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Introduction

The efficient use of natural resources is currently attracting
a lot of attentions in both science and technology field.[1]

Lignin, along with cellulose and hemicellulose, is one of the
main constituents of lignocellulosic biomass (40 % by energy).
It has great potentials to be developed into major industrial
raw materials for the production of high quality liquid fuel and
pharmacological applications.[2] Three monolignols, p-coumaryl,
coniferyl and sinapyl alcohols are major components of lignin,
and are randomly bonded through different C�O�C and C�C
linkages to form cross-linked amorphous copolymer struc-
ture.[3] These natural phenolic alcohols have broadly biological
and pharmacological activities and can be utilized in the phar-
macological fields. They possess a hydroxyl group at the Cg po-
sition and a phenolic hydroxyl group per phenolic propane
unit, which make them possible for the production of polyur-
ethanes and polyesters.[4] Unfortunately, lots of lignin depoly-
merization methods remove too much oxygen and/or disrupt
the aromatic ring to produce low value chemicals.[5] Therefore,
one of the great challenges remaining for efficiently depolyme-
rizing lignin is to produce natural phenolic alcohols from ligno-
cellulose that not only preserves the original structure of

lignin, but also makes the depolymerization process atom-
efficient.

Among hydrolysis, pyrolysis, oxidation, and hydrogenation,
hydrogenation has been considered as a promising method to
efficiently depolymerize lignin.[6] The hydrogenation of lignin
model compounds has already made great advances[7] and
a few groups have reported the hydrogenation of raw lignocel-
lulose materials recently (summarized in Table S1 in the Sup-
porting Information). Noble metal-based catalysts, such as Pd,
Pt, and Ru, have been reported for the directly reductive cleav-
age of C�O ether bonds in lignin.[8] The W2C catalyst, which
has noble-metal-like properties, has been reported to success-
fully hydrogenate birch sawdust to guaiacyl and syringyl deriv-
atives with the help of a Ni-based catalyst.[9]

In our previous work, we demonstrated that non-noble
metal Ni-based catalysts can efficiently depolymerize birch
sawdust without the use of a co-catalyst, using methanol to
provide an active hydrogen species.[10] Abu-Omar et al.[11] also
reported that Ni/C is a good catalyst to efficiently depolymer-
ize lignocellulose; however, phenolic propanes were obtained
as the main products, in which the hydroxyl group at the Cg

position was removed. Therefore, it still remains a challenge to
efficiently hydrogenate raw woody biomass to natural phenolic
alcohols using Ni-based catalysts.

Herein, the aim of this work is to develop a strategy for
the high yield production of natural phenolic alcohols from
woody biomass using Ni catalysts. The strategy is to selectively
modify the Ca�OH group through an etherification process.
Breaking the hydrogen bond between the Ca�OH hydrogen
and Cb�O oxygen can facilitate the Cb�O cleavage. It was re-
ported that Ni can be used as a catalyst for etherfication of
lignin b-O-4 model compounds and methanol under hydrogen
atmosphere to break the hydrogen bond. In addition, water
has been reported to accelerate the etherification of the
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Ca�OH in beech sawdust through in situ formation of acid cat-
alyst.

Results and Discussion

Characterization of hydrogen bonding in b-O-4 model
compounds

To investigate the nature of the hydrogen bond in lignin b-O-4
motifs, variable-temperature 1H NMR experiments were per-
formed. Guaiacylglycerol-b-guaiacyl ether (GGGE) and guaiacyl-
glycerol-a-methyl-b-guaiacyl ether (GGMGE) were chosen as b-
O-4 model compounds. Figure 1 a shows the partial variable-
temperature 1H NMR spectra of the Ca�OH proton of GGGE in
CDCl3 in the range of 298–328 K. The chemical shift of the Ca�
OH proton moved from 3.62 ppm to 3.50 ppm with increasing
the temperature. For GGMGE, the Ca�OH proton was removed
and resulted in a Ca�OCH3 group (Figure 1 b). A slope value
from the linear fits of lnd versus 1/T was used for the distinc-
tion of the hydrogen bond according to our previously pro-
posed Arrhenius-like equation. The Ca�OH proton of GGGE
shows a slope value of 113.0 (inset in Figure 1 c), suggesting
that it may involve an intramolecular hydrogen bond. On the
other hand, the Ca�OH proton has a coupling constant (3JHCOH)
of 1.8 Hz (inset in Figure 1 c), which deviates significantly from

5.5 Hz.[12] It indicates the restricted rotation around the Ca�O
bond owing to the presence of the hydrogen bonding. There-
fore, above results suggest that an intramolecular hydrogen
bond exists in GGGE, and the intramolecular hydrogen bond in
GGMGE disappears because the Ca�OH proton was replaced
by methyl group.

