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Introduction

A one-pot biomimetic synthesis of selectively
functionalized lignins from monomers: a green
functionalization platformt

Nicola Giummarella, @ 2® Claudio Gioia (2 ®< and Martin Lawoko (2 *2

Lignin is the most abundant renewable source of phenolic compounds with great application potential in
renewable materials, biofuels and platform chemicals. The current technology for producing cellulose-
rich fibers co-produces heterogeneous lignin, which includes an untapped source of monomeric pheno-
lics. One such monomer also happens to be the main monomer in soft wood lignin biosynthesis, namely
coniferyl alcohol. Herein, we investigate the potential of coniferyl alcohol as a platform monomer for the
biomimetic production of tailored functionalized oligolignols with desirable properties for material syn-
thesis. Accordingly, a bifunctional molecule with at least one carboxyl-ended functionality is included
with coniferyl alcohol in biomimetic lignin synthesis to, in one pot, produce a functionalized lignin. The
functionalization mechanism is a nucleophilic addition reaction to the quinone methide intermediate of
lignin polymerization. The solvent system applied was pure water or 50% aqueous acetone. Several bi-
functional molecules differing in the second functionality were successfully inserted in the lignin demon-
strating the platform component of this work. Detailed characterization was performed by a combination
of NMR techniques which include *H NMR, COSY-90, 3P NMR, C NMR, *C APT, HSQC, HMBC and
HSQC TOCSY. Excellent selectivity towards benzylic carbon and a high functionalization degree were
noted. The structure of lignin was tailored through the solvent system choice, with 50% aqueous acetone
producing a skeletal structure favorable for a high degree of functionalization. Finally, material concepts
are demonstrated using classical thiol-ene- and Diels—Alder-chemistries to show the potential for the
thermoset and thermoplastic concepts, respectively. The functionalization concept presents unpre-
cedented opportunities for the green production of lignin-based recyclable biomaterials.

materials.* The phenolic hydroxyls exhibit antioxidant pro-
perties® or can be modified through several classical chem-

Lignin is the most abundant renewable source of phenolic
compounds at 300 billion tonnes in the biosphere." Due to the
environmental concerns and dwindling petroleum resource,
lignin is becoming increasingly interesting for fuel and
material applications.>® Produced massively in connection
with the production of cellulosic pulp, the so-called technical
lignins, currently underutilized, could become highly valuable
in this respect. The aromatic structure imparts rigidity in
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istries to introduce functionalities relevant for material syn-
thesis. The number of recent reviews mirrors the growing
interest in lignin applications and includes lignin biorefining,>
the use of lignin in polymer systems,®” thermo- and catalytic-
valorisation of lignin®® and lignin-based nanoparticle
systems.””'® Two routes are currently being investigated for
lignin applications. The first adopts the catalytic breakdown to
platform monomers’ as a mean to overcome the notorious
structural heterogeneity in existing technical lignins. The
second adopts the use of polymeric lignin as a substrate for
material synthesis subsequent to refining and/or modifi-
cations. Although progress has been made, both routes are not
without challenges. The catalytic breakdown route suffers
from the lack of a catalyst that can sustainably and efficiently
break carbon-carbon bonds between the monolignols. In the
direct use of technical lignin, on the other hand, a notorious
heterogeneity with respect to the structure, molar mass and
functionality is a problem to be addressed.
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The existing processes for chemical pulp production are a
source of both monomeric and polymeric lignins, which have
so far been under-exploited. The dominant process for the pro-
duction of chemical pulps, the Kraft or sulphate process, pro-
duces significant amounts of mixed monomers in the process
liquor e.g. coniferyl alcohol, guaiacol, vinylguaiacol, vanillin
and acetovanillin.'’ Dimers include stilbene type structures'
and enol ethers."® Advances have been made in making avail-
able the polymeric fractions through technically feasible recov-
ery to obtain a brown powder. One such technology is called
Lignoboost' and is currently applied on the industrial scale.
The monomers and dimers remaining in the liquor, on the
other hand, have remained less investigated and a fresh
motive may be required to reverse the scenario. With the
advantages of having a long tradition in pulping, existing
infrastructure and existing permits, pulp mills could have an
attractive position as producers of lignin-based platform
monomers in addition to the already existing polymer retriev-
ing technologies if incentives exist. One such incentive is the
demonstration of the usability of key monomers. One of these
monomers, coniferyl alcohol (CA), is particularly interesting
from the perspective of being the monomer chosen by nature
for the synthesis of softwood lignins. CA is formed under
several pulping conditions which include soda-, soda-anthra-
quinone and kraft-anthraquinone pulping.'®> Under these con-
ditions, it is suggested that CA may react further through con-
densation reactions to form vinyl guaiacol. The use of flow
through reactors has however more recently been shown to
increase the CA concentrations.'® The production of CA during
organosolv pulping with high boiling solvents (HSB) has also
been shown."”

Coniferyl alcohol (CA) appears therefore to be a universal
monomer produced by several existing pulping processes. If its
use in materials science can be demonstrated, CA could likely
become a target platform monomer.

