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CATALYTIC OXIDATION OF LIGNIN TO AROMATICS
OVER SALEN-PORPHYRIN COMPLEX AS A BIOMIMETIC
CATALYST

The aim of this work is to enable increased production of aromatics by the use of
salen-porphyrin complex (ZnPSCy) as a binuclear catalyst for the catalytic
oxidation of Indulin AT lignin. Catalytic activity was enhanced by the increase in
active sites, as confirmed by the results observed in the conversion of lignin model
compounds and Indulin AT lignin compared with processes using the
mononuclear complexes Zn(salen) and Zn(Phe-TPP). The yields of long and
convoluted aromatics from the catalytic oxidation of Indulin AT lignin with
ZnPSC;s reached high values after reaction at 80°C for 24 h. Notably, the
formation of vanillin was promoted by the increase in active sites over ZnPSCs.
This was followed by a significant decrease of p-O-4 linkages and refractory
condensed substructures in the lignin, induced by ZnPSCy. This may be expected
to be an important area for further study.
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Introduction

In recent years, the efficient conversion of lignin has attracted increasing
attention due to the shortage of resources. The key focus is on finding highly
active catalysts to transform lignin, where lignin can be degraded efficiently and
selectively to obtain high yields of the degradation products [Teguia et al. 2017].
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Salen complexes have been widely used as catalysts in the oxidation of
lignin and lignin model compounds [Diaz-Urrutia et al. 2016; Ma et al. 2017]. In
the oxidation reactions, phenoxy radical complexes are formed and then react
with lignin to form phenoxy radicals, in which free radical coupling occurs to
give various compounds such as alkyl phenyl ketones, benzoic acids, cinnamic
aldehydes, benzofurans and other compounds [Badamali et al. 2011; Zhou,
2015]. Metalloporphyrins have active centers similar to those of lignin
peroxidase (LiP) and manganese peroxidase (MnP) which catalyze the oxidation
of C—C, C-0O and 5-5’ bonds in the lignin structure [Zhu et al. 2015]. Maruyama
et al. [1990] used salen-porphyrin binuclear complexes as active site models of
metalloenzymes, and found that they had an advantage over salen or porphyrin
complexes in catalytic performance. In fact, it was observed by Su et al. [2007]
that the increase in the active sites in the binuclear complex resulted in
a proportional increase in cyclohexane conversion (12.45%) compared with
salen (4.07%) or porphyrin complex (5.05%). Wezenberg et al. [2009] prepared
supramolecular hybrid assemblies between metallosalen and metalloporphyrin
components via Zn-Npyr coordination using a one-pot procedure, and
demonstrated by NMR spectroscopy and MALDI-TOF mass spectrometry that
there were two active sites in the supramolecular complex. Xia et al. [2015]
indicated that the binuclear complexes exhibited better catalytic performance
than cobalt(I1l)-based porphyrin and salen catalysts in epoxidation.

Salen-porphyrin binuclear complexes have drawn great attention due to their
readily modifiable nature and promising catalytic behavior, such as high
selectivity and good efficiency for catalysis with respect to the transformation of
organic compounds. It was hence expected that the optimal combination of salen
and porphyrin complex used for the enhancement of the catalytic reaction might
lead to maximum lignin degradation and high selectivity. To the authors’ best
knowledge, there are no similar studies described in the literature. The objective
of this work was to study the increase in aromatics production in lignin
conversion catalyzed by the salen-porphyrin binuclear complex.

Materials and methods

Materials

Guaiacylglycerol-pB-guaiacyl ether, a B-O-4 lignin dimer, was synthesized
following the procedure previously reported [Song et al. 2012]. 'H-NMR (500
MHz, DMSO-dy): 6 7.63 (dd, 1H, J, = 8.38 Hz, J, = 2.11 Hz, Ar-H), 7.52 (d, 1H,
J=2.13 Hz, Ar-H), 6.94 (d, 1H, J = 8.42 Hz, Ar-H), 4.38 (s, 2H, CH,), 3.95 (s,
3H, CH;0), 3.93 (s, 3H, CH;0).

