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Oxidative cleavage of 3-O-4 bonds in lignin model
compounds with polymer-supported Ni—Salen
catalystsy
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Huiying Liao and Zhenshan Hou (&~

Transition metal-catalyzed lignin oxidative cleavage reactions have attracted considerable attention. In this
work, polymerized ionic liquid-tagged Salen ligands have been initially synthesized, followed by anion
exchange, and then coordination with Ni(i) via a —~N,O,— tetradentate structure. Finally, the as-obtained
Ni—Salen complexes were polymerized to give a Ni—Salen polymer catalyst (poly-Ni-[Salen-Vim][OAcl,).
The resulting catalyst showed 99% conversion and 88% selectivity to oxidative cleavage products for the
oxidative cleavage of a lignin model compound (2-phenoxy-1-phenylethanone) without any base
additive at 110 °C. The polymeric ionic liquid-tagged Salen(Ni) catalysts can be separated easily by
centrifugation after the reaction and recycled for five runs with a slight loss of activity. Additionally,
studies on birch lignin depolymerization indicated that polymer-supported Ni Salen catalysts were able
to cleave B-O-4 linkages to produce dimeric products. Further investigation suggests that the oxidative
cleavage reaction was proceeded via a radical pathway.

Lignocellulose, as the most abundant renewable biomass, could be employed to obtain various high-value added platform chemicals through physical sepa-

ration and chemical transformation, which represents a promising approach for sustainable development. Due to the complex structure of natural lignin, f-O-4
model compounds like 2-phenoxy-1-phenylethanone (PP-one) have been utilized as materials for catalytic valorization to form highly valued aromatic
compounds through different pathways. In this work, we have developed a mild catalytic system for selective oxidative cleavage of -O-4 lignin models to
aromatic products using a recoverable polymeric Salen-Ni(u) catalyst (poly-Ni-[Salen-Vim][OAc],), which was constructed via the polymeric Salen ligand coor-

dinating with Ni(OAc),. The as-resulting catalyst can show 99% conversion of (2-phenoxy-1-phenylethanone) and 88% selectivity to the oxidative cleavage
products for the oxidative cleavage of the lignin model compound without any base additive at 110 °C. The polymeric Salen-Ni(u) catalysts can be separated easily

by centrifugation after the reaction and can be recycled for five runs with a slight loss of activity. Further investigation indicates that the catalyst was highly

selective for oxidative cleavage of B-O-4 bonds and the oxidative cleavage reaction proceeded via a radical pathway.

1 Introduction

With the continuous consumption of fossil energy sources, it
has become particularly important to find and utilize renewable
resources efficiently. Lignin, as an abundant, easily available
and renewable biomass resource, is considered a promising
alternative to fossil energy due to its renewability, and thus
selective and efficient conversion of lignin into value-added
chemicals is of great significance for achieving industrial
applications of renewable biomass resources.” It is important
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to note that its complexity and the diversity of bonds in its
structure make the conversion of lignin very challenging.
Typically, effective methods have been reported for selective
depolymerization of lignin to produce aromatic monomers,
including reduction,®* oxidation,*” pyrolysis,® acid catalysis,
base catalysis,”’® photocatalytic and electrocatalytic depoly-
merization.'* Among them, the oxidative cleavage of lignin
is a promising method. Especially, specific aromatic
chemicals with multifunctional groups such as aromatic alco-
hols, aldehydes, ketones, acids, and phenolic compounds are
currently obtainable by the selective oxidative cleavage of
lignin >

The C-O and C-C bonds in lignin exist mainly in the forms
of B-O-4, 4-O-5, a-O-4, 5-5, and B-5 bonds,** of which the B-O-4
bond is an important connecting structure of lignin. The
higher dissociation energy of C-C relative to those in the lignin
B-O-4 structure makes the oxidative cleavage of lignin more
favorable by pre-oxidation of C,-OH to C,=O ketones. Most
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oxidation approaches have focused on the activation and
cleavage of B-O-4 bonds in the lignin structure because of its
relatively low bond dissociation energy (60 kcal mol ').*°
However, selective 3-O-4 bond cleavage reactions usually involve
harsh acidic or basic as well as high temperature conditions.
Highly reactive carbon positive ions and other intermediates are
inevitably produced during B-O-4 bond cleavage. The reactive
species are highly unstable, leading to the production of a large
number of condensation products. As a result, the monomers or
low molecular products directly arising from lignin oxidation
normally tend to be poor.

Different catalytic systems have been studied for lignin
oxidation." ™ It has been found that inexpensive commercially
available copper salts (CuCl, CuCl,, and Cu(OAc),) and bases
(NaOH) are efficient catalysts for the selective cleavage of C-C
bonds of B-O-4 lignin model substrates under mild conditions."”
It has been demonstrated that the addition of a base has
a facilitating effect on the breaking of the -O-4 bond, in which
the base is able to elongate the C,-H bond of the lignin model
substrate so that hydrogen can be easily dissociated. For
instance, the covalent triazine skeletons, a metal-free catalyst,
showed good catalytic activity for the C-C bond cleavage of PP-
one due to the presence of strongly basic sites, which helped to
activate the Cg-H bond.?” Besides, it was found that potassium
tert-butoxide with strong basicity exhibited high catalytic
activity for the oxidative cleavage of PP-ol.” Moreover, a catalytic
amount of solid base (K;HNb¢Oj3o), coupled with the Cu/C3N,
catalyst, showed enhanced catalytic performance for the
oxidative cleavage of PP-one.”* However, the above reaction
system could require severe reaction conditions or addition of
a base, which might cause corrosion and difficulties in sepa-
ration and recycling. In view of these considerations, our group
has developed protonated ionic liquid [Bim][Pic]-stabilizing
vanadium-oxygen clusters, which exhibited high -catalytic
activity for selective aerobic oxidation to cleave B-O-4 linkages
into phenols, esters and acids. It was found that the highly
reversible interconversion of V** and V** species in vanadium
oxo-clusters allowed the coexistence of mixed valence vanadium
species, which was responsible for oxidizing PP-ol to PP-one.**
However, it is still difficult to separate the catalyst from the
reaction system.

