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Abstract

In this paper, Co(salen) complex, salen = N,N’-bis(salicylidene)ethylenediamine, was stu-
died as oxygen activator for the catalytic oxidation of a lignin model polymer using water
as the solvent, with molecular oxygen and hydrogen peroxide as the oxidants. The effect of
Co(salen) on oxidation was tested by spectroscopic methods (FTIR, >C-NMR and GC-MS).
The reactions catalysed by Co(salen) included C,-alcohol oxidation, C,—Cg side chain clea-
vage, demethoxylation, aromatic ring cleavage, and B-0-4 cleavage. In addition to the me-
chanistic information obtained, the effect of Co(salen) suggests that Co(salen) can be im-
portant for the catalytic oxidation, as it affects the oxidation of lignin model polymer. The
reaction performed in the presence of Co(salen) was more efficient than without it. The
formation of aldehyde in the catalytic oxidation, as shown by GC-MS, could be identified
as the mechanism of oxidative cleavage of the 3-O-4 bonds.
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Lignins are polyphenols characterized by a complex Lignin
network of three main monomeric phenyl propanonic HO
units bonded through an array of different interunit
bondings. The main interunit linkages of lignin are HO (0]

called B-0-4, B-B, B-5, B-1, 5-5, 4-0-5, etc., linkages. OCH
Among these, the B-0-4 linkage is the most abundant
and probably most important substructure in lignin,

which greatly affects both the chemical and physical OCH3

properties of lignins (Figure 1) [1]. Lignin is removed
during the pulping process to break down the bulk
structure of the fibre source, be it chips, stems or other
plant parts, to set free the cellulosic fibrous material.
Degradation of lignin (commonly known as delignifica-
tion) hence constitutes an important step in the manu-
facturing of paper. Selective removal of lignin from
wood is the key operation in paper production [2, 3].
The increasing demand for new and selective ca-
talysts in oxidative transformations had already led to
the discovery of the transition metal complexes. As in
nature, the most common metals in these enzyme-mi-
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Figure 1. -0-4 linkage substructure in lignin.

micking synthetic catalysts are cobalt, copper, iron and
manganese. Salen-type transition metal complexes are
an important class of organometallic compounds,
which have been used since 1933 as catalysts for a
wide variety of reactions. Many of these reactions are
oxidations of organic substrates with oxidants like O,
and H,0, [4]. The synthesis of water or organic solvent-
soluble salen complexes is simple, easy and econo-
mical, as reported in by Sipila et al. [5]. The oldest and
one of the most widely studied combinations of the
substrates and metals is the combination of phenolic
material and cobalt. Co(salen), salen = N,N’-bis(salicyl-
idene)ethylenediamine, is a tetradentate, planar Schiff
base complex. Co(salen) complexes usually form either
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mononuclear superoxo- or dinuclear peroxo type com-
plexes with dioxygen. In addition to oxygen and nitro-
gen, donor sites are provided by the salen”, whereas
the metal is typically bound to pyridine (py) to give the
complex Co(salen)(py). Such complexes bind O, to give
derivatives of the type (u-O,)[Co(salen)py], and [Co(sa-
len)py(0,)] (Figure 2). There is a delicate energy and/or
kinetic balance between the formation of the mono-
nuclear and binuclear complexes, which is affected by
solvents, ligands, temperature, pH and several other
factors. By choosing the reaction conditions carefully,
the equilibrium can be shifted towards the catalytically
more active species. However, the chosen substrate
can also affect the reaction mechanism [6].

Due to the complexity of the lignin structure, model
compounds resembling the main bonding patterns in
native and technical lignins have been widely used in
lignin degradation catalysed by Co(salen) type com-
plexes [7-9]. These model compounds are relatively
simple and easy to characterize, but they are not able
to mimic the polymeric nature of lignin. To overcome

these limitations, B-O-4 type oligomers were synthe-
sized [10-12]. Herein, we have used guaiacyl-type
(G-type) lignin model polymer that include native B-0-4
linkage to investigate the relationship between lignin
structure and Co(salen) catalytic process. In this article
the effect of Co(salen) was tested over oxidation by
conducting the oxidations in the presence/absence of
Co(salen).

EXPERIMENTAL

Co(salen) synthesis

The same procedure was followed to prepare well-
known Co(salen). The Schiff base salen (where salen =
N,N’-bis(salicylaldehydeethylenediamine) was prepared
in 88% vyield by condensation reactions of ethylene-
diamine with salicylaldehyde in methanol. The metal
complex were synthesised from the ligand and a slight
excess of metal salt from CH;OH refluxing.
(CH5C00),Co-4H,0 was used for the Co(salen) complex
(Scheme 1) [13].

