#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Selective catalytic transformation of lignin with

i'.) Check for updates‘
guaiacol as the only liquid productf

Cite this: Chem. Sci., 2020, 11, 1347

Xiaojun Shen, ©2° Qinglei Meng,*? Qingging Mei, &2 Huizhen Liu, ©2° Jiang Yan,®
Jinliang Song, ©2 Dongxing Tan,?® Bingfeng Chen, 22 Zhanrong Zhang,?
Guanying Yang® and Buxing Han (& *2P<d

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Guaiacol is an important feedstock for producing various high-value chemicals. However, the current
production route of guaiacol relies heavily on fossil resources. Using lignin as a cheap and renewable
feedstock to selectively produce guaiacol has great potential, but it is a challenge because of its
heterogeneity and inert reactivity. Herein, we discovered that La(OTf)s could catalyze the transformation
of lignin with guaiacol as the only liquid product. In the reaction, La(OTf)s catalyzed the hydrolysis of
lignin ether linkages to form alkyl-syringol and alkyl-guaiacol, which further underwent decarbonization
and demethoxylation to produce guaiacol with a yield of up to 25.5 wt%, and the remaining residue was
solid. In the scale-up experiment, the isolated yield of guaiacol reached up to 21.2 wt%. To our
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Introduction

In the chemical industry, guaiacol is considered as an important
raw material for the syntheses of many value-added chemicals,
such as spices (vanillin, veratraldehyde and eugenol),"* pesti-
cides,® drugs (eugenol, potassium guaiacolsulfonate, guaifene-
sin, berberine, and isoprenaline),*® a plant growth regulator (2-
methoxy-5-nitrophenol sodium salt) and so on. Based on a global
market survey, the demand for the above high-value chemicals
increases year by year. Typically, annual demand for guaifenesin,
vanillin, and eugenol is 37 000, 16 000, and 7300 t per year,
respectively,>** all of which may be synthesized from guaiacol.
Therefore, the demand for guaiacol is large. However, current
production of guaiacol is mainly based on the methylation of
catechol which is an expensive downstream chemical from fossil
resources, using additional methylation reagents, for example,
methanol and methyl chloride (Fig. 1A).** Lignin is an aromatic
abundant renewable source that is rich in guaiacyl (G) units,
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be considered as a platform to promote lignin utilization.

whether in the woody or herbaceous plants.*** Hence, using
lignin as a cheap and renewable feedstock to produce guaiacol
has considerable potential, and can decrease the dependence on
fossil resources for producing this important chemical.">""®
Moreover, guaiacol would be used to produce more chemicals,
both in category and quantity, if we could obtain cheap and
renewable guaiacol from lignin.

However, lignin has high heterogeneity and low reactivity,
because it is predominately bonded by a series of inert C-O and
C-C linkages (accounting for approximately 70% and 30%,
respectively).’® Although some technologies, such as hydrogena-
tion,?* oxidation,* hydrolysis,’***** and multiple strategies,*
have been developed to depolymerize lignin into low-molecular-
weight lignin monomers, the primary products from these
processes are mixtures of compounds (phenols, arenes, aromatic
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Fig.1 Production route to guaiacol: (A) traditional route, (B) new route
in this work.
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acids, and so on) due to the complex structure of lignin,**** and
guaiacol can be generated in low yield as one of the monomer
products in the mixtures.””** The liquid mixtures usually make
product separation and purification processes very complicated.
It is therefore attractive to selectively transform lignin into
a single value-added chemical, such as guaiacol, but this is
particularly challenging to achieve efficiently.**

Herein, we discovered that Lewis acid La(OTf); could effi-
ciently catalyze the selective transformation of lignin into
guaijacol (Fig. 1B). As a catalytic system, La(OTf); efficiently
catalyzed the hydrolysis of ether linkages in lignin to form alkyl-
syringol and alkyl-guaiacol products. Alkyl-guaiacol products
further underwent decarbonization to produce guaiacol, while
alkyl-syringol was transformed into guaiacol via decarbon-
ization and demethoxylation. The unique feature of this meth-
odology is that guaiacol can be directly produced from the
transformation of lignin with high yield, and the methylation
process is not required in this route.