Salen complexes have the advantages of being inexpensive,
easy to synthesize and relatively stable.”® In addition, it has been
found that the catalytic activity of metal-Salen catalysts can be
tuned by modulating the moieties of Salen ligands.** V, Cu, Co,
and Mn Salen based catalysts have been reported to catalyze the
oxidation of lignin and model compounds.**~*” For example, Co
Salen catalysts have been most frequently investigated in the
catalytic oxidation of lignin and model compounds because of
their compatibility with aqueous reaction media. Exposure of
Co complexes to oxygen has been reported to form a Co™-
superoxide adduct and Co"™-hydroperoxide adduct.?®*
Although homogeneous metal-Salen complexes have shown
high catalytic properties, their cost-effectiveness, poor stability
and separation difficulties would still hinder their further
application. There have been more studies on the design and
application of heterogeneous Salen complex catalysts,* such as
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covalent grafting of a Salen complex on graphene,* covalent
grafting on silica® and constant potential condition deposition
methods,* which might improve stability and recyclability.
Especially, the entrainment of am ionic liquid (IL) moiety on
a polymeric Salen complex catalyst can facilitate the isolation of
products from the catalyst, and also the counter anions of the IL
have the ability to regulate the oxidative activity of the
catalyst.***® Furthermore, divinylbenzene has been widely used
as a cross-linker in polymeric catalysts since the copolymeriza-
tion between divinylbenzene and 1-vinylimidazolium can form
highly thermally stable and porous polymers, being favorable
for catalytic performance.*”-*°

Inspired by other and our group's previous studies on
oxidative cleavage of f-O-4 bonds in lignin model compounds,
in this work we reported polymeric ionic liquid-tagged Salen
ligands, coordinating with a Ni(u) via the -N,O,- tetradentate
structure to give a polymeric Ni-Salen catalyst (poly-Ni-[Salen-
Vim][OAc],), and the polymeric ionic liquid-tagged Salen(Ni)
catalysts acted as highly efficient catalysts for oxidative cleavage
of B-O-4 lignin model compounds under mild and non-alkaline/
acidic reaction conditions.

2 Experimental section
2.1 Chemicals and materials

High-purity O, (99.5%) was obtained from Shanghai Shangnong
Gas Co., Ltd. K,CO;, CH;COOK, C,H(NiO,-4H,0, C,H,C00,-
‘4H,0 and butylated hydroxytoluene were obtained from
Sinopharm Chemical Reagent Co., Ltd. 1-Vinylimidazole (98%),
divinylbenzene, azobisisobutyronitrile, acetylacetone, ethyl-
enediamine, N-bromosuccinimide, methanol, ethanol, aceto-
nitrile, toluene, N,N-dimethylformamide, dichloromethane,
dimethyl sulfoxide, anhydrous ethyl ether, tert-butanol, anhy-
drous sodium sulfate, 2-bromoacetophenone, a-bromo-4-
methoxyacetophenone, bromo-3,4-dimethoxy-acetophenone,
diphenylethanone, 1,4-benzoquinone, benzoic acid, 1-phenyl-
ethanol and 5,5-dimethyl-1-pyrroline-N-oxide were obtained
from Shanghai Titan Technology Co., Ltd. Phenol, p-methox-
yphenol, phenylglyoxylic acid, methyl benzoylformate, and
methyl benzoate were purchased from Shanghai McLean
Biochemical Technology Co., Ltd. DMSO-ds was obtained from
Shanghai Bailing Wei Chemical Technology Co., Ltd and CDCl,
from Shanghai Haohong Biomedical Technology Co., Ltd.

Birch lignin was derived from birch sawdust according to
a reported method.* Briefly, 10 g of wood chips and 100 mL of
methanol containing 3% (w/w) hydrogen chloride were carefully
added to a 500 mL round-bottomed flask with a condenser. The
mixture was refluxed under vigorous stirring for 70 h. The
reaction was stopped and the reaction mixture was cooled to
room temperature, and then the mixture was filtered to remove
residual solids and washed several times with a small amount of
methanol. The collected filtrate was concentrated by rotary
evaporation to less than 50 mL and transferred to a 250 mL
beaker containing ice water with vigorous stirring. Finally, the
birch lignin was collected by filtration and dried under vacuum
at 60 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis and characterization of lignin model
compounds and lignin preparation

The synthetic route of -O-4 lignin model compounds is shown
in Fig. S1.7 Taking PP-one as an example, 6.9 g (73 mmol) of
phenol was dissolved in a Schlenk bottle containing 100 mL of
acetone, followed by addition of K,CO; (10.4 g, 75 mmol), and
the mixture was stirred at room temperature for 0.5 h. Next, 2-
bromoacetophenone (14.0 g, 70 mmol) was dissolved in 50 mL
of acetone and then was added slowly into the Schlenk bottle.
Then the resulting mixture was refluxed at 60 °C for 12 h. After
the reaction, K,CO; was separated by filtration and the solvent
was removed under reduced pressure. The resulting solid was
then dissolved in ethyl acetate and washed with water. Anhy-
drous MgSO, was used to remove the residual water in the
organic phase. The crude product of PP-one was recrystallized
from ethanol three times. Other substrates were prepared using
a similar method. The as-synthesized substrates were all char-
acterized by "H NMR and >C NMR (Fig. S2-S61).