Based on the detailed chemistry of CA polymerization to
form native lignin,"® we sought to develop a green biomimetic
method to functionalize lignin in one pot with its polymeriz-
ation, tailoring its properties for suitability in material syn-
thesis. Lignin polymerization from a monolignol (e.g. CA) is
initiated by a redox system e.g. peroxidases/hydrogen peroxide.
The formed phenoxy radicals are resonance stabilized. Radical
coupling to form dimers exclusively involves B radical coup-
ling.'® Subsequently, chain growth proceeds by either dimeri-
zation or endwise coupling of monomers. When f radicals
couple, a quinone methide intermediate, an electrophile, is
formed and reacts with available nucleophiles which could be
intra-molecular, resulting in ring formations (e.g. pp resinol
and B5 coumaran structures) or inter-molecular as in the case
of pO4. In the latter case, the competing nucleophiles are not
few (Fig. 1). The addition of water is favoured as evidenced in
the high content of a-hydroxylated fO4 observed by HSQC
NMR studies."®'® Minor couplings of hydroxyls from hemicel-
luloses and uronic acid moieties also occur leading to the for-
mation of lignin-carbohydrate bonds of benzyl ether and
benzyl ester types, the latter migrating to the Cy (Fig. 1) as
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Fig. 1 Reactions of the quinone methide electrophile in the fO4 inter-
unit during lignin polymerization.

revealed by HSQC analysis.”*”>*> These are normally referred to

as lignin carbohydrate complexes (LCC) and are responsible
for the network formation in wood.*®

Herein, we study the production of a functionalized lignin
from CA inspired by the described chemistry of lignin polymer-
ization. Synthetic lignin, commonly referred to as the dehydro-
genation polymer (DHP), has been used for fundamental
studies aimed at understanding the mechanisms of lignifica-
tion in vivo."®>**” We adopt such strategies, albeit with impor-
tant modifications for the purpose of green functionalization
in one pot with lignin synthesis.

Our strategy mimics the suggested mechanism of the for-
mation of natural lignin carbohydrate ester bonds in plant
cells (shown by the green dotted rectangle in Fig. 1).

Materials and methods
Materials and chemicals

All chemicals used were of analytical grade and purchased
from Sigma-Aldrich.

Size-exclusion chromatography in DMSO + 0.5% LiBr

The size exclusion chromatography (SEC) of DHPs fraction was
performed on a SEC-curity 1260 system (Polymer Standards
Services, Mainz, Germany) coupled to both UV and refractive
index (RI) detectors. Pullulan standards of 708 kDa, 344 kDa,
194 kDa 47.1 kDa, 21.1 kDa, 9.6 kDa, 6 kDa, 1.08 kDa, and 342
Da were used for standard calibration. The preparation of the
samples, separation, and the experimental setup were the
same as previously reported.”®

NMR characterization

Quantitative *'P NMR analysis was performed as reported else-
where**?® phosphorylating lignin with 2-chloro-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane (CI-TMDP). HSQC analysis was
performed applying the Bruker pulse program ‘hsqcetgpsi’, on

This journal is © The Royal Society of Chemistry 2018
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10-15% sample solution in deuterated DMSO-d or acetone-dg
in the case of acetylated samples. Carbon 2 of the aromatic
groups, since unsubstituted, was used as the internal standard
for the semi quantification of lignin linkages.>* The peaks of
DMSO (6¢/6y = 39.5/2.50 ppm) or acetone (6c/8yx = 29.8/
2.05 ppm) signals were used as an internal reference.
Quantitative analysis was carried out by the method of Zhang
and Gellerstedt by applying and comparing both *C and
HSQC analyses.** Quantitative '*C spectra were recorded with
the Bruker pulse program “zgig” with a 90° pulse width using
an acquisition time of 1.4 s and a relaxation delay of 1.7 s.
HSQC TOCSY experiments were carried out with the Bruker
pulse program “hsqcetgpml” using D9 = 90 ms. 80 scans were
collected. All 2D NMR spectra were recorded and processed as
described elsewhere.’®> Heteronuclear multiple bond corre-
lation experiment was carried out with the “hmbcgp” Bruker
pulse program, optimizing a long-range coupling constant
Dé6-delay 60 ms and collecting 185 scans. '*C attached proton
test (APT) experiment was run with the “jmod” Bruker pulse
program while COSY90 analysis with the pulse sequence
“cosyqf90”, and a number of 512 s and 16 scans were collected,
respectively.

Coniferyl alcohol reduction from coniferyl aldehyde

Coniferyl alcohol (CA) was prepared from coniferyl aldehyde
according to previous procedures.****> Shortly, NaBH,
(33.7 mmol) and coniferyl aldehyde (16.8 mmol) were dis-
persed in 180 ml of EtOAc and left to stir overnight at room
temperature. Afterwards, the reaction was quenched by adding
200 ml of deionized water. The organic phase was extracted,
washed 3 times with brine (1:1 volume), and dried over anhy-
drous sodium sulfate followed by rotor evaporation. The oily
bright yellow product was re-dissolved in warm dichloro-
methane and stored in a freezer to recrystallize overnight.
Finally, the product was filtered and washed with heptane
before being dried in a vacuum oven at 50 °C.

Lignin synthesis

The synthesis of the reference dehydrogenation polymer (DHP)
lignin was performed as reported elsewhere®” with horseradish
peroxidase (HRP) type IV (1 mg, 250-330 units). Both hydrogen
peroxide (34 mM, 20 ml in water) and coniferyl alcohol
(34 mM, 20 ml in water or 50% acetone) were simultaneously
injected at a constant rate (250 pl h™") using a NE-1800 Eight
Channel Programmable syringe pump for 20 hours.
Modifications to the protocol above were effected for functio-
nalized lignins as follows: in the reaction media of 20 ml of
water or 50% aqueous acetone, the bi-functional monomer
(0.2 M) was dissolved and the pH was adjusted to 6.5-7 before
the addition of HRP. The polymerization was carried out
under slow stirring (150 rpm) at room temperature. After injec-
tion, the reaction was allowed to proceed for an additional 4 h.
Synthetic lignins were collected by centrifugation (20 000 rpm,
30 min) after the removal of dioxane under reduced pressure,
washed with water twice and lyophilized.