Density functional theory (DFT) calculations were employed
to understand the intramolecular hydrogen bond in GGGE
using the hybrid meta-GGA M062X[13] functional and 6-
31g(2d,2p) basis set with the Gaussian 09 program. The opti-
mized geometry of GGGE demonstrated that the Ca�OH
proton participated in intramolecular hydrogen bonding to the
Cb�O oxygen (OHa···Ob, 2.37 �) and the oxygen of the aromatic
methoxy group (OHa···Omethoxy, 2.19 �) (Figure 1 d), which is con-
sistent with the geometry observed in the crystal structures of
lignin b-O-4 models.[14] The computational results also predict-
ed the Cb�O bond of GGGE to have a bond dissociation en-
thalpy (BDE) value of 289 kJ mol�1, while the Cb�O BDE value
of GGMGE is 20 kJ mol�1 lower (Figure 1 d). Kim et al.[15] and
Younker et al.[16] reported that disruption of intramolecular hy-
drogen bonds can potentially reduce the Cb�O BDE. These re-
sults suggest that methylation of the Ca�OH group in b-O-4
structure breaks intramolecular hydrogen bonds and might
weaken the Cb�O bond.

Figure 1. Partial variable-temperature 1H NMR spectra of a) the Ca�OH proton of GGGE and b) the Ca�OCH3 proton of GGMGE in CDCl3. c) Plots and linear fits
(R2>0.999) of lnd of the Ca�OH proton versus 1/T for GGGE, the inset illustrates the slope value d(lnd)/d(1/T) and the coupling constant 3JHCOH. d) Optimized
geometries of GGGE with hydrogen-bond lengths in � and GGMGE, and their computational Cb�O BDEs.
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Comparison of Cb�O bond cleavage activity using different
b-O-4 model compounds with and without hydrogen
bonding

To compare the Cb�O cleavage reactivity between GGGE and
GGMGE, hydrogenolysis reactions were performed in polar
aprotic solvent with a Ni/C catalyst. As shown in Table 1, guaia-
col and guaiacylpropanol (GPol) were obtained as main prod-
ucts, and eugenol, isoeugenol, and 4-propylguaiacol derived
from GPol were also identified. Considering one substrate mol-
ecule can generate two monomeric products, each monomer
yield is defined as 50 % of the molar ratio of this monomer to
the substrate. The total phenolic monomer yield provided an
indication of the Cb�O cleavage reactivity. Entries 1 and 2 in
Table 1 compare the results of GGGE and GGMGE in dioxane
for 1 h. GGGE exhibited a total phenolic monomer yield of
8.3 % with a conversion of 12.5 % (Table 1, entry 1), whereas
GGMGE showed 3� higher yield towards monomers (26.5 %)
with higher conversion (39.5 %) at the same conditions
(Table 1, entry 2), indicating a higher Cb�O hydrogenolysis re-
activity. Prolonging the reaction time to 2 h resulted in 15.5 %
monomer yield from GGGE and 41.8 % monomer yield from
GGMGE, respectively (Table 1, entries 3 and 4). When the reac-
tions were carried out in tetrahydrofuran (THF) for 1 h, GGGE
gave 7.1 % phenolic monomers. The phenolic monomer yield
reached 26.3 % from GGMGE, which is approximately 3� higher
than that from GGGE (Table 1, entries 5 and 6). In addition,
a control experiment without catalyst was demonstrated in
entry 7. The GGMGE conversion was 13.3 %, but the total mo-
nomer yield was only 1.1 %. These results demonstrate that the
Cb�O bond in the Ca�OH etherified b-O-4 model compound
GGMGE is easier to be cleaved than that in GGGE.