2.3 Catalyst preparation

2.3.1 Synthesis of [Salen]. The [Salen] ligand was prepared
by condensation of acetylacetone and ethylenediamine,
following a previously reported procedure.* Briefly, acetylace-
tone (100 mL) and ethanol (50 mL) were added to a 250 mL
Schlenk bottle, 27.045 g (0.45 mol) of ethylenediamine was
dropwise added, and the mixture was stirred at 78 °C for 8 h.
The mixture was then cooled and crystallized at 0 °C for 24 h.
The mixture was then filtered, washed with cold ethanol, and
dried in a vacuum at 60 °C. [Salen] was obtained as a white
powder. Yield: 90%.'H NMR (400 MHz, CDCl;) 6 10.89 (s, 1H),
4.99 (s, 1H), 3.50-3.36 (m, 2H), 2.00 (s, 3H), 1.90 (s, 3H). *C
NMR (101 MHz, CDCl;) 6 195.55, 162.86, 96.09, 43.52, 28.98,
28.81, 18.78, 18.64 (Fig. S77).

3.3.2 Synthesis of [Salen-Br]. The [Salen-Br| ligand was
prepared by an electrophilic addition reaction of N-bromo-
succinimide (NBS) and Salen, according to the literature.**
Firstly, the acetonitrile solvent was deoxygenated by passing it
through N, and heated at 80 °C for 1 h. Then 3.3824 g (0.015
mol) Salen was dissolved in acetonitrile (10 mL) and 5.3484 g
(0.03 mol) NBS dispersed in acetonitrile (10 mL) was mixed
under the conditions of a N, atmosphere and ice water bath (0 °
C). The mixture was stirred for 4 h at 0 °C and was filtered and
washed with acetonitrile. The resultant white solid was dis-
solved in methylene chloride, and then NaHCO; aqueous
solution was added to maintain the pH below 8 at 30 °C. The
mixture was washed with water several times and the upper
organic phase was removed and dried using anhydrous sodium
sulfate. The obtained light yellow powder [Salen-Br] was dried in
a vacuum. Yield: 80%. '"H NMR (400 MHz, CDCIl;) 6 11.62 (s,
2H), 3.45-3.40 (m, 4H), 2.30 (s, 6H), 2.15 (s, 6H). **C NMR (101
MHz, CDCl;) 6 194.52, 161.94, 92.59, 44.45, 30.45, 19.32
(Fig. S81).

3.3.3 Synthesis of [Salen-Vim][Br],. The [Salen-Vim][Br],
ligand was prepared by an electrophilic addition reaction of
Salen-Br and 1-vinylimidazole, according to the literature.”> 1-
Vinylimidazole (0.4954 g, 5.26 mmol) was dropwise added to
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[Salen-Br] (1 g, 2.6 mmol) solution in toluene and the mixture
was stirred at 100 °C for 4 h. The suspension was filtered and
washed with toluene (2 mL) and ethyl acetate (3 x 2 mL). The
obtained brown solid was dried in a vacuum at 80 °C for 5 h.
Yield: 70%. "H NMR (400 MHz, DMSO-d) 6 9.31 (d, ] = 64.6 Hz,
1H), 8.20 (d, J = 56.6 Hz, 1H), 7.74 (d, J = 28.4 Hz, 1H), 6.08
(ddd,j = 15.7, 7.7, 2.5 Hz, 1H), 5.97 (dd, J = 34.3, 15.7 Hz, 1H),
5.44 (d, J = 22.0 Hz, 1H), 5.33 (d, J = 8.8 Hz, 1H), 3.80 (s, 2H),
2.34-2.10 (m, 3H), 2.06-1.72 (m, 3H). **C NMR (101 MHz,
DMSO) 6 190.66, 163.66, 139.34, 136.06, 129.35, 128.66, 120.32,
109.88, 107.41, 39.57, 26.36, 14.77 (Fig. S97t).

3.3.4 Synthesis of the polymeric Salen ligand. The [Salen-
Vim|[Br], ligand (0.5680 g, 1 mmol) and divinylbenzene (0.39 g,
3 mmol) were dissolved in C,HsOH (10 mL), and azobisisobu-
tyronitrile (50 mg) was added as a free radical initiator. The
mixture was put into an autoclave reactor, stirred for 3 h at room
temperature under a N, atmosphere, and maintained at 80 °C
for 24 h. The product was washed with water and ethanol
several times and dried under vacuum. No NMR spectra were
available due to the immiscibility of the polymer with all
solvents. Yield: 95%. Elemental analysis results (%): C 64.5, N
7.0, and H 6.3.