This journal is © The Royal Society of Chemistry 2018
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Acetylation of DHP-lignin

Lignin samples were acetylated according to Gellerstedt.>® An
amount of roughly 100 mg lignin sample was stirred overnight
at room temperature in 400 pl of acetic anhydride : pyridine
solution. Afterwards, the samples were dried under reduced
pressure after the sequential addition of 3-4 drops of ice cold
methanol and toluene (1:1, v:v). The acetylated sample was
finally kept overnight in a desiccator before being dissolved for
analysis.

Diels—Alder reaction

The reaction was carried out using a 15% DMSO-d, solution of
FPA-lignin with maleimide (in equimolar ratio of functional
groups). The mixture was left in closed glass vials at 50 °C for
4 days under constant stirring prior to being analysed directly
by NMR and SEC.

Thiol-ene reaction

Acetylated AA-lignin in the presence of 5% in weight of the
AIBN [2,2'-azobis(2-methylpropionitrile)] radical initiator and
an excess of M3MP [methyl 3-mercaptopropionate]
(~1:10 molar ratio of functional groups) were dissolved in a
glass vial with Teflon cap with 100 pl of acetone. After the
removal of the acetone under a flow of N,, the thiolene reac-
tion proceeded overnight, in bulk, at 80 °C.

Results and discussion
Green synthesis concept

In this study, functionalized lignins were synthesized in vitro
starting from monomeric compounds comprising coniferyl
alcohol (CA) as the monolignol and a bi-functional monomer
consisting of at least one carboxyl group. The other functional-
ity was a variable. As a reference, the in vitro synthesized
lignin, also referred to as the dehydrogenation polymer
(DHPs), was produced without the added functional
monomer. The solvent used is pure water or a water/acetone
mixture. Under the prescribed conditions (see the
Experimental section), a one-pot production of functionalized
lignin oligomer is achieved. During the synthesis, the obtained
polymers precipitate from the solution, probably due to the
increased hydrophobicity.

The method is biomimetic, facile, benign and selective. As
discussed earlier, the electrophilic quinone methide formed
subsequent to the pO4 coupling (Fig. 1) invokes a nucleophilic
attack. Unlike the in vivo synthesis in plant cells where the
mimicked reaction i.e., the lignin acylation (Fig. 2) seems to
occur with low frequency,®” the functionalization strategy
herein integrates a high concentration of the carboxylate with
its nucleophilic character to target higher functionalization
levels. Furthermore, better mobility in the system is obtained
by the use of small nucleophiles. In the plant cell wall, the
same reaction is suggested to involve polymeric xylan with a
uronic acid group as the side chain which performs the acyla-

Green Chem., 2018, 20, 2651-2662 | 2653
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Fig. 2 Lignin polymerization and functionalization in one pot. In red:
functional molecules incorporated into the lignin skeleton; a demon-
stration of the platform concept.

tion. Hence, the restriction of the mobility of polymers may
also play a part in the poor acylation efficiency in vivo.

Accordingly, esterification should occur selectively at the
electrophilic Ca in a newly formed pO4 moiety of lignin. The
molecules tested were carefully selected to expose different
functionalities (Fig. 2). O-Acetylation blocks the Ca through
the capping reaction in contrast to the addition of water
forming the hydroxyl (Fig. 1), hence modulating the lignin
reactivity.

Glucuronylation introduces polyols that could further be
functionalized. Acylation with furan derivatives introduces the
di-ene functionality which is useful for classical Diels-Alder
reactions and could find use in e.g recyclable polymers/
materials. Finally, acylation with allyl acetate introduces the
ene-functionality of interest in further reactions to form e.g.
thermosets. These material concepts are elaborated in a later
section.

Synthesis in the pure water system

For this system, the performed syntheses were O-acetylation
(AC-), O-glucuronation (GluA-), acylation with a furanoate (FA-)
and with furan dicarboxylate (FDCA) as shown in Fig. 2. These
choices were dictated by both the solubility of the monomers
in water and their sustainability. These monomers can be pro-
duced from biomass-based sugars**>° and are hence attractive.
The yields of the formed polymer are calculated based on the
starting weight of CA (Table 1). In our investigation, a carboxy-
late/CA ratio of 6:1 (mol/mol) gave higher yields of functiona-
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Table 1 Molecular weight determination and yield of precipitation of

reference synthesized lignins (DHPs) and functionalized lignins in water
and 50% acetone

M, M,, Yield of
(Da) (Da) b DP precipitation (%)
Reference (water) 950 1500 1.6 5 59
Ac-lignin (water) 1050 2000 1.4 6 63
FA-lignin (water) 1100 1500 1.3 6 19
FDCA-lignin (water) 1750 3500 2 10 106“
GluA-lignin (water) 1200 1700 1.4 6 34
Reference (50% acetone) 1700 3250 1.9 10 90
FPA-lignin (50% acetone) 1500 3450 2.3 8 45
AA-lignin (50% acetone) 1000 1550 1.6 6 90

Abbreviations of functionalized lignins can be found in Fig. 1. “The
mass of the precipitated FDCA-lignin is higher than the starting
amount of CA due to the co-precipitation of the FDCA monomers with
the lignin. D: Dispersity. DP: Degree of Polymerization.

lized lignins compared with other trials done at ratios of 15:1
and 1.5:1.