Results and discussion

In this work, we firstly screened catalytic systems and optimized
the reaction conditions for the transformation of organosolv

Table 1 Transformation of lignin under different reaction conditions®
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lignin from Eucalyptus. Initially, lignin transformation was
studied with various catalysts in methanol (Table 1, entries 1-8).
It was found that no guaiacol was generated without catalyst
(Table 1, entry 1). As we know, ether linkages can be efficiently
cleaved with Lewis acid catalysts.">***” However, guaiacol could
not be effectively obtained from lignin using weak Lewis acid
catalysts, such as La(NOj3)3, Al(OTf); and LaCl; (Table 1, entries
2-4). Unlike the above acids, the triflate salts with stronger
Lewis acidity could effectively catalyze the production of
guaiacol from lignin with various yields (Table 1, entries 5-8
and Fig. S1At). Methane was the only gaseous product
(Fig. S1BY). We also analysed the reaction mixtures by HPLC,
and the spectra clearly indicated that guaiacol was essentially
the sole product (Fig. S1C¥), establishing this transformation of
lignin, delivering guaiacol as the only liquid product. The
results above reveal that catalytic activity of La(OTf); was the
highest among these catalysts, and the yield of guaiacol could
reach 14.9%. As is well known, a larger water exchange rate
constant (WERC) value is beneficial to the fast hydrolysis of the
ether linkages.* Among the metal cations, the La** ion has one
of the largest WERC values.***”** Furthermore, the higher
temperature and stronger acidity cooperatively promoted the
decarbonization of the side chain to form guaiacol.* Therefore,

—_— ©\ -+ Residual solid
OCH;

OH

Guaiacol

Catalytic system

Solvent/water

Entry Catalyst (mL/mL) Temperature (°C) Catalyst (mg) Guaiacol yield (wt%) ?
1° — 4.0/0.00 270 20 0.0
2 La(NO5); 4.0/0.00 270 20 0.0
3 AI(OT), 4.0/0.00 270 20 0.6
4 LaCl; 4.0/0.00 270 20 1.2
5 HOTf 4.0/0.00 270 20 6.6
6 Fe(OTf); 4.0/0.00 270 20 7.0
7 Yb(OTf), 4.0/0.00 270 20 7.8
8 La(OTf); 4.0/0.00 270 20 14.9
9 La(OTf); 4.0/0.01 270 20 22.5
10 La(OTf); 4.0/0.01 250 20 8.6
11 La(OTf); 4.0/0.01 255 20 11.4
12 La(OTf); 4.0/0.01 260 20 18.9
13 La(OTf); 4.0/0.01 265 20 21.7
14 La(OTf); 4.0/0.01 275 20 22.5
157 La(OTf)3 4.0/0.01 270 20 1.2
16° La(OTf)3 4.0/0.01 270 20 0
17 La(OTf)3 4.0/0.01 270 20 0
18¢ La(OTf); 4.0/0.01 270 20 25.5
19" La(OTf), 4.0/0.01 270 20 12.6

“ Reaction conditions: 50 mg lignin, 20 mg catalyst, 4 mL methanol, 0.01 mL water if needed, 24 h, 0.1 MPa Ar, and 500 rpm.  Guaiacol yield is
calculated based on the weight of lignin. ¢ Without catalyst. ¢ Ethanol/water instead of methanol/water. ° Cyclohexane/water instead of methanol/
water./ Toluene/water instead of methanol/water. ¢ Substrate is conifer wood enzymatic mild acidolysis lignin from pine (EMAL-p). " Substrate is

grass enzymatic mild acidolysis lignin from bamboo (EMAL-b).
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La(OTf); could effectively hydrolyze the ether linkages and
cleave the side chains in lignin.

It is known that hydrolysis of ether linkage is much easier
than alcoholysis.**** We found that water could improve the
guaiacol yield (Table S1t), and a 22.5 wt% yield of guaiacol could
be obtained (Table 1, entry 9). However, too much water in the
catalytic system limited the production of guaiacol (Table S1,}
entries 1-5), presumably due to the poor solubility of organosolv
lignin in water.** According to previous studies, metal triflates
exhibit excellent stability at high temperature.®**”** In this
strategy, the reaction temperature had a significant effect on the
yield of guaiacol. As shown in Table 1, the yield of guaiacol
increased from 8.6 to 22.5 wt% with the temperature increasing
from 250 to 270 °C, and then became independent of tempera-
ture (Table 1, entries 9-14). In addition, the solvents also influ-
ence the yield of guaiacol (Table 1, entries 9 and 15-17). Guaiacol
was hardly obtained in ethanol, cyclohexane, or toluene. This is
understandable because methanol is generally an effective
hydrogen donor.** With methanol steam reforming, methanol
could release hydrogen for catalytic transfer hydrogenation of the
lignin intermediate products (for details see Table 2 and
Fig. S7t), whereas ethanol, cyclohexane, and toluene are not good
hydrogen donors. Furthermore, lignin has very low solubility in
cyclohexane and toluene and is therefore not favorable for the
transformation of lignin.**** Therefore, methanol/water was the
optimum solvent. In addition, the yield of guaiacol from lignin
increased gradually from 3 to 22.5 wt% with the increase of
La(OTf); dosage (Table 1, entry 9 and Table S1f entries 6-9).
Under the determined optimal conditions, we also investigated
the transformation of other lignin samples from conifer wood
(EMAL-p) and grass (EMAL-b) lignin using La(OTf); as the cata-
lyst, and the yields of guaiacol were 25.5 and 12.6 wt%, respec-
tively (Table 1, entries 18 and 19), further indicating the excellent
catalytic performance of La(OTf);.