3.3.5 Synthesis of the polymer-supported Ni-Salen catalyst.
Poly-[Salen-Vim][Br], (1 g) was dispersed in water (15 mL), and
then KOAc (0.5 g) was added, stirred for 8 h, filtered, and
washed with water and ethanol, and the process of adding KOAc
was repeated three times, after which the polymer ligand [Salen-
Vim][OAc], was obtained by drying under vacuum. To synthe-
size the polymer-supported Ni-Salen catalyst, Ni(OAc),-4H,0
(0.14 g) was added to a 70 mL PTFE inlet containing the polymer
ligand (1.0 g) and DMF (12 mL). The mixture was heated and
stirred at 100 °C for 12 h under a N, atmosphere. After cooling
down to room temperature, the solid was filtered and washed
with DMF and hot ethanol repeatedly. The obtained light
brownish solid was dried in a vacuum and named poly-Ni-
[Salen-Vim][OAc],. Elemental analysis (%): Ni 5.8, C 67.8, N 4.3,
and H 7.1. For comparison, the poly-Co-[Salen-Vim][OAc],
catalyst was synthesized using Co(OAc),-4H,0 as a precursor
following a similar method.

2.4 Typical reaction procedure

Lignin model compound (LMC) oxidation was performed in
a stainless steel high-pressure batch autoclave with a 25 mL
PTFE inlet. The autoclave was equipped with a gas supply
system and a magnetic stirrer. Typically, 0.25 mmol of PP-one
and 50 mg catalyst were added to 3 mL MeOH and the auto-
clave was purged with 0.5 MPa oxygen pressure three times.
Then the autoclave was charged with molecular oxygen and
then the reaction temperature was increased to the desired
level. After the reaction, the reactor was quenched in an ice-
water bath. Then the reaction solution was collected and the
catalyst was separated by centrifugation. A 100 pL reaction
solution was diluted in a 5 mL volumetric flask with a mobile
phase (acetonitrile/water = 7 : 3). The solution was filtered with
a 0.22 mm membrane filter prior to injection. The reaction
substrates and products were analyzed by using HPLC [a LC-100
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Liquid Chromatograph with a GH0515046C18A column
(150 mm x 4.6 mm), a UV detector at a column temperature of
30 °C and a flow rate of 0.5 mL min~" (270 nm for phenol, PP-
one, MB and MP detection) and 1.0 mL min~" (230 nm for BA
detection)]. The conversion of lignin models, the yields of
aromatic products and the selectivity of oxidative cleavage
products are given as follows:

Conv.(%) =

(1 moles of unreacted substrate

- 0,
total moles of initial substrate) x 100%

1)

moles of a certain product
total moles of initial substrate

Yield(%) = < ) % 100%  (2)

Yield of oxidative cleavage products
2 x conversion

Sel.(%) = ( ) x 100% (3)

For oxidative degradation of birch lignin, after the oxidative
degradation reaction, the autoclave was cooled to room
temperature and depressurized. Then the reaction mixture was
centrifuged, and the insoluble fraction was washed with
methanol. The total solution was combined and transferred to
a round-bottom flask and the methanol was removed under
vacuum. The resulting oil was dissolved in CH;CN and was
analyzed by HPLC-MS (Q Exactive Orbitrap LC-MS/MS system,
Thermo Fisher Scientific) equipped with a chromatographic
column (Thermo Hypersil GOLD C18, 3 um, 2.1 mm X 100 mm)
in secondary mass spectrometry mode (HCD) and an electro-
spray ion source (ESI). The small molecular weight substances
derived from birch lignin oxidative degradation were deter-
mined quantitatively by the external standard method accord-
ing to previous reports.*>** The dimers were analyzed by using
dimeric -O-4 lignin model compounds as external standards.
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2.5 Catalyst characterization

The samples were characterized by various techniques such as
Fourier transform infrared spectroscopy (FT-IR), elemental
analysis, X-ray photoelectron spectroscopy (XPS), inductively
coupled plasma optical emission spectroscopy (ICP-OES), ther-
mogravimetric analysis (TGA), and '"H NMR and '*C NMR
spectroscopy. The FT-IR spectra were recorded on a Nicolet
Magna 550 FT-IR spectrometer. XPS was performed using
a Thermo Scientific K-Alpha with C 1s (284.8 €V) as a reference
to correct the binding energy. The elemental analysis of C, H,
and N was performed using an Elementar Vario ELIIICHNO S
elemental analyzer and the ICP-OES analysis of Ni on a Varian
710 instrument, respectively. The BET and pore analyses were
performed using a 3Flex 3500. A PerkinElmer Pyris Diamond
was used for the TGA measurements to test the thermal stability
of catalysts. All samples were vacuumed at 100 °C for 3 h to
remove the solvent molecules before TGA. The samples were
heated from 40 °C to 800 °C (heating rate: 10 °C min~") under
a flow of anhydrous air (flow rate: 20 mL min~"). "H NMR and
13C NMR spectra were recorded on a Bruker AVANCE 400 MHz
instrument (400 MHz "H NMR and 100 MHz "*C NMR) using
CDCl; and DMSO-de as solvents and TMS as the reference,
respectively.

3 Results and discussion

3.1 Synthesis and characterization of the polymeric Ni-Salen
catalyst

The preparation route of the polymeric Ni-Salen catalyst is
shown in Scheme 1. In the initial step, the Salen ligand was
obtained from the condensation between acetylacetone and
ethylenediamine, and then the Salen ligand was bromized with
NBS to afford the Salen-Br ligand, which was further processed

o O

AN

Salen

(/ Br

=\
N=

N

—_—
toluene

Poly [Salen-Vim][OAc],

el N N
/\ . N N NBS =N N
+ HyN NH, \ ) —> Br—\ ) Br
OH HO CH;CN OHHO
=N N= $ =N =
N + 7SN ABN, DVB N N N2
N N i Q> N N
> vi\:OH Ho—{g; = DMF ~ 8 o Ho—{ BF S )
[Salen-Vim][Br], <
O