In terms of the yields of precipitation, FDCA-lignin was the
highest followed by the O-acetylation-lignin. FA- and GluA-
lignins gave lower yields (Table 1). These could probably be
optimized and more focused optimizations are a topic of
future investigations. It should be noted that only the precipi-
tated polymers were included for yield determination.

Studies of the molecular weight performed by size exclusion
chromatography (SEC) (Table 1, ESI: Fig. S1t) gave for the
reference sample a number average molecular weight, M,,, of
about 900 Dalton, giving a degree of polymerization (DP)
between 5 and 6.

The polymerization was probably terminated by precipi-
tation due to increased hydrophobicity in the aqueous
solvent. With the exception of FDCA-lignin, the degrees of
polymerization of the synthesized oligomers were all in the
same order of 5-6, suggesting that the onset of precipitation
of lignin was independent of the functionality inserted. The
reaction with furan dicarboxylic acid (FDCA) resulted in a
polymer with a DP ~10. This is consistent with that both the
carboxylates in the bi-functional molecule may have coupled
to two lignin molecules resulting in chain elongation. This
precipitation did not occur for the FDCA-lignin polymer at DP
5-6 which was likely because the charge was maintained until
the second acylation forming a charge-neutral molecule was
complete.

Hence, tailoring of the molar mass of the functionalized
lignins by the multi-functionality in the carboxylate function
of monomers is an interesting option. The polydispersity of all
formed polymers in this system was less than or equal to 2.
Both the molar mass and its dispersity are important consider-
ations for material synthesis as they have ramifications for
both the processing and the properties of the material syn-
thesized. Broad polydispersities for instance yield inhomo-
geneous materials. High molar mass, on the other hand, leads
to entanglements affecting homogeneous processing. The
obtained molar mass and dispersities in this work are appro-

This journal is © The Royal Society of Chemistry 2018
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priate for material synthesis as we recently demonstrated for
polymer systems based on fractionated technical lignin.*

Synthesis in the water-acetone system

We hypothesized for the pure water syntheses that the
increased hydrophobicity of lignin during polymer growth can
lead to precipitation in water when the degree of polymeriz-
ation (DP) is between 5 and 6 for the reference and the mono-
carboxylate functionalized monomers. This hypothesis was
tested on the reference lignin synthesis (only CA as the
monomer) by the inclusion of acetone in the system (water/
acetone 1:1, v:v). Accordingly, a higher molecular weight is
expected. Acetone was chosen as the co-solvent for several
reasons; it is a good lignin solvent, it is compatible with the
redox system®’ and it is a green and sustainable solvent.*" Size
exclusion chromatography (SEC) studies confirmed the
hypothesis as the DP of the reference was about 10 (Table 1,
ESL: Fig. S1t). Thus, the molar mass of the polymers can be
tailored by the polarity difference of the solvent systems

- =
s
%
DHPs Technical Lignin Functionalized
Reference sample (Kraft) Lignins

Fig. 3 Physical appearance of the synthetic lignin reference (left) and
functionalized lignins (right) compared with kraft lignin (middle).
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applied. Changing the solvent composition also allows for the
expansion in the portfolio of functional monomers to extend
beyond pure water soluble compounds. The functionalizations
using this solvent system were performed with 3-(2-furyl)pro-
panoic acid (FPA) and allyl acetic acid (AA), which were only
soluble when ionized. SEC studies of the functionalized poly-
mers however showed no significant difference when com-
pared with the water-synthesized polymers (Table 1) indicating
that the effect of the solvent polarity difference on the DP
observed for the reference lignins was offset in these cases by
the stronger hydrophobicity of the functionalized lignins.
Another interesting feature of the synthesized lignins was the
physical appearance. The products had a whitish yellow colour
in contrast to the dark brown colour of Kraft lignin (Fig. 3).
The colour of Kraft lignin has been attributed to conjugated
double bonds and quinoid structures, and may set limits for
its application.*?

NMR studies

A combination of both one-dimensional (**C NMR, *C APT,
'"H NMR, *'P NMR) and two-dimensional NMR techniques
(HSQC, HMBC, HSQC TOCSY NMR, COSY-90) was applied for
detailed structural analysis. For the reference sample (Fig. 4),
two quantification methods were applied and the results are
reported in Table 2. In the first *C NMR-HSQC analysis, the
method described by Zhang and Gellerstedt®> was used. In
this method, the cluster quantification of signals with similar
T2-relaxation is performed using the aromatic carbon signals
as the internal reference. The quantification is then used in
the HSQC where the peaks are better resolved to allow more

e 55
2D HSQC Cep— s |
0 3
NMR = == -
5.4 1
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Fig. 4 2D HSQC (left) and *C NMR (right) expansion spectra of the DHP reference precipitated in acetone 50%. Structures (1-6) are representative

of the main inter-monolignol linkages and the end group.
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Table 2 Comparison of the quantification methods of inter-mono-
lignol linkages in DHP reference (acetone 50%) obtained by HSQC>** and
*C-HSQC*

Structure BC-HSQC HSQC-C2 aromatic
pO4 30 32

B5 20 24

Bp 16.4 18

DBDO 2.6 2

SD 2 2

CA 26 20

DBDO = dibenzodioxicin, SD = spirodienone, CA = cinnamyl alcohol
(as expressed in Fig. 4).

specific inter-unit quantification. The second method utilizes
only the HSQC.*!