To gain further information on the transformation of the
lignin, lignin structures before and after the reaction were

Table 2 Results showing the effect of reaction temperature on the
conversion of the lignin model compounds®

on
/@)\/ 0
,D\r"“ La(OT),
i - (I CHOWHL0 > © . é\' ¢\: ?\‘
H I L I H I
1 2 3 4

Yield (%)

Temperature Conversion

Entry  (°C) (%) 1 2 3 4

1 220 >99 >99 79 — —
2 230 >99 >99 95 4 —
3 240 >99 >99 86 12 —
4 250 >99 >99 71 17 11
5 260 >99 >99 49 18 31
6 270 >99 >99 31 11 49

“ Reaction conditions: 50 mg lignin model compound a, 20 mg
La(OTf);, 0.1 MPa Ar, 500 rpm. 24 h, and methanol/water (4/0.01, v/v).
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examined using 2D-HSQC NMR."***** As shown in Fig. 2, A, (6¢/
0y 71.4/4.87, purple), Ag (6c/0x for G units: 84.1/4.32, purple; d¢/
0y for S units: 87.1/4.11, purple) and A, (6c/0y 59.9/3.81, purple)
corresponding to the side chain of B-O-4 were almost dis-
appeared. Other units (- and B-5) were no longer observed
after the catalytic reaction. These results confirmed that the
lignin was dissociated in the reactions, and perhaps beyond just
the B-ethers. The cross signals correlating with the syringyl (S)
(6c/6y 104.0/6.72, red) and oxidized syringyl (S) (dc/0y 106.3/
7.30, red) units were no longer present in the HSQC spectrum
after the reaction, and only guaiacyl (G) units (6¢/0y 111/6.8,
115/6.7, 119/6.6, green) were observed, suggesting that deme-
thoxylation of syringyl units had occurred to form guaiacyl
units.* This is consistent with the aforementioned analysis of
the liquid products. To further confirm the uniqueness of
guaiacol in the liquid product, we used deuterated methanol
(methanol-d,) as the solvent in the lignin transformation. The
2D-HSQC NMR spectra of the obtained liquid product revealed
that only guaiacol could be detected (Figs. S1D and 1Ef).

To further study the catalytic mechanism, the conversion of
lignin model compound a was performed, and the results are
shown in Table 2, Fig. 3 and S2.1 As shown in Table 2, La(OTf);
could efficiently catalyze the conversion of a into guaiacol. The
results illustrated that the 8-O-4 linkage was broken to generate
4-ethylguaiacol at 220 °C. Moreover, as the reaction temperature
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Fig. 2 The 2D-HSQC NMR spectra of the organosolv lignin from
Eucalyptus (top) and reaction residue (bottom) transformation (reac-
tion conditions: Table 1, entry 9).
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Fig. 3 (A) The time-course of the product distributions for the C-C
bond cleavage of the ethyl group in 4-ethyl guaiacol with the La(OTf)s
catalyst. Reaction conditions: 4-ethyl guaiacol (50 mg), La(OTf)s (20
mg), methanol 4 mL, 10 ulL water, 270 °C, 0.1 MPa Ar, and stirring at
800 rpm. (B) Reaction pathway for C—C bond cleavage of the ethyl
group in 4-ethyl guaiacol.