Q —N  N= S N, N
KOAc N + + /N7 . N+ / ./ N\ +/7~N5
N N N Ni(OAc), A N Ni N
< b — = 2y g/ - /N — \%
H0 ~oac) OH HO /OAC-\% 5~ DMF X Yo o /x
< <
% 4

Salen-Br

Poly [Salen-Vim][Br],

Poly Ni-[Salen-Vim][X],
(X=CH3CO0)

Scheme 1 The preparation route of the polymeric supported-Ni Salen catalyst.
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Fig. 1 FT-IR spectra of (a) [Salen-Vim][Brl,, (b) poly-Ni-[Salen-Vim]
[Brl,. (c) poly-Ni-[Salen-Vim][OAcl,, (d) poly-Ni-[Salen-Vim][Br], and
(e) poly-Ni-[Salen-Vim][OAc], after 5 runs.

with 1-vinylimidazole by quaternization to afford [Salen-Vim]
[Br],. Then the monomer was co-polymerized with divinylben-
zene with azobisisobutyronitrile as a free radical initiator.
Finally, the polymeric ligand was subjected to anion exchange
with KOAc, followed by coordination with Ni(OAc), to afford the
poly-Ni-[Salen-Vim][OAc], catalyst.

The FT-IR spectra of the ligands, the polymeric Salen ligand
and the poly-Ni-[Salen-Vim][OAc], catalyst are all displayed in
Fig. 1. The characteristic peaks around 1672 cm ' and
1613 cm " belong to the stretching vibration of C=N in the

View Article Online
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imidazolium and Salen backbone, respectively.* In addition,
the bands in the ranges of 1600-1450 cm ™" and 900-650 cm ™
belong to the benzene skeleton stretching and C-H out-of-plane
bending vibrations of the benzene ring.***” Especially, the
characteristic peak of C=C stretching vibration was not dis-
cerned due to the weak signal, but the characteristic band at
2926 cm ™! attributed to the stretching vibration of ~-CH,- was
observed in Fig. 2b and ¢, confirming that the [Salen-Vim][Br],
ligand has been incorporated into the polymeric networks. In
Fig. 1b-e, the formation of multi-substituted benzene was
further verified by the pan-frequency peaks of mono-substituted
benzene in the range of 1739-1947 cm '.*® In brief, FT-IR
characterization along with "H NMR (Fig. S7-S97) revealed
that the imidazolium and benzene skeletons were introduced
into the polymeric Salen ligand.

X-ray photoelectron spectroscopy was used to investigate the
elemental composition and the chemical states of the Ni species
in the catalyst. As shown in Fig. 2a, the catalyst surface contains
the elements C, N, O, and Ni. The N 1s spectrum (Fig. 2b) can be
deconvoluted into two peaks at 400.9 eV and 399.4 eV, which are
associated with the N atoms coordinated to Ni sites and N
atoms in imidazolium (-C-N=C-), respectively.**** In addition,
two peaks at 856.0 eV and 873.7 eV, matching the Ni 2p;,, and
Ni 2p,/, binding energies, represented the valence state of active
NI(u) species (Fig. 2c and d)."® For the poly-Ni-[Salen-Vim|[OAc],
catalyst, the binding energy of Ni(u) species (856.0 eV) is lower
than that of Ni(OAc), (856.3 eV),**** indicating that significant
electron transfer from Salen ligands to Ni(u) sites occurred. As
such, the results demonstrated clearly that Ni(u) sites have been
coordinated with the polymeric Salen ligand.

The porous structure of the catalyst was determined from
nitrogen adsorption-desorption isotherms. As shown in

~|a C1s —Ib N 1s
=] =]
& s
2 01s 2
7] ) ®
ch N1s Ni 2p %
it et
= £

0 200 400 600 800 1000 394 396 398 400 402 404

Binding Energy (eV) Binding Energy (eV)
| € Ni2psp fresh | ~|d Ni2esp used
S S
8 Ni 2pq; S .
> Ni2pgat 12 Ni 2pg,¢ > ‘ Ni2pg,¢
K] ' 2
c cf
850 860 870 880 890 850 860 870 880 890

Binding Energy (eV)

Binding Energy (eV)

Fig. 2 XPS (a) survey spectra, (b) N 1s spectra, and Ni 2p spectra of (c) fresh poly-Ni-[Salen-Vim][OAc], and (d) poly-Ni-[Salen-Vim][OAc], after

five reaction cycles.
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Fig. S10,f the catalyst had a rapidly increasing nitrogen
adsorption capacity at low relative pressure (P/P, < 0.001), and
the N, adsorption-desorption isotherm was a type IV isotherm,
with H4 hysteresis loops at higher pressures, which corre-
sponded to the presence of mesoporous and microporous
structures in the polymer framework. The pore size distribution
confirmed the presence of micropores and abundant meso-
pores between 1 and 6 nm (Fig. S10bt}). Besides, the poly-Ni-
[Salen-Vim][OAc], catalyst has a high BET surface area of 211 m>
g~ ', a mesoporous pore volume of 0.3 cm® g~* and an average
pore size of 6.5 nm. The high BET surface and porous structures
might be conducive to mass transfer and facilitate catalytic
reactions.

SEM images showed that the catalyst had a large flaky
irregular shape, as seen in Fig. 3a. The voids generated between
neighbored sheets correspond to the mesoporous detected from
nitrogen sorption isotherms (Fig. S10f). The SEM image
confirmed the cross-linked porous structure, indicating that the
thin-layer nanostructures could be formed due to the steric
effect of long carbon chains. The flaky structure and hierar-
chical pores are favorable to the mass transfer of reactants as
well as full exposure of active sites for efficient oxidative
cleavage of PP-one. EDS elemental mapping images showed
that the C, N, O and Ni elements were evenly distributed in the
polymer framework of poly-Ni-[Salen-Vim][OAc],.