Figure 2. Mononuclear cobalt complexes (1), mononuclear superoxospecies (2) and dinuclear peroxo-bridged species (3).

CHO NH,CH,CH,NH,
OH ~ CcHOH ,OH

Salicylaldehyde

CoAc
< E}\:OH Ho:<; > 2 < \>:0 Oj >
N~/
CH,OH B po\ B
N N
__/

Salen

Scheme 1. Synthesis of Co(salen) from salicylaldehyde with ethylenediamine.
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Synthesis of lignin model polymer

Referring to the methods of Kishimoto et al. [10],
the lignin model polymer composed of only the B-O-4
structure were prepared using simple aromatic com-
pounds as starting materials. The commercially avail-
able 4-hydroxy-3-methoxy-acetophenone was dis-
solved in anhydrous 1,4-dioxane-diethyl ether (3:4,
v/v), followed by the addition of bromine to the mix-
ture, and then kept at 0 °C for 1 h in order to prepare
the bromide. With the addition of K,CO; as the catalyst,
the bromide was dissolved in anhydrous DMF, stirred
under nitrogen at 50 °C for 3 h, and polymerized to the
given polymer. The polymer was reduced with NaBH, in
DMSO to obtain the G-type lignin model polymer com-
posed of the B-O-4 structure. The molecular weight
(Mw) was determined by gel permeation chromato-
graphy (GPC). The Mw of the lignin model polymer pre-
pared was 5753. The Mw of the polymer was compa-
rable to that of technical lignin (Scheme 2). The che-
mical structure of the G-type lignin model polymer was
characterized by FTIR and *C-NMR. The FTIR and “*C-
-NMR showed that the lignin model was a linear po-
lymer. The polymer included the B-O-4 linkage, as in
natural lignin. FTIR (Table 1): 1600/1514/1418 cm™"
(aromatic ring), 1463 cm ' (CH3+CH,), 1260 cm™ (OCH;),
1226 cm ™" (ether—0), 3443/1136 cm™ (-OH). In *C-NMR
(Figure 4), the distinct sharp signals of all carbons indi-
cate that the polymer structure was highly regulated,
and that the polymer did actually exist as a mixture of
many isomers that have a chiral centre at the a-po-
sition. *C-NMR signal: 74.3 ppm (Cg in B-O-4 ), 70.7
ppm (Cq in B-0-4), 55.6 ppm (OCHs).

Catalytic experiments

The reactions and reaction conditions of biological
systems were mimicked by carrying out oxidation expe-
riments in aqueous solutions. In these experiments, in
which the effect of Co(salen) was evaluated in oxida-
tion of guaiacyl-type lignin model polymer (G) in pre-
sence/absence of Co(salen), the standard procedure
was to dissolve the lignin model polymer (30 mg), hyd-
rogen peroxide (0.6 mL, 30%), and pyridine (0.96 mL,
0.5 g L") in water (10 mL) and adjust the pH with 0.9
mg NaOH (pH ~12). After that, the Co(salen) (4.0 mL,
05g L'l) was added, the reaction flask was evacuated,
and the ambient pressure oxygen (299.5%) was bub-
bled constantly through the solution at a rate low
enough (2.5 cm3/min) to avoid evaporation of the sol-
vent. The mixture was then stirred at 90 2C for 1 h. The
reaction was stopped by cooling the solution to am-
bient temperature, after which the reaction mixture
was filtered with fritted glass filter. The final residue
was collected for FTIR and C-NMR analysis. The pH of
the filtrate was adjusted to 12 with 2 M NaOH and so-
luble organic products were extracted with methylene
dichloride. The organic phase was separated. The resi-
dual filtrate was adjusted to pH 2 with 2 M HCl and
soluble organic products were similarly extracted. The
two organic phases were merged and dried with so-
dium sulphate, filtered, and finally concentrated to 1
mL for reaction product analysis with gas chromato-
graphy-mass spectrometry (GC-MS) (Figure 3).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of lignin model polymer (G) and resi-
dual lignin model polymer (Gco(salen) @and Gyater) Obtained

HZ‘C*Br
c=0
O
[l
1
_JocH, gnd " "
OH 3
Scheme 2. Synthesis of guaiacyl-type lignin model polymer (G).
Table 1. Relative intensity of different group bands of G, Geosaten) aNd Gygter, by FTIR
Assignment Position, em™ G Geo(salen) Guater
OH 3443 1.320 1.141 1.185
Aromatic ring 1600 1.000 1.000 1.000
1514 1.638 1.265 1.322
CH; + CH, 1463 1.258 1.128 1.137
Aromatic ring 1418 1.221 1.119 1.106
Methoxy —OCH; 1260 1.667 1.283 1.343
Ether -O 1226 1.459 1.220 1.248
Aliphatic OH 1136 1.531 1.248 1.286
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Figure 3. Programmable route of experiment.

from catalytic experiments were made on a Bruker Ten-
sor 27 spectrophotometer, between KBr plates with a
0.1 mm thick layer in wavelength bands from 4000 to
400 cm ™. The effect of Co(salen) of catalytic system on
substrate was evaluated by FTIR method with corres-
ponding structure.

