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Simple rhodium terpyridine complexes were found to be suitable
catalysts for the redox neutral cleavage of lignin in water. Apart
from cleaving lignin model compounds into ketones and phenols,
the catalytic system could also be applied to depolymerize dioxa-
solv lignin and lignocellulose, affording aromatic ketones as the
major monomer products. The (hemi)cellulose components in the
lignocellulose sample remain almost intact during lignin depoly-
merization, providing an example of a “lignin-first” process under
mild conditions. Mechanistic studies suggest that the reaction pro-
ceeds via a rhodium catalyzed hydrogen autotransfer process.

Aromatic compounds are important building blocks for the
production of value-added chemicals for materials, fine chemi-
cals and pharmaceuticals.'™ Currently, aromatic chemicals are
mainly produced from fossil resources. With diminishing
fossil resources and the growing worldwide concern over this
environmental problem, it is vital to find renewable
approaches for the production of aromatic chemicals. Lignin
is the largest aromatic heteropolymer in nature, accounting for
15-30 wt% of biomass.”® By virtue of this feature, lignin is
considered to be a promising renewable source of aromatics
that can alleviate the dependence on fossil resources.”®
However, due to the complicated amorphous structure and
highly heterogeneous nature of lignin, selective depolymeriza-
tion of lignin remains a challenge.”®°™" One approach is to
develop an efficient catalytic system for the selective cleavage
of the relatively unreactive C-O bonds in lignin, particularly
the most abundant p-O-4 linkages.>>* Despite the various
elegant strategies reported for the chemical disassembly of
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lignin,"*" the following major issues have not been well

resolved in most cases: (1) in a certain number of processes,
external oxidants™'®'7**2% or reductants'>">*"?°?7  are
required, which are often hazardous and generate waste; (2)
severe reaction conditions, such as high temperature and
pressure, are usually required;>'**' (3) organic solvents, e.g.
alcohols, toluene, and dioxane,'®?>?*313841 are normally
used, which does not meet the green chemistry criteria. A
lignin depolymerization process requiring no external oxidant/
reductant in aqueous media under mild conditions is desir-
able from the green chemistry viewpoint. Lignin contains a
large number of hydroxyl groups in its sidechain,®”"'* which
have the potential to be dehydrogenated to provide hydrogen
for the hydrogenolysis of C-O bonds. Thus, the redox-neutral
cleavage or depolymerization of lignin could be realized, if a
catalyst can transfer the hydrogen from the alcohol moieties
in lignin to cleave its C-O bonds. This concept has
been recently demonstrated by several groups with both
homogeneous®>>*?**>1* and heterogeneous'>***%*>8 cata-
Iytic systems. Despite these progresses, homogeneous catalytic
systems with water as the solvent under mild conditions,
which could be used for real lignin depolymerization, are still
highly sought after. As native lignin is generally an insoluble
solid, homogeneous catalytic systems might be more suitable
for its depolymerization compared to heterogeneous catalytic
systems in view of its mass transfer efficiency. Recently, we
have demonstrated this hypothesis with a water soluble binuc-
lear Rh complex catalytic system.>

In this work, structurally tunable terpyridine mononuclear
Rh complexes are found to be efficient catalysts for the selective
cleavage of lignin model compounds into ketones and phenols
with water as the solvent under mild conditions. In addition,
this robust catalytic system can be used for depolymerizing real
lignin and raw woody biomass, affording aromatic ketones as
the major monomer products. Notably, the lignin component
in raw woody biomass could be selectively depolymerized,
leaving the (hemi)cellulose components intact, providing an
example of a homogeneous “lignin-first”**~" process.
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Terpyridine ligands have found broad applications in
coordination  chemistry and molecular recognition.
Terpyridine metal complexes are oxidatively and thermally
robust. However, examples of using terpyridine metal com-
plexes as catalysts are few.>>” Previously, we have shown that
a binuclear Rh complex with terpyridine (2,2":6',2"-terpyridine)
ligand is an effective catalyst for dehydrogenation of alco-
hols,*® dehydrogenative coupling reactions,’® borrowing hydro-
gen reactions®® and aqueous redox-neutral depolymerization
of lignin.** Nevertheless, the structure of this binuclear Rh
complex is difficult to modify, as the binuclear structure might
not be formed upon changing the substituents on terpyridine.
Crabtree and co-workers reported that Ru and Ir terpyridine
complexes could catalyze borrowing hydrogen reactions
between alcohols.> We envisioned that structurally tunable
simple Rh terpyridine complexes might be also employed as
catalysts for hydrogen transfer reactions. We thus synthesized
several Rh-terpyridine complexes (Table 1, 1la-1h) with
different electronic and hydrophilic properties and tested
them as catalysts for the redox-neutral cleavage of a lignin
model compound (2a) in water. Gratifyingly, when the reaction
was performed with 1 mol% 1a and 1 equivalent of NaOH in
water at 110 °C for 12 h, the majority of 2a was cleaved into 4a
(4-acetylanisole, 73% yield) and 5a (guaiacol, 77% yield), with
a small amount of the dehydrogenation product 3 being

Table 1 Rh catalyzed redox-neutral cleavage of the C-O bond of a
lignin model substrate?