Indulin AT lignin, a kraft lignin, was obtained from Sigma Aldrich.

Chloroform (Sinopharm Chemical Reagent Co., Ltd) was dried with
NaHCO; and CaCl, and distilled prior to use. Other chemicals used (Sinopharm
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Chemical Reagent Co., Ltd) were analytical grade chemicals. Milli-Q ultra-pure
water was used in all experiments.

Synthesis of salen-porphyrin complex

The salen-porphyrin complexes were synthesized following the protocol
previously described [Zhao et al. 2006].

HPTPP (5,10,15-triphenyl-20-p-hydroxyl phenyl porphyrin): p-Hydroxyl
benzaldehyde (23 g) and benzaldehyde (57 ml) were dissolved in propionic acid
(2000 ml), and stirred in a three-neck flask at 140°C for 20 min. Pyrrole (52 ml)
was then slowly added, and the reaction continued at 130°C for 30 min.
Afterwards the mixture was left for 12 h at room temperature without agitation,
half of the propionic acid was removed in vacuum by a rotary evaporator, and
then the same amount of ethanol was added. After 24 h, the mixture was filtered
to obtain a precipitate. The precipitate was washed with ethanol, dried under
vacuum and purified with chloroform in a neutral alumina column. The second
band was then taken to obtain the HPTPP. The HPTPP was concentrated in
vacuum and purified with a mixture of chloroform and ligarine (1:1) in a neutral
alumina column.

Salen-OH: Salicylaldehyde (630 mg), o-phenylenediamine (560 mg) and
2,5-dihydroxybenzaldehyde (700 mg) were dissolved in chloroform (60 ml) and
stirred at room temperature for 20 h. After that, a yellow precipitate was formed,
and the solution was orange red. After the precipitate was filtered, the solution
was concentrated in vacuum and purified by column chromatography, and the
second band was taken to obtain salen-OH. The salen-OH was concentrated and
purified with a silica gel column.

Salen(CH,)¢Br: The salen-OH ligand (0.25 mmol) and Br(CH,),Br
(2.5 mmol) were dissolved in acetone (20 mL), and anhydrous potassium
carbonate (3.75 mmol) was added. The mixture was refluxed in darkness for 5 h,
concentrated in vacuum, and then extracted with chloroform. The organic layers
containing salen(CH,),Br were collected, dried with anhydrous sodium

carbonate and purified with chloroform by column chromatography.
HPTPP-(CH,)¢-salen (HPSCy): Anhydrous potassium carbonate was added
to acetone, followed by the addition of HPTPP and salen(CH,),Br. The reaction
was carried out at room temperature for 17 h while avoiding exposure to
sunlight. After that, the mixture was concentrated in vacuum, extracted with
chloroform and washed with ultrapure water to remove inorganic matter. The
organic phases were collected and dried with anhydrous sodium sulphate. The
crude HPSC¢ was purified with a silica gel column using chloroform as eluent.
ZnPTPP-(CH,)4-salenZn (ZnPSCg): HPSC, was refluxed in chloroform for

10 min, zinc acetate was added, and the mixture was refluxed for 5 h. It was then
dried with anhydrous sodium sulphate and purified by chloroform in a silica gel
column to obtain ZnPSC.
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The whole process was carried out in a nitrogen atmosphere.

ZnPSCq (fig. 1): Zn,C;0H5,NgOy, 66.28% C (66.07%), 4.21% H (4.11%),
6.73% N (6.51%). '"H-NMR (CDCly): (CH,),, 1.242-1.653; -O-CH,, 3.413;
P-O-CH,, 4.196; -phenyl, 7.263-7.295; -phenyl 3, 5/-phenyl 3', 5', 7.772-7.875;
-phenyl 2, 6/-phenyl 2', 6', 8.113-8.206; -C=N, 8.598/8.601; -Pyrrole-H, 8.87-
8.94.