Relative intensity was measured using OMNIC soft-
ware, version 7.1, rationed against the aromatic ring
(1600 cm™) to provide relative changes in the structure
of lignin model polymer to each other.

BC-NMR Spectrometry

All *C-NMR spectra were recorded under quan-ti-
tative conditions, which were accomplished by using a
pulse sequence (inverse-gated) that eliminated the
Nuclear Overhauser Effect (NOE) and had a sufficiently
long pulse delay, allowing for all nuclei to be fully re-
laxed before the next pulse. The pulse delay commonly
used for lignin, which had been established and verified
in the literature, was 10 s [14].

The samples were dissolved in DMSO-dg and the
spectra were recorded on Bruker DRX 500 apparatus at
318 K with TMS as internal reference (& 0.00 ppm) in a
5-mm diameter tube. Some of the acquisition parame-
ters used during the recording of the spectra included
9-15 k number of acquisitions, 90° pulse width (p/ = 8
us, p/ 1 = 1.00 db), 222 ppm sweep width, and a 10-s
pulse delay. The total acquisition time for recording
each spectrum was typically quite long, ranging from 24
to 36 h. During processing, a line broadening of 10.0 Hz
was used to obtain acceptable line widths.

Gas chromatography—-mass spectrometry (GC-MS)

Separation and identification of Co(salen) oxidation
products were performed using GC-MS with an Agilent
Technologies HP 6890/ 5973 system fitted with a fused
silica column (HP-INNOWAX, 30 mx0.25 mm i.d., 0.25
um film thickness). Each sample was injected into a de-
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activated glass liner inserted into the GC injection port
with He as the carrier gas (~1.0 mL min™"). The GC oven
was programmed to work in the range 80 (with a 5 min
initial delay) to 290 °C (held 40 min) using a 4 °C min™"
temperature ramp. The GC injector and GC-MS inter-
face were maintained at 290 °C. The mass spectrome-
ter was operated in the electron ionization mode (El,
50 eV). Compound identification was performed using
GC retention times and by Mainlib database.

RESULTS AND DISCUSSION

The FTIR and *C-NMR of lignin model polymer are
presented in Figures 4 and 5. The 3443, 1514, 1463,
1260, 1226 and 1136 cm™* peaks decreased in relative
intensity as revealed by data in Table 1 obtained from
the FTIR spectra. The relative intensity remained de-
creased upon addition of Co(salen), but these de-
creases in relative intensity were not significant between
GCo(salen) and Gwater-

The treatment of lignin model polymer (G) in pre-
sence/absence of Co(salen) (Geo(salen) aNd Gyater) Yielded
a relevant decrease in aliphatic OH group and ring-
opening reaction as a vibration arising at wavenumbers
of 3443, 1136 and 1514 em™. Moreover, when the
reaction was performed in the presence of Co(salen), a
weaker vibration was also found, the reaction per-
formed with Co(salen) was more efficient than that
with water, thus confirming the role of Co(salen) in the
catalytic oxidation of Ca, and C,. It is worth noting that
oxidative cleavage of B-O-4 (1226 cm™) and methoxy
(1260 cm ™) was observed during the treatment of lig-
nin model polymer. According to the relative intensity
(Table 1), the number of B-O-4 and methoxy group de-
creased in the presence of Co(salen). BC-NMR spectro-
metry (Figure 5) indicated the changes of B-O-4 and
methoxy group in these reactions (Cs in B-O-4 at 74.3
ppm, Cy in B-0-4 at 70.7 ppm, OCH; at 55.6 ppm).
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Figure 4. FTIR Spectra of G, Gcogsaien) ANd Gyater; G: guaiacyl-type lignin model polymer, Geojsaien): residual polymer of treatment in
H,0, + pyridine + NaOH + Co(salen), G, residual polymer of treatment in H,0, + pyridine + NaOH + water.

Guimer Lt L] -
G Cd sler L L U I |
G J.l | LU U.l l P

Figure 5. BC.NMR Spectra of G, Geogsaien) ANd Gater; G: guaiacyl-type lignin model polymer, Geojsaien): residual polymer of treatment in
H,0, + pyridine + NaOH + Co(salen), G, residual polymer of treatment in H,0, + pyridine + NaOH + water.
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Similar results were observed during the oxidation
of residual lignin [15], suggesting that the Co(salen)/
Joxidant represents one step in the development of
technology based green chemistry useful for extensive
lignin modification and functionalization.