increased, the C-C bond in the ethyl group of 4-ethylguaiacol
was gradually cleaved to form 4-methylguaiacol and then
further transformed into guaiacol,***** which was futher
established by the decarbonization of 4-ethylguaiacol (Fig. 3). As
shown in Fig. 3A, 4-methylguaiacol was initially the major liquid
product due to the cleavage of the C-C bond between C, and Cg
in the side chain of 4-ethylguaiacol. With an extension of the
reaction time, the remaining methyl chain in 4-methylguaiacol
was cleaved, and then guaiacol was formed.**” Correspond-
ingly, methane was generated as the main gaseous product
(Fig. 3), which confirmed that guaiacol was indeed formed by
successive cleavage of the C-C bond in the side chain, as
depicted in Fig. 3B. This is different from various reported
studies.'>**3*% Although Lewis acids have been used as cata-
lysts'>*® or one of the active components of the catalytic
system®*** for transformation of lignin into aromatic chemicals,
only a trace of guaiacol was usually generated together with
various other compounds, mainly because the reaction was
conducted at much lower reaction temperatures in the reported
work. In addition, we also used ethanol as a solvent to study the
reaction (Fig. S4t). The product distribution was different from
that in methanol. 4-Vinylguaiacol was the major product in
ethanol for the side-chain elimination reaction, which revealed
again that methanol was an excellent organic solvent.*****
Although the amount of S units is higher than that of G units
in the organosolv lignin, guaiacol was the only monomeric
product observed and the corresponding residual solid con-
tained only G units, as determined by NMR. Therefore, the
reactions of S units in lignin model compound b (see ESI{) and
2, 6-dimethoxy-4-methylphenol were also investigated (Fig. S5

1350 | Chem. Sci, 2020, N, 1347-1352
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Fig. 4 Scale-up production of guaiacol from lignin. Reaction condi-
tions: 1.50 g organosolv lignin, 0.6 g La(OTf)s, 120 mL methanol,
0.3 mL water, 270 °C, 0.1 MPa Ar, and 24 h.

and S671). The yield of alkyl-syringol was almost negligible,
whereas guaiacol was generated in high yield. The results of
these experiments using model compounds are therefore
consistent with the lignin transformation results in revealing
that even syringyl units really do produce guaiacol (via deme-
thoxylation) under these conditions.

Under optimal conditions, we also performed a scale-up
experiment using a larger amount of organosolv lignin. After
the separation and purification, a 21.2 wt% yield of isolated
guaiacol (0.32 g) could be obtained from 1.50 g lignin (Fig. 4 and
S71), indicating that pure guaiacol with appreciable yield could
be produced from real lignin via this strategy.

Conclusions

In summary, guaiacol can be selectively produced from lignin
using Lewis acid La(OTf); as a catalyst in methanol/water
solvent. The yield of guaiacol reached up to 25.5 wt%, and the
remaining residue is solid. As a catalytic system, La(OTf); effi-
ciently catalyzed the hydrolysis of ether linkages in lignin to
form alkyl-syringol and alkyl-guaiacol products. Alkyl-guaiacol
products further underwent decarbonization to produce
guaiacol, while alkyl-syringol was transformed into guaiacol via
decarbonization and demethoxylation. In the scale-up experi-
ment, 0.32 g of guaiacol can be obtained from 1.50 g lignin, and
the residue is solid. This work opens the way to produce pure
guaiacol from lignin selectively and bridges plant-based lignin
and fossil-based products, affording a green and sustainable
strategy that is of great importance for the valorization of lignin.

Experimental
Catalytic performance

The reaction was carried out in a Teflon-lined stainless-steel
reactor of 20 mL with a magnetic stirrer. In a typical experi-
ment, desired amounts of reactant, catalyst (e.g. La(OTf);),
solvent (e.g. methanol) and H,O (if used) were loaded into the