I\K / N_
-O-(CH,),-O

ZnPTPP-(CH,),-salenZn (ZnPSCy)

Fig. 1. ZnPSC

Synthesis of Zn(salen) complex

The salen was prepared by condensation reactions of ethylenediamine with
salicylaldehyde in methanol. The metal complex was synthesized from the salen
and a slight excess of zinc acetate by refluxing.

Synthesis of zinc porphyrin (Zn(Phe-TPP))

N-chloroacetyl  phenylalanine and  5-(p-hydroxylphenyl)-10,15,20-tris(p-
-chlorophenyl) porphyrin were synthesized according to the procedures
previously described [Huang et al. 1983]. They were then subjected to an
equimolar reaction in DMF in the presence of pyridine and potassium carbonate
to obtain 5-p-(N-phenylalanine formyl methoxyl) phenyl-10,15,20-tris(p-
-chlorophenyl) porphyrin (Zn(Phe-TPP)), and purified using neutral alumina
column chromatography, followed by refluxing for 30 min in the presence of
zinc acetate in DMF. After cooling to room temperature, the precipitate was
filtered, dried, purified by alumina column chromatography, and finally
recrystallized in chloroform-ethanol to obtain Zn(Phe-TPP). Zn(Phe-TPP)
(fig. 2), ZnCssH;cO4N5Cl5, 65.37% C (65.88%), 3.46% H (3.62%), 6.35% N

(6.98%). FTIR: -COOH, 1724 cm™'; porphyrin ring, 1005 cm™'; C-N, 1485 cm™;
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benzene ring in tetraphenyl porphyrin, 1593/1021/1002/880 c¢m'; porphyrin
skeleton, 1546/1476/1242/1056 cm™'; zinc porphyrin, 1365 cm™. 'H-NMR
(CDCls): 8H/Ph-NH,, 5.61; 8H/m-ArH, 6.73-7.47; 8H/O-ArH, 7.62-8.42; 8H/p-

-pyrrole, 8.93.

Zn(Phe-TPP)

Fig. 2. Zn(Phe-TPP)

Catalytic reactions

Indulin AT lignin (36 mg) or lignin model compound (1.0 mM) was used as the
substrate, which was fully dissolved in sodium hydroxide aqueous solution
(60 mL, pH 9.0), and ZnPSCs, Zn(salen) or Zn(Phe-TPP) (3 mg) was employed
as the catalyst in the reaction. The reaction was performed under stirring in
sealed vials at 80°C for Indulin AT lignin or 25°C for lignin model compound,
using air as oxidant, by bubbling from the headspace. The control trial was
conducted under the same conditions without the addition of catalyst.

After the reaction, the catalyst was recovered by centrifugation and washed
with ultrapure water, followed by drying under reduced pressure. The aqueous
solution was adjusted to pH 2.0 with hydrochloric acid (0.2 M), and the residual
lignin obtained was dried at 50°C in vacuum for GPC and 3!P-NMR analysis.
Next the aqueous solution was extracted with ether (3 x 10 mL), and the ether
phase was concentrated to 5 mL at 30°C in vacuum for GC/MS analysis.

GC-MS

The ether phase containing the degradation products from Indulin AT lignin or
lignin model compound was characterized using an Agilent HP6890-5973 GC-
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-MS instrument, equipped with a mass selective detector and a capillary column
(30 m x 0.25 mm x 0.25 pm). Helium was used as the carrier gas. The
temperature was ramped from 40°C to 280°C at 10°C/min (held for 5 min).
Compounds were quantitatively identified using benzaldehyde as the internal
standard, based on the NIST 2005 MS library. Replicates were performed and
better reproducibility was obtained, with a coefficient of variation less than 3%.

FTIR

FTIR spectra of lignin samples were obtained using a Bruker Equinox 55 FTIR
spectrometer.