Thermogravimetric analysis (TGA) was performed to inves-
tigate the thermal stability of the catalyst from 40 °C to 800 °C
under a N, atmosphere. As shown in Fig. S11,7 the decrease in
mass (6%) was related to the removal of water molecules
absorbed by the catalyst below 200 °C, and the main reason for
the 52% decrease in mass in the temperature range of 200-500 ©
C was related to the removal of the ionic liquid groups from the
catalyst.”” The further weight loss at higher temperature (>500 °©
C) could be attributed to the decomposition of the polymeric

Fig. 3 (a) SEM image of poly-Ni-[Salen-Vim][OAc], and (b) elemental
mapping of C, O, N, and Ni in poly-Ni-[Salen-Vim][OAc],.
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backbone.*” The above results indicated that the catalyst is
thermally stable at the reaction temperature.

3.2 Catalytic performance

PP-one was used as a B-O-4 lignin model compound for oxida-
tive cleavage of the B-O-4 linkage. The catalytic reaction was
carried out in CH;OH with O, as the oxidant. The main prod-
ucts included phenol, benzoic acid (BA), methyl benzoate (MB)
and methyl phenylglyoxylate (MP) as detected by HPLC under
the reaction conditions. As shown in Table 1, PP-one showed
very low reactivity and selectivity to cleavage products in the
absence of any catalyst (entry 1), reflecting that side reactions
like condensation of active intermediates could significantly
occur under the reaction conditions. Additionally, the poly-
merized Salen ligand also afforded low conversion of PP-one
(56%), along with a low yield of phenol (28%) and BA (23%),
respectively (entry 2), which was actually close to that without
the catalyst. This confirmed that the sole Salen ligand had no
obvious catalytic role in the cleavage of B-O-4. Comparatively,
the simple inorganic nickel salts showed a significant increase
in conversion and product yields compared to those without the
catalyst (Table 1, entries 3 and 4), which indicated that the Ni(u)
active site favors the oxidative cleavage of PP-one. However,
these nickel salts were easily dissolved in MeOH, making it
difficult to separate from the reaction system.

As shown in Table 1, it was observed that both polymeric Co
and Ni Salen catalysts showed high conversion, but the poly-Ni-
[Salen-Vim] [OAc], catalyst afforded higher selectivity towards
oxidative products than the poly-Co-[Salen-Vim] [OAc], catalyst
(entries 5-7). The low selectivity of the oxidative cleavage
products could be attributed to the occurrence of a condensa-
tion reaction. Especially, the conversion of PP-one was very poor
and the condensation products were formed under the condi-
tions of a N, atmosphere, which revealed that molecular oxygen
plays an essential role in the oxidative cleavage reaction (Table
1, entry 8). Nevertheless, it can be seen that poly-Ni-[Salen-Vim]
[Br], showed a much lower conversion and product yield than
the Ni-[Salen-Vim][OAc], catalyst (Table 1, entry 9), reflecting
that the OAc™ anions in the ionic porous polymer exerted
a positive impact on the oxidative cleavage likely due to their
basicity.>** In view of the high catalytic performance of the
poly-Ni-[Salen-Vim] [OAc], catalyst, further investigation was
carried out to gain deeper insight into the role of the poly-Ni-
[Salen-Vim][OAc], catalyst in the oxidative cleavage of PP-one.

First, the effect of the catalyst dosage on the catalytic
performance was studied. As shown in Fig. 4a, the conversion of
PP-one and the yields of products obviously increased with the
dosage but the catalytic activity remained almost unchangeable
as the dosage reached as high as 50 mg. This indicated that
polymeric Salen ligand-coordinated Ni(u) sites were actually
catalytic sites and more active sites were favorable for the
oxidation reaction. Furthermore, the conversion of PP-one
increased gradually with the reaction temperature ranging
from 80 to 110 °C, but the conversion leveled off at a slightly
higher reaction temperature (Fig. 4b). Meanwhile, the yields
towards phenol and BA can reach a maximum around 110 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The oxidative cleavage reaction of PP-one with different catalysts”

Sha

PP-one

o

(o] (o]

OH - 0.

— O O
MB MP

Phenol BA

Product yields (%)

Entry Catalyst Conv. (%) Phenol BA MB MP Sel. (%)

1 None 45 29 23 n.d. n.d. 58
Poly[Salen-Vim][OAc], 56 28 23 n.d. n.d. 46

3P NiCl, -6H,0 66 36 65 1 n.d. 77

4 Ni(OAc),-4H,0 87 82 76 5 6 97

5 Poly-Ni-[Salen-Vim][OAc], 76 61 71 n.d. 3 89

6° Poly-Co-[Salen-Vim][OAc], 99 55 88 6 6 78

7 Poly-Ni-[Salen-Vim][OAc], 99 80 81 9 4 88

8? Poly-Ni-[Salen-Vim][OAc], 34 7 2 n.d. n.d. 13

9 Poly-Ni-[Salen-Vim][Br], 78 52 31 12 30 80

“ Reaction conditions: 0.25 mmol PP-one, 50 mg catalyst, 3 mL MeOH,

4 0.5 MPa N,.