Effect of metal catalysts for in situ etherification method

To put this structural etherification strategy into practice,
in situ formation of the active Ca�OH etherified intermediate
coupled with hydrogenolysis was developed for efficient Cb�O
bond cleavage. By using methanol as etherification reagent
and solvent, we firstly tested several reduced metal-based cat-
alysts for the selective etherification of the Ca�OH group in
GGGE (Table 2). Ru/C provided a Ca�OH methylated product
GGMGE yield of 1.4 % with a conversion of 12.3 % under 20 bar
H2, as well as Pd/C (Table 2, entries 1 and 2). When Ni-based
catalysts were employed, the GGMGE yield dramatically in-
creased (Table 2, entries 3–6). Ni/C exhibited 98.6 % conversion
of GGGE and 72.8 % yield of GGMGE, which is the excellent
one among those tested catalysts. As a control, the reaction
was conducted using Ni/C under 20 bar N2. Only 3.9 % yield of
GGMGE was obtained (Table 2, entry 7). It is known that re-
duced nickel oxide is effective for converting aliphatic alcohol
to ether in presence of H2.[17] Without any catalyst in H2 atmos-
phere, GGMGE yielded 3.2 % (Table 2, entry 8). These results
suggested that the catalytic system with Ni/C and H2 was ef-
fective for GGGE etherification.

Cascade etherification–hydrogenolysis reactions of model
compounds

A higher reaction temperature was used to perform the cas-
cade etherification–hydrogenolysis reactions of GGGE in meth-
anol using Ni/C as catalysts. Representative chromatograms of
reaction products were demonstrated in Figure S1. Guaiacol
and GPol were identified as main products. The reaction data
were shown in Table 3. At the reaction time of 2 min, 86.9 %
conversion of GGGE generated 61.2 % yield of GGMGE and
16.8 % yield of total phenolic monomers (Table 3, entry 1). As
the reaction proceeded, the intermediate GGMGE slightly in-
creased to a yield of 64.1 % and then decreased to 9.1 %.

Table 1. Cb-O cleavage of lignin b-O-4 model and Ca-OH methylated b-O-4 model compounds by Ni-catalyzed hydrogenolysis.[a]

Entry Substrate Conv. [%] Phenolic monomer yield [%]
Gol GPol Eol iEol PG total

1 GGGE 12.5 3.2 4.2 0.5 0.0 0.4 8.3
2 GGMGE 39.5 11.4 1.6 0.1 11.1 2.3 26.5
3[b] GGGE 26.8 6.4 7.7 0.8 0.0 0.6 15.5
4[b] GGMGE 71.9 19.3 2.0 0.8 14.2 5.5 41.8
5[c] GGGE 15.7 2.4 2.7 1.6 0.0 0.4 7.1
6[c] GGMGE 52.6 12.2 3.8 0.9 9.4 0.0 26.3
7[d] GGMGE 13.3 0.4 0.1 0.3 0.3 0.0 1.1

[a] Reaction conditions: substrate (0.1 g), Ni/C (0.025 g, 10 wt % Ni loading), dioxane (10 mL), 150 8C, 20 bar H2, 1 h. [b] 2 h. [c] THF (10 mL). [d] THF (10 mL)
without any catalyst.
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Meanwhile, the monomers increased gradually to a yield of
82.0 % within the overall tested time, which included 35.8 % of
GPol (phenolic alcohols) and 41.8 % of guaiacol in yield
(Table 3, entries 2–8). These results revealed that GGGE con-
verted quickly into the Ca�OH etherified intermediate GGMGE
and then decomposed with the Ni/C and H2 catalytic system.
Optimizing the conditions at 180 8C for 2 h achieved complet-
ed conversion of GGGE with 36.1 % of GPol and 46.4 % of
guaiacol (Figure S2).