Catalyst (1 mol%)

R
NaOH (1 equiv.), 110 °C, Q OMe
H,0, 12 h, under Ar . oH

2a
MeO

Yield® (%)

NaOH Conversion _—
Entry Catalyst (equivalent) (%) 3 4a 5a
1 la 1 86 7 73 77
2 1b 1 82 10 67 71
3 1c 1 62 9 48 51
4 1d 1 80 8 65 69
5 1e 1 21 8 11 12
6 1f 1 55 11 38 41
7 1g 1 69 11 46 52
8 1h 1 40 11 23 26
9¢ la 0.5 65 11 47 51
107 1a 1.5 100 8 84 87

7 N\
Catalyst -
N, t‘:I 1a, R=4-OMePh 1e, R= 9-anthracyl
L /—7\N7R‘him ::E::-hcaph :;.ij:mz
1d, R = 2-naphthyl 1h, R = COOH

“Reaction conditions: 2a (0.2 mmol), catalyst (0.002 mmol), NaOH
(0.2 mmol), H,O (1 mL), 110 °C, 12 h, under Ar. After the reaction,
hydrochloric acid (1 M) was used to acidify the solution to pH = ca. 1.
bYields were determined lzy GC-FID with diphenyl as the internal stan-
dard. * NaOH (0.1 mmol). “ NaOH (0.3 mmol).
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obtained (Table 1, entry 1). Catalysts with electron-donating
substituents showed better activity than the ones with elec-
tron-withdrawing groups (1a vs. 1c, and 1g vs. 1h). During the
reaction, we observed that catalyst 1a is insoluble in water. As
the model substrate 2a also has low solubility in water, the
cleavage reaction might take place in an “on water” manner,
differing from our previous binuclear Rh catalytic system.>*
We then increased the hydrophobicity of the catalysts by intro-
ducing more hydrophobic groups, e.g. 2-naphthyl (1d) and
9-anthracyl (1e). Although good conversion was obtained with
1d (Table 1, entry 4), low yield was observed with 1e (Table 1,
entry 5), suggesting the requirement of a balanced hydropho-
bicity and hydrophilicity. Taken together, the above results
suggest that ligands with electron-donating groups and conju-
gated groups with moderate hydrophobicity are good for this
transformation. The amount of NaOH also affected the conver-
sion and yields of the products of the reaction (Table 1, entries
9 and 10). Full conversion of 2a into 4a (84% yield) and 5a
(87% yield) was achieved and a small amount of the dehydro-
genated intermediate 3 was obtained, when the reaction was
conducted with 1 mol% of catalyst 1a in the presence of 1.5
equivalents of NaOH (lower amount of base compared with
our previous binuclear Rh system)** in water at 110 °C for 12 h
under an Ar atmosphere (Table 1, entry 10).

A variety of lignin model compounds were then tested to
probe the versatility of the catalyst (Table 2). It was found that
the methoxy groups at ortho-, meta- and para-positions on both
phenyl rings, which are commonly found in natural lignin, are
all tolerated under the optimized conditions (Table 2, entries
1-6). Full conversions were observed for these substrates.
However, low activities were observed for substrates with a
hydroxyl group on the a-phenyl ring; the starting substrates
could not be fully consumed (67% conversion for 2g and 79%
conversion for 2h) even with higher catalyst loading and pro-
longed reaction time (Table 2, entries 7 and 8). Delightfully,
substrates with the y-OH functionality (2i and 2j) were fully
consumed, albeit affording relatively complex products
(Table 2, entries 9 and 10). As the structures of 2i and 2j are
closely related to that of real lignin, we then tested the catalytic
system for the depolymerization of real lignin samples.

Dioxasolv lignin extracted from poplar wood was used to
test the feasibility of the depolymerization of real lignin
samples with the above developed -catalytic system.
Delightfully, the lignin can be effectively converted into an oil
sample under the optimized catalytic conditions, with a yield
of 90 wt%. MALDI-TOF analysis of the oil samples suggested
that the molecular weights of the major products are in the
range of 50-400 Da (Scheme S1f), indicating monomers,
dimers and trimers to be the major products. Further analysis
by GC-MS and GC-FID indicated that aromatic ketones were
the dominant monomers with a yield of 10.8 wt% based on oil
and 9.7 wt% based on the starting lignin solid (Scheme S2 and
Table S37).