Here, the C, aromatic signal, which is never substituted in
native lignin, is used as the internal reference. Both methods
are semi-quantitative. In our studies, the difference in the
values obtained between the two methods was not that signifi-
cant (Table 2). For this reason, the second method was used
for the other samples since the NMR running time is much
less. In general, the HSQC NMR data (Table 3, ESI: *C/'H
assignment in Table S1-S3,f spectra presented in Fig. S3-
S107) showed a predominance of 04, BB, 5 couplings as
expected.'®

The 55 and 405 structures are formed from cross couplings
of preformed oligolignols, with the former being predomi-
nantly in the dibenzodioxin structure (DBDO).'® Accordingly,
the presence of the dibenzodioxin structure (structure 4,
Fig. 4) in a lignin molecule implies that the DP of the molecule
is at least 5.

A clear difference is observed in the amounts of fO4 link-
ages of the references for the two solvent systems with the
acetone/water system having a 30% higher content (Table 3).

View Article Online
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Hence, the change in solvent polarity affected the inter-unit
composition of lignin and demonstrated the possibilities to
tailor the backbone structure of lignin. It is also observed that
each functionalization results in a lignin skeleton with a
unique inter-unit composition (Table 3). For instance, the
functionalization with GluA and FDCA in the pure water
system leads to elevated levels of phenylcoumaran ($5) struc-
tures. FPA functionalization in the acetone/water system
showed the highest levels of pinoresinol (pp) and
dibenzodioxins.

These differences highlight the role of different synthesis
environments in the outcome of the lignin structure, also ela-
borated in the literature.®>° Specific to our study, such effects
could result, for instance, from the solvent polarity, small pH
differences or effects from the nucleophile strength of func-
tional monomers. Here, deeper studies are required to investi-
gate the possibilities to tune the lignin structure during its
synthesis through parametric design. Such structural tailoring
is interesting from the view point of tailoring material
properties. In this connection, our recent studies of epoxy-
resins fabricated from well-defined Kraft lignin fractions
alluded to the role of the molecular structure in material
properties.*?

Selectivity of functionalization

HSQC studies confirmed that the functionalization for all com-
pounds occurred with excellent benzylic carbon (Ca) selectivity
over Cy of lignin, which is consistent with the proposed
mechanism of in vivo benzyl ester formation (Fig. 1). The Ca/
Ha correlations in these benzyl esters appear at around
3C/*H: 74.8/5.92 ppm (Fig. 5, ESI: C/H assignment in Tables S1
and S37). The absence of signals from pO4 in Cy esterified struc-
tures attested to the selectivity. These signals, if present, would
appear between "*C/'H: 63 and 64/3.8-4.3 ppm.

Table 3 Semi-quantitative structural analysis of lignin inter-units by HSQC?®® and phenolic functionalities by **P-NMR

HSQC semi-quantification

%

Error (%)

Reference® Reference”

(water) Ac-L GluA-L FA-L FDCA-L (acetone 50%) FPA-L AA-L
1 +2.0 21 9 19 12 8 32 7 5
1ocester +1.5 — 16 2 7 5 — 22 34
2 +2.5 27 25 30 28 31 24 24 16
3 +2.0 24 25 23 23 20 19 28 14
4 +0.5 2 2 2 1 — 3 8 4
5 +0.5 1 1 1 1 — 2 1 2
6 +2.5 26 25 29 30 32 25 30 22

*'P NMR

Error (mmol g~ ) mmol g~

Aliphatic-OH +0.12 3.17 3.29 5.04 4.89 10.8 3.68 2.55 3.34
C5 condensed para-OH +0.07 0.87 0.92 0.83 1.61 3.41 0.56 0.40 0.61
Guaiacyl para-OH +0.04 0.71 0.77 0.54 1.18 1.82 0.68 0.57 0.89

L = Lignin. The numbering of lignin structures is consistent with Fig. 4 whereas the nomenclature of functionalized lignin can be found in
Fig. 2. 1e.ester = Co/Ha of benzyl ester; — = Not detected “*'P NMR spectra available in ESI, Fig. S11 and S12.
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Diagnostic analyses of the assigned structures were
obtained through the HMBC and HSQC TOCSY studies of
acetone/water-synthesized functional polymers (Fig. 5).

HMBC not only provides the proof of connectivity between
atoms in a spin system but also the proof of connectivity
between different spin systems. Specifically, with reference to
acylation herein (Fig. 5), the connected C atoms align on the
proton axis of the Ca signal (circled in green dots in the
figure). Signals b, ¢ and d are proton correlations with aro-
matic C,, Cs and Cy, respectively. More interesting is the align-
ment of the correlation of the o protons with the carbonyl
carbon (signal e) from a different spin system, implying that
the carboxylate is indeed coupled to the Ca. Furthermore, the
long range correlations of the carbonyl carbon, e, with the
protons at positions g and h of the molecule assert that the
carbonyl originates from the FPA (Fig. 5). In the HSQC TOCSY,
the correlation of the a protons with those of the p (a) and
hydroxylated y (f) in pO4 structures are confirmed (Fig. 5) and
attest to the o selectivity of functionalization. The alignments
of signals from the lignin skeleton are also shown and are con-
sistent with previous studies.**

The functionalization efficiency

Since functionalization occurs in the BO4 sub-units, the
functionalization efficiency (FE,) can be calculated as a func-
tion of the total pO4 according to eqn (1).