Especially, as the temperature was further increased to 130 °C,
the yield of MP was slightly reduced along with an increase of
the yield of BA, strongly suggesting that MP might be the
intermediate product of the reaction. As shown in Fig. 4c, the
conversion of PP-one reached 99%, and the highest yields of
phenol and MB were 80% and 81% as the time was increased to

0.5 MPa O,, 110 °C, and 6 h. n.d. = not detected. ? 0.06 mmol. ¢ 12 h.

12 h. Moreover, if the reaction time was further prolonged to
14 h or 16 h, the conversion and yields of phenol and BA
remained almost constant, reflecting that the catalyst can
maintain the high selectivity towards oxidative cleavage of f-O-4
bonds even at a longer reaction time. Interestingly, MP reached
its maximum yield at 8 h but reduced with reaction time, along

100~ - 100 5 -
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2 o
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40 S 404
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Fig. 4 Catalytic oxidation cleavage of PP-one with (a) different amounts of catalyst, (b) different reaction temperatures and (c) different reaction
times. Reaction conditions: 0.25 mmol PP-one, 3 mL MeOH, and 0.5 MPa O,. (a) 110 °C and 10 h. (b) 50 mg poly-Ni-[Salen-Vim] [OAc], and 10 h

and (c) poly-Ni-[Salen-Vim][OAc], and 110 °C.
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(a) The catalytic recyclability of poly-Ni-[Salen-Vim] [OAc], and (b) the FT-TR spectra of the fresh catalyst (upper) and the spent catalyst

after five runs (bottom). Reaction conditions: 0.25 mmol PP-one, 50 mg poly-Ni-[Salen-Vim] [OAc],, 3 mL MeOH, 0.5 MPa O, 110 °C, and 5 h.

with an obvious rise of MB yield, indicating that MP was indeed
the intermediate product of the oxidative cleavage reaction in
line with that shown in Fig. 4b.

The reusability of the poly-Ni-[Salen-Vim] [OAc], catalyst was
investigated, as catalyst reusability is one of the most valuable
characteristics of the catalyst. After reaction, the poly-Ni-[Salen-
Vim][OAc], catalyst can be easily separated by simple centrifu-
gation and washed with ethanol. As shown in Fig. 5a, after five
recycles, the conversion of PP-one showed a decrease, but the
selectivity of oxidative cleavage products maintained a high
level (around 90%). Especially, after the five cycles, the spent
catalyst showed basically the same characteristic peaks of FT-IR
spectra as the fresh catalyst (Fig. 5b), indicating that there was
no significant change in the main functional group of the poly-

Ni-[Salen-Vim][OAc], catalyst. However, the loss of catalyst mass
was observed after five cycles, indicating that the polymeric
catalyst may undergo degradation under the reaction condi-
tions.>>*® Besides, it was demonstrated by hot filtration experi-
ments (Fig. S127) that the conversion of PP-one increased by
10% when the catalyst was removed from the reaction system
and the reaction time continued to extend from 4 h to 12 h,
indicating a slight leaching of Ni species into the effluent.
The -O-4 lignin model compounds contain methoxy groups
on the aromatic ring, which are structurally similar to natural
lignin. Therefore, the suitability of the poly-Ni-[Salen-Vim]
[OAc], catalyst for the oxidative cleavage of a range of methoxy-
containing B-O-4 lignin model compounds other than PP-one
was also examined. As shown in Table 2, the catalytic cleavage

Table 2 Oxidative cleavage of B-O-4 lignin model compounds with Poly-Ni-[Salen-Vim] [OAc],*

Substrate Phenol Acid

Ester 1 Ester 2

Yields (%)

Entry Substrate Conv. (%) Phenol Acid Ester 1 Ester 2
o
0.
1 92 83 70 16 2
~o
o
o.
2 Q)b 93 84 69 15 2
o/
o
o.
3 85 50 80 n.d. 5
o
_o o
4 \© 99 64 24 62 12
~o

¢ Reaction conditions: 0.25 mmol substrate, 50 mg poly-Ni-[Salen-Vim] [OAc],, 0.5 MPa O,, 3 mL MeOH, 110 °C, and 12 h.
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of the B-O-4 lignin model compounds with the methoxy group
can be effectively converted to phenols, aromatic acids and
corresponding aromatic esters under the same reaction condi-
tions. These results confirmed clearly that the poly-Ni-[Salen-
Vim][OAc], exhibits good catalytic performance in the oxidative
cleavage of B-O-4 lignin model compounds with the methoxy
group.

Based on the above results, the present poly-Ni-[Salen-Vim]
[OAc], catalyst was compared with reported catalysts for the
oxidative cleavage of PP-one using O, as the oxidant. As shown
in Table S1,f the conventional C-O and C-C bond breaking
systems for B-O-4 lignin model compounds still require the
addition of bases, which are not friendly from the green
development point of view or require more severe reaction
temperatures to achieve PP-one oxidative cleavage (Table S2,}
entries 1-7). Comparatively, the present poly-Ni-[Salen-Vim]
[OAc], catalyst can be used for oxidative cleavage of lignin
model compounds under much mild reaction conditions, and
furthermore it acted as a heterogeneous catalyst without the
addition of a base, facilitating the separation of the catalyst.
Moreover, its catalytic activity is comparable with or better than
those of reported systems (Table S2,t entry 8).