The contents of the monomeric units and the percentage of
different linkages of lignin were characterized by Two-
Dimensional Heteronuclear Single Quantum Coherence NMR

This journal is © The Royal Society of Chemistry 2020
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OH

0. 1a (1 mol%)

X X
R~ | 5= T NGOH (15 equv), 110°C, (1.5 equiv.), 110 °C, O)J\ C

Z sai Z H,0, 12 h, under Ar

2

Entry 2 R! R? Time (h) Yield? (%)
1 2a 4-OMe 2-OMe 12 4a, 84 5a, 87
2 2b — 2-OMe 12 4b, 76° 5a, 90
3 2¢ — — 12 4b, 79 5b, 76
4 2d 3,4-OMe 2-OMe 12 4c, 83 5a, 85
5 2e 3,4-OMe 2,6-OMe 12 4c, 87 5¢, 90
6 2f 3,4-OMe 3,5-OMe 12 4c, 82 5d, 86
74 2g 4-OH 2-OMe 60 4d, 48 5a, 60
8¢ 2h 3-OMe, 4-OH 2-OMe 60 4e, 69 5a, 73
9 Zi OH OMe

MeO HO

“Reaction conditions: 2 (0.4 mmol), 1

: G

R®=Me, 4a, 9 5a, 56
RO = Et, 4f, 31

Foags

6a, 24

: S0

R3=Me, 4d, 16 5a, 51
R3 = Et, 4g, 22

o OMe
MeOD)krO. i
MeO

7a,28

a (0.004 mmol), NaOH (0.6 mmol), H,O (1 mL), 110 °C, under Ar. After the reaction, hydrochloric acid

(1 M) was used to acidify the solution to pH = ca. 1. ? Isolated yields. ¢ Yield was determined by GC-FID. “1a (0.008 mmol).

(2D HSQC NMR). Fig. 1 (I) shows that p-O-4 aryl ethers (A lin-
kages) are dominant linkages (up to 87.7%), whilst the
number of -5 (B linkages, 6.2%) and p-p (C linkages, 6.1%) is
very small in dioxasolv lignin. After the reaction, the 2D NMR
spectra show that most of the A linkages have disappeared
(Fig. 1, I vs. III), indicating that the majority of the A linkages
were cleaved by the catalytic system. The aromatic regions of
the 2D-HSQC NMR spectra show that the S/S’ molar ratio has
decreased from 68.3 to 1.2 (Fig. 1, II vs. IV), suggestive of the
dehydrogenation of the C,~OH group. The dehydrogenation of
the C,—OH group is also supported by the presence of G'5, G5
and G'¢ as shown in Fig. 1 (IV). These results suggest that the
depolymerization of real lignin could be achieved with the
aqueous redox-neutral catalytic system.

To further demonstrate the versatility of this catalytic
system, conversion of raw wood powder (poplar, 40 mesh,
1000 mg) without further pretreatment was conducted under
the standard conditions using 1a as the catalyst. Impressively,
15 wt% of oil products (based on the starting raw wood
powder) was obtained in water at 110 °C for 24 h, and 65 wt%
(651 mg) of a solid residue was recovered.®’ Noting that the
lignin content in poplar wood powder is determined to be
18.6%,°> most of the lignin (80.6%) has been deconstructed
into oil products. The solid residue could be easily separated

This journal is © The Royal Society of Chemistry 2020

from the oil products via simple filtration. Enzymatic hydro-
lysis of the solid residue yielded 72% of glucose and 20% of
xylose, respectively (based on the weight of solid), which
suggests that the solid residue mainly consists of cellulose and
hemicellulose. The above results suggest that the Rh catalytic
system is capable of “lignin-first” depolymerization®®™" of
lignocellulose.

The oil product obtained from the raw wood powder was
further analyzed by GC-MS, GC-FID and 2D HSQC NMR. The
GC-MS and GC-FID analysis results indicate that the structures
of the aromatic monomers are similar to those obtained from
dioxasolv lignin oil (Scheme S2 vs. Scheme S4 and Table S3 vs.
S57). The total yield of the monomers is 16.7 wt% based on
the oil and 2.5 wt% based on the starting raw poplar wood
powder. Further, the 2D HSQC NMR analysis results show that
most of the A linkages (B-O-4) have disappeared in the side-
chain region (Fig. 1, I vs. V) and certain amounts of S, ¢, G/,
Gs' and G¢' have appeared in the aromatic region of the oil pro-
ducts (Fig. 1, I vs. VI), which are in agreement with the results
of the dioxasolv lignin sample. The above results suggest that
the Rh-terpyridine catalytic system is highly active and selec-
tive not only for the cleavage of lignin model compounds and
real lignin depolymerization, but also for the woody biomass
depolymerization in a “lignin-first” manner, affording aro-

Green Chem., 2020, 22, 33-38 | 35
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Fig. 1 2D HSQC NMR spectra. | and II: dioxasolv poplar lignin; Ill and
IV: oil obtained from the dioxasolv poplar lignin sample; V and VI: oil
obtained from lignocellulose.

matic ketones as the major monomer products. As aromatic
ketones were obtained as the major monomers in the depoly-
merization of both real lignin and lignocellulose, the cleavage
might follow a mechanism similar to that for the model
substrates.