This journal is © The Royal Society of Chemistry 2018

Calculation of the efficiency of functionalization (FE):

FE¢, = 100 X PO4cy (esterified)
% —

BO4Ca(esteriﬁed) + ﬁO4C(x(hydroxylated) + BO4 DBDO

(1)

Accordingly, using the data in Table 3, the highest values
calculated were obtained for the synthesis performed in the
water/acetone system, with the AA acylation showing the
highest efficiency of 79%, O-acetylation 59% and FPA 59%.
The polymers from the water/acetone system were more
efficiently functionalized. This is a reasonable expectation
given that this system produced more PO4 inter-units than
when pure water was used as the solvent (Table 3), and
functionalization occurs in such units. The major competing
reaction which is the addition of water leads to the formation
of a Ca hydroxylated fO4 moiety with the "*C/"H correlation at
71.4/4.71 ppm in the HSQC spectrum. Halving the amount of
water as in the acetone/water system should somewhat lower
the probability for this reaction. However, the number of
moles of water present in both solvent systems is still a few
orders of magnitude higher than that of the carboxylates. The
carboxylate : water molar ratio in the pure water system is
1:800 and in the acetone/water system it is 1:400. That the
addition of carboxylate could competitively occur at such
superior stoichiometry in favour of water is likely due to the

Green Chem:., 2018, 20, 2651-2662 | 2657
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carboxylate being a stronger nucleophile than water. When
compared to the other carboxylates, the favourable acylation of
lignin with AA and FPA is probably due to their stronger
nucleophilic character. In addition, the longer aliphatic chains
carrying the reactive end group in FPA improves the accessibil-
ity when compared to e.g. FA and FDCA.

Unravelling molecular structures

The degree of functionalization is here defined as the number
of inserted functionalities per 100 monolignols. The AA-lignin
has a degree of functionalization of 34% and a DP of 6
(Table 2). In addition, the cinnamyl alcohol (structure 6,
Fig. 4) content is about 22%. Put together, the average mole-
cule is tri-functional in the -ene functionality (2-enes from the
allyl acetate inserted group and one from the cinnamyl group).
A plausible structure is shown in Fig. 6 (left). Similarly, FPA-
lignin fractions have a DP of about 6-8 and a functionalization
degree of about 20%, meaning that they on average had one
functional group inserted per molecule. Furthermore, they
also have one cinnamyl alcohol end group on average per
molecule (>20% cinnamyl structure Table 3). The FPA-lignin
polymer is thus bi-functional in the ene-functionality but
mono-functional in the di-ene functionality as shown in Fig. 6

(right).

Testing material concepts

The AA-and FPA-lignin possess interesting functionalities for
material applications. In the following section, we demonstrate
a few material concepts but will not embark on material syn-
thesis as this would require detailed studies and are a subject
of future work.

Thiol-ene reaction test

Thiol-ene chemistry consists of the addition reaction of thiols
on alkenes. Often promoted by radical initiators, it is per-
formed under mild conditions usually providing high yields

AA-Lignin

FPA-Lignin

Fig. 6 Typical structures of AA-lignin and FPA-lignin.
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and harmless by-products.*® In materials science, it has been
shown to be a versatile tool with applications in surface modi-
fication, grafting, polymerization of thermoplastic materials
and curing of thermosetting resins. Although such a class of
reactions were studied for more than a century,’® renewed
interest is attributed to the possibilities it offers for the pro-
duction of biopolymers*” and bio-based materials.*®

Specifically in relation to lignin, we recently fabricated
lignin-based thiol-ene thermosets from a pre-allylated
ethanol-soluble Kraft lignin fraction.*

Herein, we investigate the feasibility of the thiol-ene reac-
tion in the green synthesis of allylated lignin (AA-lignin, Fig. 6,
left). It should be noted here that the choice of a monothiol in
our work was made intentionally to avoid crosslinking.

In classical thiol-ene based thermosets, bi- tri- or multi-
functional thiols are used. The reason for our choice was to
enable solution state NMR studies, since this would not only
allow for the confirmation that the thiol addition had
occurred, but also enable detailed qualitative and quantitative
analyses of structural changes that may occur in the lignin
skeleton during the reaction. In addition, the selectivity of the
reaction can be studied. The reaction was performed on AA-
lignin which was mixed with an excess of methyl 3-mercapto-
propionate (M3MP) and left to react in bulk for 24 hours at
120 °C.* This first attempt was on the AA-lignin without
further modification, while being aware of the possibilities of
phenoxy radical generation from lignin. The HSQC study did
not show any changes in the lignin structure that would have
arisen from radical coupling reactions of resonances to
the phenoxy radical (ESI: Fig. S14f%). Instead, new signals
assigned to Cy esters on the lignin appearing at '*C/'H:
63.5/4.17-4.27 ppm were observed. More specifically, the reac-
tion involved the primary alcohol on the cinnamyl structure
(structure 6, Fig. 4), as observed from the expected shift of the
CB in this structure from '*C/'H: 128.6/6.23 ppm to
124.4/6.1 ppm (ESL Fig. S14t). A trans-esterification reaction
between Cy hydroxyls in structure 6 and the ester-ended thiol
had occurred. No signals typical of the expected thiol reaction
with double bonds were identified. Thus, for improved selecti-
vity, the pre-acetylation of the AA-lignin was adopted to cap
reactive hydroxyls. The thiol-ene reaction was then performed
on the acetylated AA-lignin and in the presence of a radical
initiator, AIBN (5%).