Water accelerates the etherification process of sawdust

Besides Ni-based catalysts, water is also important during the
etherification of real lignin. Methanosolv lignin treated in dif-

ferent water content was isolated from Beech sawdust (Fagus
sylvatica) by an autocatalytic organosolv process. Dioxasolv
lignin was also performed using the same procedure as a con-
trol lignin. The lignin structure was determined by 2 D
HSQC NMR techniques following reported procedures.[18] Three
main linkages, (b-O-4, A), (b-5, B), and (b-b, C), were observed
in all lignin fractions (Figure 2 a–d) and semi-quantified using
the guaiacyl G2 and syringyl S2,6 cross-peaks as the reference.[19]

Semi-quantification provided that the linkages per 100 C9 units
were 51.9 (A), 4.2 (B), and 8.0 (C) and the S/G unit ratio was
3.0:1.0 in the dioxasolv lignin (Figure 2 a). For methanosolv lig-
nins, HSQC analysis revealed the appearance of the Ca�OH me-
thylated b-O-4 (AMe) signals in green-coded cross peaks, of
which the Ca�H coupling was identified at dC/dH 82.3:4.44 and

Table 2. Tests of reduced metal-based catalysts for the selective methylation of the Ca-OH group in native b-O-4 model GGGE.[a]

Entry Catalyst Conv. [%] Phenolic product yield [%]
Gol GPol Eol iEol PG GGMGE

1 Ru/C 12.3 2.9 2.2 1.4 0.2 0.9 1.4
2 Pd/C 12.8 3.7 3.1 1.4 0.2 0.8 1.4
3 Ni/C 98.6 9.2 7.4 0.2 0.3 0.5 72.8
4 Ni/Al2O3 96.5 4.0 3.1 0.5 0.1 0.3 59.0
5 Ni/ZrO2 68.4 1.1 0.9 0.1 0.9 0.6 56.3
6 Ni/SiO2 37.1 1.9 1.3 1.2 0.0 0.0 14.1
7[b] Ni/C 19.6 1.9 2.0 0.7 0.2 3.5 3.9
8 Blank 5.2 0.2 0.2 0.0 0.3 0.0 3.2

[a] Reaction conditions: GGGE (0.1 g), catalyst (0.025 g), methanol (10 mL), 120 8C, 20 bar H2, 2 h. [b] 20 bar N2.

Table 3. Time course data of the Ni/C-catalyzed etherification-hydrogenolysis cascade reaction of GGGE in methanol.[a]

Entry t [min] Conv. [%] Phenolic product yield [%]
Gol GPol Eol iEol PG total GGMGE

1 2 89.6 7.2 5.8 2.8 0.5 0.5 16.8 61.2
2 10 96.7 10.7 8.6 2.8 0.2 1.5 23.9 64.1
3 20 98.5 14.4 11.8 3.0 0.2 1.1 30.8 58.2
4 60 100.0 24.9 20.7 2.9 0.2 1.4 50.5 39.6
5 120 100.0 29.1 24.0 2.7 0.0 1.6 58.3 29.9
6 240 100.0 36.0 29.1 2.8 0.2 1.5 70.2 19.0
7 360 100.0 39.0 33.3 2.7 0.2 1.2 76.6 14.2
8 480 100.0 41.8 35.8 2.6 0.3 1.3 82.0 9.1

[a] Reaction conditions: GGGE (0.1 g), Ni/C (0.025 g, 10 wt % Ni loading), methanol (10 mL), 150 8C, 20 bar H2.
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the methyl group in AMe was observed at dC/dH 56.5:3.15 (Fig-
ure 2 b–d). The methanosolv lignin extracted from pure metha-
nol retained 46.4 % of A including 5.4 % of AMe (Figure 2 b).
When water was added into the methanosolv process, the con-
tent of AMe was increased. The methansolv lignin isolated from
80 % aqueous methanol showed 49.4 % of A, including 9.2 % of
AMe (Figure 2 c). And the AMe content in the methanosolv lignin
from 60 % aqueous methanol further increased to 12.8 % (Fig-
ure 2 d). According to the mechanism discussed previously, this
is expected that water could increase the releasing of acetic
acid from wood sawdust and the acidic catalyst would acceler-
ate the nucleophilic substitution at Ca position with metha-
nol.[20] NMR results demonstrated that the linkages and total b-
O-4 contents in methansolv lignin were quite similar to the di-
oxasolv lignin except for the Ca�OH methylated b-O-4 sub-
structure.