The mechanism for this Rh-terpyridine catalyzed redox
neutral depolymerization was then considered. Upon cleavage
of the model compound 2a, the dehydrogenated product 3a
was obtained. Based on our previous study and the literature,
3a could serve as an intermediate for the cleavage reaction.
Indeed, 3a was cleaved into ketone and phenol products in the
presence of a hydrogen source (Table 3). These results suggest
that the cleavage was initiated by dehydrogenation of the
alcohol moiety into a ketone intermediate (with a weaker ether
C-O bond compared with 2a, 55.9 vs. 69.2 kcal mol™),'® fol-
lowed by the reductive cleavage of the ether bond. Further deu-
terium labelling studies showed that the deuterium atom adja-
cent to the hydroxyl group in 2a’ was selectively transferred to
the a-methyl group of the ketone product 4a’ (Scheme 1), poss-
ibly via a Rh-D intermediate. These observations are similar to

36 | Green Chem., 2020, 22, 33-38
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Table 3 Mechanistic studies?

[¢]
0. 1a (1 mol%)
NaOH (1.5 equiv.), 110 °C,
MeO'

H,0, 12 h, under Ar

Yield® (%)

Entry Additive Conversion (%) 4a 5a

1 — 9 4 7

2 1-Phenylethan-1-ol 80 73 78
(0.2 mmol)

3 H, (0.2 mmol) 26 16 24

“Reaction conditions: 3a (0.2 mmol), 1a (0.002 mmol), NaOH
(0.3 mmol), H,O (1 mL), 12 h, under Ar. After the reaction, hydro-
chlorlc acid (1 M) was used to acidify the solution to pH = ca. 1.
bYields were determined by GC-FID with diphenyl as the internal
standard.

o OMe
1a (1 mol%) OH
CH,D
NaOH, 11o°c *
Toluene, 12 h, Ar MeO’ 70% D

4

Scheme 1 Deuterium labelling experiment.

our previous studies on binuclear Rh catalyzed lignin depoly-
merization.>* Thus, the key steps for this mononuclear Rh-ter-
pyridine complex catalyzed lignin cleavage might be similar to
those with the binuclear Rh complex.

Substrates 2i and 2j with the y-OH functionality gave
complex products (Table 2, entries 9 and 10). Based on the
above mechanistic studies, a plausible mechanism for the for-
mation of these products as exemplified with 8 is proposed
(Scheme 2). 8 is first dehydrogenated to produce a Rh hydride
and 9; 9 could undergo a retro-aldol reaction to give 10 and
formaldehyde (the formation of formaldehyde is confirmed by
'H NMR studies, see section 8.2 of the ESI for detailst) or de-
hydration to afford 11; 10 could be cleaved by a Rh hydride to
give 14 and 15; and 11 could be reduced by a Rh hydride to
form 12, which could be further cleaved to give 13 and 14

o NaOH

Rl b Retro-Aldol )OJ\/
o N o - o
Ar1)jr SAr Art SArz —_— Art SAr
HCHO

Rh-H
o H o o
A Ri Ao g
Ar + APOH ~————— A A At +  APOH
13 1 12 15 14

Scheme 2 A plausible mechanism for the cleavage of 8.

This journal is © The Royal Society of Chemistry 2020
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(Scheme 2). Clearly, the hydrogen source in 8 is not sufficient
to cleave itself completely into 13, 14, and 15. Thus, a substan-
tial amount of 12 was produced. Various lines of evidence
suggest that 1a remains mononuclear for this reaction
(see section 8.3 in the ESI for detailst).

Conclusions

In conclusion, simple and structurally modular Rh terpyridine
complexes are found to be effective catalysts for redox-neutral
cleavage of the C-O bonds of p-O-4 lignin model compounds
in water under mild conditions. The modularity of the catalyst
structure allows us to find a catalyst with optimal electronic
and hydrophobic properties for lignin cleavage, which requires
less base additives (1.5 equiv. vs. 4 equiv.) and behaves differ-
ently (on water vs. in water) compared with our previous binuc-
lear Rh catalytic system. The catalytic system could also be
used for depolymerizing real lignin and raw poplar wood
powder. The depolymerization of raw poplar wood powder pro-
ceeds in a “lignin-first” manner giving high yields of lignin oil
products. The solid residue could be easily separated and enzy-
matically hydrolyzed to produce glucose and xylose.
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