Quantitative 3'P-NMR

Quantitative 3'P-NMR spectra were obtained on a Bruker DRX500 MHz
spectrometer for lignin samples derivatized with 2-chloro-4,4,5,5-tetramethyl-
-1,3,2-dioxaphospholane (TMDP). The functional groups in the 31P-NMR
spectra were quantified based on the internal standard (cyclohexanol) [Michael
and Arthur 2001; Pu et al. 2011].

Molecular weight analysis

The molecular weight of the acetylated lignin was measured in tetrahydrofuran
using Agilent 1100 GPC. Acetylation of the lignin samples was performed with
acetic anhydride and pyridine [Thring et al. 2002].

Results and discussion

Catalytic degradation of lignin model compound

The catalytic oxidation of B-O-4 model compound was performed using the
previously described catalysts. The degradation products obtained are shown in
Scheme 1. It was observed that ZnPSC, was the most active catalyst, followed
by Zn(Phe-TPP) and Zn(salen), with degradation rates of 43%, 37% and 34%
respectively, in the degradation of the dimer at 25°C (fig. 3). In addition, it can
be concluded that the dimer was degraded by B-O-4 cleavage and benzylic
oxidation, as confirmed respectively by product 1 and by products 2 and 3.
Similar results were reported previously by Dawange et al. [2015].

P

CH,0

P2 P3
Scheme 1. Catalytic degradation of [3-0-4 lignin model compound
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Fig. 3. Degradation of $-O-4 lignin dimer. (a) Degradation rate of lignin dimer, (b)
yield of product 1, (¢) yield of product 2, (d) yield of product 3

Catalytic degradation of Indulin AT lignin

The catalytic oxidation of Indulin AT lignin mainly yielded five aromatic
compounds: vanillin (product 1), 2-methoxy phenol (product 2), 4-hydroxy-3-
-methoxyacetophenone (product 3), phenol (product 4) and 4-hydroxy-3-
-methoxy benzoic acid (product 5). Vanillin was the main compound among the
degradation products, as shown by their respective yields in figure 4. The control
test showed negligible oxidation of the Indulin AT lignin, whereas ZnPSCj
demonstrated a significant promotional effect on lignin degradation at room
temperature when compared with the other two catalysts (fig. 4). For example,
ZnPSCg¢ produced a vanillin yield of 8.80% by weight with respect to lignin,
compared with 3.43% for Zn(Phe-TPP) and 2.54% for Zn(salen), since the
structure of ZnPSC6 provided more active sites for regulating the catalytic
reaction by abstracting phenolic hydrogen atoms to produce phenoxy radicals by
oxo-complex [Maruyama et al. 1991; Fujii et al. 2003]. Another explanation is
that it achieves high catalytic selectivity by mimicking an enzyme [Hocker et al.
2004; Martin and Teixeira 2013]. Thus, ZnPSC; is of interest, as a high yield of

vanillin was obtained in lignin conversion compared with the results for
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biological enzymes and chemical catalysts [Strassberger et al. 2011; Li et al.
2015; Zhou and Tang 2016; Mishra et al. 2017].
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Fig. 4. Yield of aromatic compound

In addition, recycling tests were carried out for the catalysts to assess their
stability on reuse. The results are shown in figure 5. It was found that the activity
of ZnPSC¢ decreased after 10 recycling times, while that of Zn(salen) and

Zn(Phe-TPP) fell after 6 recycling times (according to the evolution of vanillin),
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indicating that the binuclear complex was more stable than the mononuclear
complex.

10 - ZnPSCq - Zn(Phe-TPP) —&— Zn(salen)
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Fig. 5. Vanillin yield vs. recycling times in oxidation of lignin for 24 h

Structural characterization of lignin

The structure of the lignin samples was determined to map the progress of the
catalytic reaction with GPC, FTIR and 31P-NMR. The molecular weights
(table 1) showed that catalysis led to the decomposition of lignin, which may be
explained by the cleavage of some of the linkages in lignin, such as B-O-4
[Neumann et al. 2014]. Simultaneously, according to the molecular weight data,
ZnPSC, exhibited superiority in lignin degradation over Zn(salen) and Zn(Phe-
-TPP). This is due to its binuclear features, which combine the advantages of
Zn(salen) and Zn(Phe-TPP).