Hydrogenolysis of raw Beech sawdust in aqueous methanol

Based on the above results, the etherification-hydrogenolysis
method was applied in the depolymerization of raw Beech
hardwood sawdust. As shown in Table 4, two natural phenolic
alcohols syringylpropanol (SPol) and GPol were obtained as
main products. Besides, C1�C3 alkylsyringols and alkylguaiacols,
like propylsyringol (PS) and propylguaiacol (PG), were identi-
fied as other phenolic monomers (see Table S2 for more de-
tails). Entries 1–6 compare the results for reactions in aqueous
methanol and pure methanol. In 60 % aqueous methanol, hy-
drogenolysis of raw Beech sawdust yielded 51.4 wt % phenolic
monomers with a total selectivity of 75.3 % towards SPol and
GPol (Table 4, entry 1). The yield of SPol and GPol was 28.9 and
9.8 wt %, respectively. The yield of SPol and GPol was slightly
dropped to 26.6 and 9.0 wt % when 80 % aqueous methanol
was used as solvent (Table 4, entry 2). In comparison, the reac-

Figure 2. Partial 2 D HSQC NMR spectra of lignin fractions isolated from Beech wood sawdust by an autocatalytic organosolv process in a) 60 % aqueous diox-
ane, b) methanol, c) 80 % aqueous methanol, and d) 60 % aqueous methanol. Amounts of b-O-4 (A), Ca-methoxylated b-O-4 (AMe), b-5 (B), and b-b (C) linkages
relative to 100 C9 units and S/G ratios are given.
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tion in pure methanol gave a SPol yield of 18.5 wt % and
a GPol yield of 7.5 wt % (Table 4, entry 3). Similar catalytic per-
formances were observed in the reactions using half amounts
of Ni/C catalysts (Table 4, entries 4–6). Next, another reaction
was compared in dioxane solvent, yielding only 8.1 wt % of
SPol and 4.2 wt % of GPol (Table 4, entry 7). The much higher
phenolic alcohol yield from sawdust in aqueous methanol is
likely owing to an efficient etherification–hydrogenolysis ap-
proach by Ni/C and H2 catalytic systems and the mixed water
during methanosolv lignin fractionation.

Conclusions

High yield production of natural phenolic alcohols (38.7 wt %)
from woody biomass has been achieved using a Ni/C catalyst
in a methanol–water co-solvent. The NMR results and density
functional theory (DFT) calculations suggested that replace-
ment of the Ca�OH proton in GGGE with a methyl group
breaks intramolecular hydrogen bonds and weakens the Cb�O
bond. Using this Ni-based catalyst, we can efficiently etherify
the Ca�OH group in lignin, which can break the hydrogen
bond (OHa···Ob) to facilitate the Cb�O cleavage. 2 D HSQC NMR
analysis shows that water can also accelerate the etherification
of raw lignin with methanol through in situ formation of acid
catalyst. The above results show that breaking the intramolec-
ular hydrogen bonds accelerate the Cb�O cleavage, maintain-
ing the original structure of lignin. This work highlights the sig-
nificance of structure modification in lignin depolymerization
and displays clear potential for the valorization of whole bio-
mass.

Experimental Section

To determine the lignin content in Beech sawdust, the T222 om-02
TAPPI standard method was used. Briefly, Beech (Fagus sylvatica)
sawdust was firstly treated with an ethanol/benzene mixture (1:2,
v/v) in a Soxhlet extractor for 12 h to remove resin, wax, and fat.
Then, the sawdust was washed with ethanol, dried at 100 8C for
4 h, and weighted. The dried powder (1.00 g) was placed in a flask
and mixed gradually with 72 wt % H2SO4 (15 mL) in an ice bath
under stirring. Then, the flask was placed in a 20 8C bath for 2 h.
After that, the mixture was diluted to 3 wt % H2SO4 solution, re-
fluxed for 4 h, and then cooled down to room temperature. The
solution was filtered, and the solid residue was washed with water
until it was neutral. The solid was collected, dried under vacuum
(40 8C for 2 days), and weighted (0.2132 g). The Klason lignin per-
centage was 21.0 wt % based on raw Beech sawdust.