This journal is © The Royal Society of Chemistry 2020
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reactor. The reactor was sealed and purged with Ar to remove
the air at room temperature. Then the reactor was placed in
a furnace at desired temperature controlled by a PID tempera-
ture controller (model SX/A-1, Beijing Tianchen Electronic
Company), and the stirrer was started. After the reaction, the
reactor was placed in ice water and the gas released was
collected in a gas bag. The gas sample was analyzed by using
a GC (Agilent 4890D) equipped with a TCD detector and
a packed column (carbon molecular sieve TDX-01, 1 m in length
and 3 mm in diameter) using argon as the carrier gas. A known
amount of n-dodecane as the internal standard was added into
the reactor. After that, the liquid reaction mixture was centri-
fuged, and the supernatant liquid was collected for qualitative
analysis using a GC-MS (Agilent 5977A, HP-5MS capillary
column (30 m x 0.25 mm x 0.25 um)) and quantitative analysis
using a GC (Agilent 7890) equipped with a flame ionization
detector (FID) and a HP-5MS capillary column. The yield of
guaiacol was calculated from the GC data. The HPLC analysis of
the supernatant liquid was conducted on an Agilent LC-20AT
liquid chromatograph with a C18 chromatographic column
and a UV-Vis detector (275 nm). The mobile phase was aceto-
nitrile with a flow rate of 0.8 mL min ', and the temperature
was kept at 50 °C. The chromatography was run for 60 min. In
the case with lignin as the reactant, the residual solid was
washed with deionized water, then dried in a vacuum at 60 °C
for 48 h over the P,05 desiccant and characterized by 2D-HSQC
NMR in DMSO-dy (Bruker Advance III 600) according to the
reported procedure.'*** When deuterated methanol (methanol-
d,) was used as the solvent, the procedure was the same as that
described for the above reaction in methanol. After that, the
liquid mixture was centrifuged and the methanol-d, phase was
directly characterized using a 2D-HSQC NMR (Bruker Advance
III 400) without adding additional deuterated solvent.

The scale-up reaction was performed in a batch reactor of
Hastelloy C-276 (500 mL internal volume, Sen Long Instruments
Company, Beijing, China). In the reaction, 1.50 g organosolv
lignin, 0.6 g La(OTf);, 120 mL methanol, and 0.3 mL water were
added into the reactor. The reactor was sealed and purged with
Ar to remove the air at room temperature. Then the reactor was
heated to 270 °C under stirring at 800 rpm, and the reaction was
maintained for 24 h at 270 °C. After the reaction, the reactor was
immediately cooled to room temperature and a gas was released
and collected in a gas bag. The liquid product was concentrated
in vacuo. The product was purified on a silica-gel column with
ethyl acetate-hexane as the solvent (1 : 9, v/v).

Preparation of organosolv lignin from hardwood

Preparation of organosolv lignin was conducted according to
a literature method.?” In the experiment, Eucalyptus powder (50
g) was added to 70% isopropanol/water solution (500 mL). The
batch reactor was heated to 220 °C under stirring at 1000 rpm,
and the reaction was maintained for 1 h at 220 °C. After the
reaction, the batch reactor was immediately cooled to room
temperature in the ice water. The reaction mixture was filtered
via a Buchner funnel. The filtrate was poured into ten volumes
dilute HCI solution with a pH of 2.0 to precipitate the dissolved

This journal is © The Royal Society of Chemistry 2020
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lignin. After centrifugation, the organosolv lignin was collected,
and washed with dilute HCI solution several times. Finally,
purified organosolv lignin was obtained by freeze-drying.

Preparation of enzymatic mild acidolysis lignins (EMALS)
from softwood and grass

The method was similar to that reported in the literature.*>** The
raw sawdust (pine and bamboo) was milled for 1 h at 450 rpm in
a planetary ball mill (Fritsch GMBH, Idar-Oberstein, Germany).
The ball-milled wood (5.0 g) was then suspended in acetate buffer
(0.05 mol L™, 100 mL, pH 4.8), with the loading of 100 FPU
cellulase (Celluclast 1.5 L) and 100 FPU B-glucosidase (Novozyme
188). The reaction mixture was incubated at 50 °C in a rotary
shaker (150 rpm) for 48 h. After enzymatic hydrolysis, the residue
was collected by centrifugation and washed with acidified water
(pH 2) followed by freeze-drying. The residues were then treated
with 0.05 M HCI in acidic dioxane-water (85 : 15, v/v) at 86 °C
under a nitrogen atmosphere for 2 h. The resulting mixture was
filtered and the filtrate containing lignin was collected. The solid
residue was washed with fresh dioxane-water (85 : 15, v/v) until
the filtrate became clear. The filtrate and washings were
combined and then neutralized with solid sodium bicarbonate.
The neutralized solution was concentrated and finally precipi-
tated in a large quantity of acidified water (10 volumes, pH 2). The
precipitated lignin was collected by centrifugation and freeze-
dried under high vacuum. To remove the carbohydrate remain-
ing in the lignin, the lignin was dissolved in 90% acetic acid (20
mL), and then the lignin solution was dropped into 10 volumes of
acidic water (pH 2) producing a lignin precipitate. The precipi-
tated lignin was washed with acidified water several times and
then freeze-dried. EMAL-p and EMAL-b stand for the lignin from
pine (conifer wood lignin) and bamboo (grass), respectively.
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