The reaction was carried out at a lower temperature, 80 °C,
since AIBN has 10 hours half-life at 65 °C and kg(s™') = 3.2 x
107" at 70 °C;*® a small amount of DMSO-d,, (4% wt/vol%) was
added to help the dissolution of the reaction mixture and
facilitate NMR studies. Interestingly, after 12 hours, the C=C
double bond in the cinnamyl structure was fully thiolated
while the double bond in the esterified AA was in principle
unreacted, even in the excess of thiol. This selectivity could be
the result of the higher electron density in the C=C bond of
the cinnamyl structure imposed by the presence of the elec-
tron-donating aromatic ring. The terminal allyl group in the
inserted AA only reacted when the thiol-ene reaction was
carried out solvent-free and for a longer running time

This journal is © The Royal Society of Chemistry 2018
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(18 hours). The disappearance of unsaturated carbon peaks
(Fig. 7a, signals 6,65 of cinnamyl alcohol and signals a-b of
the allyl end group) suggests the formation of new aliphatic
bonds due to the thiolene reaction. The HSQC analysis of AA-
lignin after the thiolene reaction shows a diagnostic signal at
3C/*H: 45.9/3.17 ppm. HMBC confirmed the addition of thiol
in the p position of cinnamyl alcohol manifested in the align-
ment of Ca(e), Cy(g) and C,(d) with the p proton in lignin

View Article Online
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(Fig. 7a). The confirmation of thiol addition to AA, on the
other hand, was not possible by HMBC due to the crowded
overlapping of C/H signals in the aliphatic region. However,
HSQC TOCSY (Fig. 7b) combined with *C APT (ESI: Fig. S157)
was the key analysis to confirm the thiol addition to the allyl
functionality in AA. The result supported an anti Markovnikov
reaction®® which would create diagnostic methylene signals in
the same spin system. More specifically, HSQC TOCSY revealed
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Fig. 7 Expanded HSQC, HMBC (a) and HSQC TOCSY (b) spectra of acetylated AA-lignin before and after the thiolene reaction. (a) In the aromatic
region, the disappearance of unsaturated carbon peaks (6,-64 of cinnamyl alcohol and a-b of the allyl end group) after the thiolene reaction is
evident. HMBC shows the alignment of Caf(e), Cy(g) and C,(d) with p proton of the reacted cinnamyl alcohol whereas (b) HSQC TOCSY reveals the
cross peak correlation between newly formed methylene signals h, |, |. Extended HSQC TOCSY and HMBC spectra of AA-lignin are available in the

ESI: Fig. S16.7 Colours of lignin substructures are expressed in Fig. 4.
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cross peak correlation between the newly formed aliphatic
signals at "*C/'H: 31.1/2.47 ppm (h), 28.7/1.53 ppm (i), 23.8/
1.62 ppm (1) as shown in Fig. 7b, while >C APT confirmed that
all were methylene signals. Overall, these reactions demon-
strated that thiols could be inserted into the structures selec-
tively following an acetylation capping reaction of reactive
hydroxyls. Bi- or multi-functional thiols could be used instead
and serve as cross-linkers to produce lignin-based thiol-ene
thermosets.*

Diels-Alder [4 + 2] cycloaddition reaction test

The Diels-Alder reaction (DA) is a powerful approach for the
fabrication of complex molecular architectures. Although it
proved to be an essential instrument for the synthesis of bio-
active natural products, in materials science it represents one
of the most exploited pathways for the construction of revers-
ible materials. In particular, furan-based DA systems have
been deeply exploited for the fabrication of linear macro-
molecules presenting reversible polycondensation processes or
in reversible cross-linking resins.>"

The Diels-Alder reaction was recently demonstrated on
Kraft lignin functionalization and FPA.>> The stepwise syn-
thesis however included non-green chemicals. Nevertheless,
the reaction was shown to form a gel at 70 °C in DMSO after
several days. The retro-reaction reforming the solution
occurred at 120 °C.

Herein, we intended to achieve chain elongation and sub-
jected the benignly synthesized di-ene (FPA-lignin) to a
Diels-Alder reaction with maleimide monomer (M) as di-
enophile.

The optimized conditions were 50 °C, 4 days reaction for a
15% wt/volume solution of DMSO-ds. Under these conditions,
a conversion of about 60% was obtained as typified by the
signals associated with the DA product (Fig. 8: HSQC). The
BC/'H correlation appears at 135.2-137.8/6.3-6.4 ppm for the
newly formed C=C bond (cross peaks in d and e), two signals
at 78.0/5.12 and 79.8/5.0 ppm for the carbons bridged by
oxygen (cross peak a) and a couple of signals at 49.6/2.74, 51.3/
2.94 and 50.5/3.15, 49.3/3.55 ppm assigned to the newly
formed saturated carbons (cross peaks b and c). The conver-
sion was estimated by dividing the sum of the volume integrals
of the signals at 49.3/3.55 and 51.3/2.94 ppm corresponding to
the *C/*H correlation of the atom marked b for endo- and exo-
products, with a characteristic signal of unreacted FPA-lignin
(FPA 3, "*C/'H: 141.5/7.47 ppm).

A thorough analysis on model compounds by 'H and
COSY-90 NMR allowed the discrimination of such signals rela-
tive to the exo- and endo-forms of the adduct (ESI: Fig. S17 and
$187).”* Specifically, the exo-adduct accounts for 82% (Fig. 8,
signals a;-e;) while the endo adduct (Fig. 8, signals a,—e,)
accounts only for 18%. The retro DA reaction occurred at
130 °C but was also accompanied by the cleavage of the ester
linkage between lignin and FPA. SEC traces suggested an
increase in molar mass resulting from the DA reaction
(Fig. 8: SEC).
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Fig. 8 SEC of FPA-lignin before and after the Diels—Alder reaction and
the HSQC spectrum of the Diels—Alder product. The subscripts 1 and 2
stand for exo- and endo- diastereoisomers, respectively, whose orien-
tation between the proton in a (Ha) and b (H;—H,) is shown.