Characterization of lignin structure: To characterize hydrogen
bonds in b-O-4 model compounds, variable-temperature 1H NMR
experiments were performed. Before measurement, the samples
were purified by vacuum freeze drying in liquid nitrogen overnight
and then dissolved in dried CDCl3 (5 mm). The NMR samples were
kept for 5 min at each given temperature before acquiring 1H NMR
data. Temperature coefficients were measured over a range of 298
to 328 K. All chemical shifts were calibrated by setting the internal
reference (tetramethylsilane) to 0 ppm. 32 000 data points were ac-
quired over 6009.6 Hz spectral width (acquisition time 2.7263 s)
using 32 scans and 1 s relaxation delay. The error in 1H chemical
shifts was �0.001 ppm at a given temperature.

2D 1H, 13C HSQC NMR spectra were used to identified lignin struc-
ture. The central DMSO solvent peak (dC/dH 39.52:2.49) was used
for shift correction. The NMR sample consisted of 40 mg of lignin
dissolved in 0.5 mL of [D6]DMSO. The HSQC measurement was per-
formed using the standard Bruker pulse sequence hsqcetgpsi.2.
The spectral width of 10.3 and 165 ppm (receiver gain: 208) was
acquired in the F2 and F1 dimension, respectively. Other parame-
ters for data acquisition included an acquisition time of 130 ms,

Table 4. Depolymerization results of raw Beech wood sawdust using different water content.[a]

Entry Solvent Phenolic monomer yield [wt %][c] SPol + GPol
SPol PS other Ss GPol PG other Gs total select. [%]

1 MeOH/H2O (6:4, v/v) 28.9 7.9 2.0 9.8 0.7 2.1 51.4 75.3
2 MeOH/H2O (8:2, v/v) 26.6 6.8 1.3 9.0 1.2 0.8 45.7 77.9
3 MeOH 18.5 7.7 2.2 7.5 2.6 0.8 39.3 66.2
4[b] MeOH/H2O (6:4, v/v) 19.2 7.6 5.1 7.7 0.9 3.7 44.2 60.9
5[b] MeOH/H2O (8:2, v/v) 23.3 5.0 1.6 8.8 0.9 0.9 40.5 79.3
6[b] MeOH 18.3 2.7 1.8 6.9 1.0 0.6 31.3 80.5
7 dioxane 8.1 0.9 0.3 4.2 0.3 0.5 14.3 86.0

[a] Reaction conditions: Beech sawdust (1.0 g), Ni/C (0.10 g, 10 wt % Ni loading), solvent (20 mL), 200 8C, 20 bar H2, 5 h. [b] 0.05 g Ni/C. [c] Phenolic mono-
mer yield calculated based on the Klason lignin content in raw Beech sawdust. The Klason lignin in raw Beech sawdust is 21.0 wt %. Other Ss contain 3-me-
thoxypropylsyringol, 4-propenylsyringol, 4-ethylsyringol, 4-methylsyringol, and syringol; Other Gs contain 3-methoxypropylguaiacol, 4-propenylguaiacol, 4-
ethylguaiacol, 4-methylguaiacol, and guaiacol.
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a relaxation delay time of 1.5 s, 24 scans, and 1024 data points.
The spectra were processed using squared cosine bell in both di-
mensions. Volume integration of cross-peaks in the HSQC spectra
was carried out using MestReNova software. Semi-quantification of
the ratios of lignin linkages and aromatic units was calculated fol-
lowing the reported method,[19] in which the integrals of S2,6 signals
from syringyl units and G2 signals from guaiacyl units were used as
the internal reference (100 C9 units): C9 units (100) = 0.5(S2,6 + S‘

2,6 +
Scondensed) + G2.