Finally, to evaluate the applicability of the catalytic system,
the oxidative depolymerization of birch lignin was carried out
under the same reaction conditions. After the reaction, the
conversion of birch lignin was ca. 74%. The liquid fraction was
then analyzed by HPLC-MS and HPLC. It was observed that the
liquid fraction contained three dimeric products, which are
shown in Fig. S13 and S14,t respectively. The results indicated
that the present catalyst indeed exhibited activity for the
oxidative depolymerization of birch lignin, producing some
small molecular products as well as methanol-soluble low-
molecular products. After the reaction, only a small amount
of birch lignin (around 20%) cannot be dissolved in methanol,
indicating that most of the birch lignin has been depolymerized
into low-molecular products. However, the corresponding
monomers were not detected under the present conditions
likely due to the relatively low reaction temperature in methanol
media.

3.3 Reaction pathway

For reactions in which molecular oxygen is used as an oxidant,
the reaction might proceed through a radical pathway. As
shown in Fig. 6, radical inhibition experiments with different
scavengers were performed to elucidate the mechanism. When
2,6-dimethyl-p-cresol (BHT) acting as a wide range of radical
scavenger, was added to the reaction system, the reaction
conversion showed a sharp decrease from 76% to 33%, indi-
cating that the reaction may proceed via the radical pathway.
After 1,4-benzoquinone (p-BQ) was added as a superoxide
radical quenching agent in the reaction system, the conversion
of PP-one remained almost constant. However, after tert-
butanol was added in the reaction system as a hydroxyl radical
quenching agent, the conversion slightly decreased to 68%. On
the basis of the above results, it was indicated that the super-
oxide radical (O, ) and hydroxyl radical were not the main

© 2024 The Author(s). Published by the Royal Society of Chemistry
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none BHT p-BQ t-Butanol

Radical scavengers

Fig. 6 Control experiments with different radical scavengers.

active species in the reaction. Actually, it has been demon-
strated that metal Salen complexes usually form mononuclear
superoxo  or dinuclear peroxo type complexes with dioxygen,
which may be the active species according to previous
reports.*®*”

In order to further explore the reaction pathways of the
oxidative cleavage process, controlled experiments were carried
out. The depolymerization of the p-O-4 lignin model
compounds can be achieved by either C,~Cg bond or Cg-O bond
breakage. C-C bond breakage of PP-one produces BA and
phenyl formate, which is subsequently decarboxylated to
produce phenol, while C-O bond breakage produces phenol, BA
and phenylglyoxylic acid, which is further converted to MP, BA
or MB. In order to get deeper insight into the main pathways,
the reaction was carried out under the same reaction conditions
using possible intermediates as substrates. As shown in Scheme
2 (eqn (4)), when phenylglyoxylic acid, an intermediate product
of C-O bond cleavage, was used as a substrate, the conversion
was 65%, and the yields to BA, MP, and MB were 52%, 9%, and
1%, respectively, while BA can be converted to MB with ayield of
10% under identical reaction conditions (eqn (5)). Furthermore,
if phenyl formate, the intermediate product of C-C bond
cleavage, was used as the substrate, it was almost fully con-
verted to phenol (eqn (6)). However, 2-phenylacetophenone gave
poor conversion (36%) via the C-C cleavage route (eqn (7)),
which indicated that the catalyst is indeed less active for C-C
bond cleavage. Actually, the reaction of PP-one catalyzed by the
poly-Ni-[Salen-Vim][OAc], catalyst produced a small amount of
MP (Fig. 5¢), which would be produced via the C-O cleavage
pathway. As a result, the f-O-4 lignin model compound PP-one
is mainly oxidatively cleaved via the C-O cleavage pathway.

Based on the results of radical inhibition experiments,
control experiments and previous investigation,*® a plausible
catalytic reaction pathway is proposed in Scheme 3. Firstly,
molecular oxygen reversibly binds to Ni(u) to generate Ni(m)-
superoxide complexes,*** and PP-one binds to the Ni(m)-
superoxide complexes to form active intermediates. Next, there
are two possible paths for the catalytic oxidative cleavage

RSC Sustainability, 2024, 2, 3397-3408 | 3405
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Scheme 3 Proposed possible cleavage route of PP-one with the poly-Ni-[Salen-Vim][OAc], catalyst.

reaction. Path A generates phenol and phenylglyoxylic acid by
cleavage of the C-O bond of the intermediate, and phenyl-
glyoxylic acid can be further converted to BA, MB, and MP with
the participation of molecular oxygen and methanol by the
action of Ni sites. Path B generates phenyl formate and BA via
C-C bond cleavage, wherein phenyl formate is easily converted
to phenol in the presence of methanol and polymeric Salen Ni
catalysts. According to our present investigation as shown in
Scheme 2 and Fig. 4, path A should be dominant for the
oxidative cleavage reaction.

4 Conclusions

Here, we have synthesized polymeric IL-tagged tetradentate
Salen ligands, coordinating with Ni(u) sites to afford porous
poly-Ni-[Salen-Vim][OAc], catalysts. The B-O-4 linkage in lignin

3406 | RSC Sustainability, 2024, 2, 3397-3408

model compounds can be transformed into high value added
aromatics by selective cleavage of C-O bonds with molecular
oxygen on the present polymer catalyst. The as-obtained catalyst
can be separated by simple centrifugation or filtration and can
be recycled in consecutive catalytic recycles. Further studies
indicated that the reaction involves a Ni(u) site-modulated
radical pathway based on radical inhibition experiments.
Compared to previously reported catalytic systems using base
additives, the present polymer catalysts can selectively cleave
the C-O bonds of lignin model compounds without extra bases
and complex ligands. This work confirms that polymerized
Salen ligand-supported metal active sites can be applicable to
the oxidation cleavage of B-O-4 model compounds and birch
lignin, offering an insight into designing a recoverable catalytic
system for biomass conversions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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