Table 1. Molecular weight of lignin samples by GPC analysis

.. Mw [g-mol ]
Reaction time [h] Control Zn(salen) Zn(Phe-TPP) ZnPSC¢
6 3103 2977 2774 2196
12 2876 2674 2238 1764
24 2354 2086 1765 1262

Mw of Indulin AT lignin: 3127.
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Fig. 6. FTIR spectra of lignin samples. (a) Indulin AT lignin; (b) residual lignin
from the control; (¢) residual lignin from catalysis by ZN(salen); (d) residual lignin
from catalysis by Zn(Phe-TPP); (e) residual lignin from catalysis by ZnPSCs

The lignin samples obtained from the catalytic reaction were also analyzed
by FTIR (fig. 6). Interestingly, the oxidation of the side chain in lignin was
confirmed by the increasing intensity of carbonyl (1720 cm') with catalysis,
which was accompanied by a decrease in the aliphatic OH content (table 2) as
determined by 3'P-NMR [Crestini et al. 1999]. This is consistent with the
biodegradation of lignin [Fackler et al. 2006; Nousiainen et al. 2014; de Gonzalo
et al. 2016]. The formation of 1,2-butanediol found in the catalytic oxidation of
lignin was also supported by the decrease in the aromatic ring vibration bands at
1506 cm’! and 1558 cm™! with the progression of Zn(salen), Zn(Phe-TPP) and
ZnPSCg treatment, versus the control. Meanwhile, FTIR analyses further
confirmed the change of B-O-4 in the lignin. According to the FTIR spectra
shown in figure 6, catalysis weakened the ether-O linkage, which was crucial for
lignin fragmentation, resulting in an increase in the content of phenolic OH [Kim
et al. 2016], especially for ZnPSC, as compared with the mononuclear
complexes (table 2).



Catalytic oxidation of lignin to aromatics over salen-porphyrin complex as a biomimetic catalyst 77

Table 2. Content of functional groups by 3'P-NMR analysis

Content [mmol-g']

E.hﬂe mical Functional group Indulin Catalysis
shift (ppm) AT Control Zn(Phe-
Lo Zn(salen) ZnPSC
lignin sale TPP) 6
154.2-153.4 Internal standard - - - - -
149.6-145.7 ~ Aliphatic hydroxyl = ¢4 1.47 1.14 1.02 0.66
group
Condensed
144.3-140.5  phenolic hydroxyl 0.71 0.56 0.33 0.21 0.08
group
Phenolic hydroxyl
143.2-142.4 group in syringyl 0.22 0.37 0.66 0.84 1.27
structure
Phenolic hydroxyl
140.3-138.5 group in guaiacyl 0.18 0.27 0.47 0.63 0.97
structure
p-Phenolic
138.7-137.3 0.14 0.26 0.52 0.68 1.07
hydroxyl group
1363-133.5 Tydroxylgroupin oy g 0.38 0.63 0.73 1.12

carboxyl group

Notably, the lignin degradation induced by ZnPSC, resulted in a significant
decrease in the content of refractory condensed phenolics, compared with
degradation by Zn(salen) and Zn(Phe-TPP) (table 2). This was an important
factor enhancing lignin decomposition by the binuclear complex.

Conclusions

Salen-porphyrin complex (ZnPSC,;) was successfully used as a biomimetic
catalyst in the conversion of lignin to aromatics. ZnPSC, displayed outstanding
performance in the catalytic oxidation of lignin model compounds and Indulin
AT lignin compared with the mononuclear complexes Zn(salen) and Zn(Phe-
-TPP). The degradation products were tracked using GC-MS, and the structural
changes in the degradation of lignin were characterized by GPC, FTIR and
3'IP.NMR, to examine the catalytic effect of the binuclear complex.
Consideration should hence be given to further research concerning the catalytic
mechanism in lignin conversion using salen-porphyrin complex as catalyst.
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