling during acquisition. 2048
data points was acquired over 12 ppm spectral width
(acquisition time 170 ms) in F2 dimension using 24 scans with
1s interscan delay and the d4 delay was set to 1.8 ms (1/4J, J
= 140 Hz). The spectrum was processed using squared
cosinebell in both dimesnions and LPfc linear prediction (32

This journal is © The Royal Society of Chemistry 2012
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coefficients) in F1. Volume integration of cross peaks in the
HSQC spectra was carried out using MestReNova software.

Standard HSQC experiments For spectral width of 170 ppm
256 increments were acquired in F1 dimension (acquisition
time 5.6 ms) that resulted in the total experimental time of 2 h.

Short HSQC experiments For spectral width of 40 ppm 64
increments were acquired in F1 dimension (acquisition time 6.3
ms) that resulted in the total experimental time of 30 minutes.

HSQC experiments including the aromatic region For spectral
width of 86 ppm 128 increments were acquired in F1 dimension
(acquisition time 5.9 ms) that resulted in the total experimental
time of 1h.

General procedure for the treatment of Kraft lignin with
DDQ

DDQ (X weight equivalent) was added to a solution of a Kraft
lignin (200 mg) in anhydrous DMF (20 mL). The mixture was
then stirred at room temperature overnight before being
concentrated in vacuuo to a 2 mL solution. This was then added
to Et,O (300 mL) to induce the precipitation of lignin. The
suspension was then left to stir at room temperature for 3 hours
before lignin was collected. The lignin obtained was
subsequently stirred in water for 1 hour to remove any residual
DMF and DDQ-H. The solid collected was finally dried in a
vacuum oven for 3 hours at 80 °C to yield 150 to 175 mg of
treated lignin. This was then analysed by 2D NMR
spectroscopy.
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