Thus, here, we demonstrated that the DA reaction on a
green functionalized lignin had occurred without affecting the
lignin skeletal structure. This specific DA product could find
use in chain extension chemistries if reacted with bi-functional
amines. Such a reaction constitutes the ring opening of the M
ring and could find applications in thermoplastics. The disas-
sembly aspect of the retro-DA reaction observed here presents
the added advantage of the recyclability of such materials.

Potential of and criteria for the functionalization concept

Our efforts were focused on functionalization through esterifi-
cation. However, based on the functionalization mechanism,
nucleophiles other than carboxylates could be used. Such
nucleophiles need to meet certain criteria which would
include solubility and compatibility with the solvent- and
redox systems, respectively. Strategies for material concepts are
not limited to those demonstrated in our work but could
extend to include grafting from-, grafting to- and other types of
chemistries. Caution must however be taken to tame the lignin
reactivity towards selective reactions. For instance, selective
capping reactions of hydroxyls subsequent to functionalization
may be required. The potential to tailor the molar mass of the
lignin could also be exploited depending on the application.
The choice of monomers is also another important variable

This journal is © The Royal Society of Chemistry 2018
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and is not limited to coniferyl alcohol. Obviously, other mono-
mers such as sinapyl alcohol from hardwood or coumaryl
alcohol can be used. These can be applied to tailor the back-
bone structure of lignin. The use of sinapyl would for instance
elevate the content of aryl ethers and pinoresinol structures.
The concept may also be extended to dimers or oligomers that
meet the criteria of the Ca-Cp conjugation on a unit with free
phenolic hydroxyl groups. Limitations could arise from factors
such as sterical hindrance. Interestingly, structures such as
coniferyl aldehydes which have the Ca-Cp conjugation do not
polymerize under these conditions. This is probably due to the
extended conjugation to Cy carbonyls in these structures.
However, the option to reduce such structures to the corres-
ponding coniferyl alcohols also offers possibilities to increase
the yields of coniferyl alcohols. Such oxidized monomers are
also present in technical lignins and could also be produced
through other catalytic oxidative processes currently under
investigation. Thus, in a lignin-first biorefinery context, the
potential for high yield production of coniferyl alcohol is not
far-fetched. With respect to environment benignity, the green
functionalization strategy is further supported by the natural
recyclability potential manifested in the backbone structure of
the synthesized lignins possessing inter-unit similarities to
native lignin. Furthermore, in analogy to native lignin net-
works, benzylic carbon is significant for the network formation
in the synthesis and an important disassembly point in the
proposed recycling philosophy.

Conclusions

In the present work, we investigated the possibilities for the
adoption of coniferyl alcohol as a platform monomer in the
synthesis of lignin-based materials. Coniferyl alcohol was
selected based not only on the production potential in existing
pulping technologies, but also on its uniqueness from the
viewpoint of being nature’s chosen monomer for softwood
lignin biosynthesis. Accordingly, we report a concept for the
production of selectively functionalized lignins in one pot with
lignin synthesis using a biomimetic approach.

A bi-functional molecule, with at least one carboxylate func-
tionality, was included in the biomimetic synthesis of lignin
from coniferyl alcohol, in one pot, to obtain a functionalized
lignin oligomer, with degrees of polymerization (5-10), which
is well suited for material synthesis. Detailed characterization
using several NMR techniques, such as "H NMR, *'P NMR, *C
APT, COSY-90, HSQC, HMBC and HSQC TOCSY, confirmed
that lignin functionalization occurred through the esterifica-
tion of the carboxylate functionality on the studied molecules
to the benzylic carbons in lignin, and with excellent selectivity.
The other functionality on the bi-functional molecule was vari-
able and included ene- di-ene- carboxylate- and polyol-func-
tionalities demonstrating the platform nature of the adopted
strategy. High degrees of functionalization were obtained for
certain compounds and were attributed to their higher nucleo-
phile strengths.
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On selected functionalized lignins, material concepts were
tested. More specifically, thiol-ene- and Diels-Alder cyclo-
addition-chemistries were chosen to demonstrate the possibili-
ties for thermoset synthesis and chain extension chemistries,
respectively.

For the thiolene test, the selected molecule was the lignin
esterified with allylacetic acid (AA-lignin), which was tri-func-
tional in the ene-functionality (two originating from the allyl-
acetic acid and one from the lignin cinnamyl end group). It
was shown that a pre-acetylation of AA-lignin was required to
tame the lignin reactivity in order to obtain the desired reac-
tion. Thus, thiol addition to the double bonds was successfully
done, demonstrating the thermoset resin concept. For the
Diels-Alder demonstration, a lignin esterified with furylpro-
panoic acid (FPA-lignin), which was mono-functional in the
di-ene functionality, was used without further modification,
together with maleimide monomer as the di-enophile. The
cyclo-addition reaction was successfully performed. Here, we
envision further reaction of the Diels-Alder product with other
compounds e.g. diamines in chain extension chemistries for
e.g. thermoplastic applications.

The proposed functionalization concept presents unpre-
cedented possibilities for greener production of sustainable
lignin-based materials with ramifications for environmental
benignity.
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