All calculations presented were accomplished using the DFT
method with hybrid meta-GGA M062X[13] functional and 6-
31g(2d,2p) basis set by Gaussian 09 program.[21] These structures
were optimized without constraints. At the optimized structures,
vibrational frequencies were analyzed to confirm that the struc-
tures were at the minima corresponding to the local minima (with-
out imaginary frequency). The zero-point energies and the thermal-
ly corrected enthalpies at 298 K were obtained during the frequen-
cy analysis. The BDE was calculated as the difference of the sum of
the zero-point corrected enthalpies of the parent molecule and the
thermally corrected enthalpies of the unimolecular dissociation
products.[15]

Catalyst preparation: Metal-based catalysts were prepared using
an incipient-wetness impregnation method and activated by re-
ducing in hydrogen. Typically, supports were added into the aque-
ous metal salt solution. After ultrasonic dispersion, the slurry was
kept at room temperature for 24 h and then dried at 110 8C over-
night. Prior to each reaction, the catalysts were activated in a flow
of H2 at 450 8C for Ni-based catalyst, 350 8C for Ru-based catalyst,
and 250 8C for Pd-based catalyst, respectively. In particular, activat-
ed charcoal support was treated in the nitric acid solution
(38 wt %) at 80 8C for 3 h before use.

Catalytic depolymerization of b-O-4 model compounds: In a typi-
cal catalytic hydrogenolysis experiment of b-O-4 model com-
pounds, 0.1 g of substrate, 10 mL of solvent, and 0.025 g of cata-
lyst were loaded into a 50 mL autoclave (T316 Stainless Steel,
ASME SA-479, Parr Instrument). The autoclave was sealed, purged
with H2 to expel air (repeated 5 times), and pressurized with 20 bar
H2 at room temperature. Then the mixture was heated to the de-
sired temperature within 20 min under stirring at a speed of
1000 rpm. After reaction, the autoclave was cooled in an ice-water
bath and depressurized at room temperature. The mixture was fil-
trated to remove the catalyst and filtrate was collected for analysis.
Liquid products were identified by GC–MS and HPLC-MS/MS, and
the quantification was performed on a Waters e2695 HPLC system
equipped with 2489 UV/Vis detector at 272 nm. The products were
separated using a C18 column (Agilent ZORBAX extend-C18
column, 4.6 mm � 150 mm, 5 mm) and acetonitrile/water as the
mobile phase. A non-linear gradient elution with a flow rate of
1.0 mL min�1 was used as follows: 25!22 % CH3CN over 10 min,
22 % CH3CN for 5 min, 22!60 % CH3CN over 5 min, 60 % CH3CN
for 2 min, 60!100 % CH3CN over 1 min, 100 % CH3CN for 5 min,
return to initial conditions over 2 min and re-equilibrate for 5 min.
The column was maintained at 30 8C. Products were quantified by
using a standard calibration curve in HPLC/UV. Conversion and
yield were calculated using the following equations:

Conversion ¼
�

1� moles of substrate
moles of substrate loaded

�
� 100 %

Yield ¼
�

moles of product� number of C6 rings
moles of substrate loaded� 2

�
� 100 %

Catalytic depolymerization of real lignin: Typically, raw Beech
sawdust (100 mesh, 1.0 g), solvent (20 mL), and Ni/C catalyst were
placed in a 50 mL autoclave. The reactor was sealed, purged with
H2 to expel air and filled with 20 bar H2 at room temperature. The
reaction was conducted at the desired temperature at a stirring
speed of 1000 rpm. After reaction, the autoclave was cooled in an
ice-water bath. To analyze the phenolic monomers, a weighed
amount of external standard (n-decane) was added into the mix-
ture and a sample was filtrated and collected for gas chromato-
graph (GC)–flame ionization detector (FID) and GC–MS analysis.
Phenolic monomers were identified by matching of their retention
times to authentic standard samples and through the use of exact
mass from GC–MS spectra in the context of expected products.
The monomer yield was calculated using the following equation:

Yieldx ðwt %Þ ¼
�

mass of x monomer
mass of Klason lignin in sawdust

�
� 100 %
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High Yield Production of Natural
Phenolic Alcohols from Woody
Biomass Using a Nickel-Based Catalyst

Splitting wood: High yield production
of natural phenolic alcohols (38.7 wt %)
from woody biomass has been achieved
through an etherification–hydrogenoly-
sis strategy. Using a Ni catalyst in
a methanol–water co-solvent, we can

efficiently etherify the Ca�OH group in
lignin that can break the hydrogen
bond (OHa···Ob) to facilitate the Cb�O
cleavage, keeping the original structure
of lignin unchanged.
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