Examination was also made of the products pro-
duced in the catalytic oxidation. As was the case in
earlier reports [8,16,17], benzaldehyde was the pro-
duct formed along with the oxidation as identified at
7.28 min in Figure 6 (RSI/SI 858/832, molecular formula
C;H60;). Very low production of benzoquinone was
found in the presence of Co(salen) in the GC-MS anal-
ysis at 21.52 min (RSI/SI 648/477, molecular formula
C14H500,). It can be considered that reactions pro-
ceeded selectively, yielding benzaldehyde as the pro-
duct, with no sign of the corresponding carboxylic acid
in *C-NMR spectra (Figure 5). The formation of alde-
hyde was probably the mechanism of oxidative clea-
vage of the B-O-4 bonds. A radical superoxo complex
formed from the oxidation of polymer catalysed
B-ether cleavage of lignin model polymer [18].

RT: 0.00-87.53 SM: 7G

In addition, it is apparent that the added Co(salen)
had an obvious influence on the composition of
product. Catalytic oxidations benefit from the addition
of Co(salen). Without added Co(salen), the polymer
was oxidized to produce only very low amount of ben-
zenedicarboxylic (59.07 min, Figure 6). With added
Co(salen), Co(salen) complex catalysed oxidation of the
polymer to p-benzoquinone. Various mechanisms have
been suggested for this reaction. The most accepted
one involves a cobalt-superoxo complex [19], which ab-
stracts a hydrogen atom from the phenolic group pro-
ducing a radical. This radical is attacked by a second
superoxo complex or a molecule of oxygen producing
the quinone (Scheme 3).

In a similar paper, Canevali et al. [20] studied the
oxidation of dimeric lignin model compounds of aryl-
glycerol-Barylether type using dioxygen pressure of
1 MPa and Co(salen) as catalyst. Products benzoqui-
none and aldehyde arising from C-C bond cleavage
were obtained.
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Figure 6. Total ion current of GC~MS. a) Geosaien): Product of treatment in H,0, + pyridine + NaOH + Co(salen), b) G,,q,: product of

treatment in H,0, + pyridine + NaOH + water.
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Scheme 3. Postulated oxidation of lignin model polymer to p-benzoquinone over Co(salen).

CONCLUSION

The treatment of lignin model polymer with Co(salen)
catalytic system yielded a aliphatic-OH decrease, ring-
opening reaction, B-O-4 cleavage and demethoxylation.
In addition, it is apparent that the added Co(salen) to
the reaction mixture had an obvious influence on the
reaction, the reaction performed with Co(salen) was
more efficient than that without Co(salen), thus con-
firming the role of Co(salen) in the catalytic oxidation.
Identification of the products produced in the catalytic
oxidation by GC—-MS supported the proposed degra-
dation mechanism of the lignin model polymer.

Acknowledgement

The authors are grateful to the National Natural Sci-
ence Foundation of China (No. 21166011, 20766002),
the Open Project of State Key Laboratory of Pulp and
Paper Engineering of South China University of Techno-
logy (No. 201033), the Open Project of State Key Labo-
ratory of Materials-Oriented Chemical Engineering of
Nanjing University of Technology (No. KL10-12), the
Open Project of State Key Laboratory of Chemical Re-
source Engineering of Beijing University of Chemical
Technology (No. CRE-2011-C-305), the Open Project of
Key Laboratory of Solid Waste Treatment and Resource
Recycle of Ministry of Education of Southwest Univer-
sity of Science and Technology (No. 11zxgk07), and the
Analysis and Testing Foundation of Kunming University
of Science and Technology, all from China, for the fi-
nancial support.

REFERENCES

[1] S.E. Jr. Lebo, J.D. Gargulak, T.J. McNally, Lignin Kirk-
Othmer Encyclopedia of Chemical Technology, John Wi-
ley & Sons, New York, 2001.

[2] C.V. Stevens, in: Renewable Resource: Scope and Modi-
fication for Non Food Applications ,C.V. Stevens, R.G.
Verhe (Eds.), John Wiley and Sons, 2004, pp. 160-188.

(3]

(4]

(5]

(6]

(71

(8]

(9]

(10]

(11]

(12]

(13]

(14]

D. Fengel, G. Wegener, Wood Chemistry, Ultrastructure,
Reactions, De Gruyter, Berlin, 1989.

P.L. Nayak, Biodegradable polymers: opportunities and
challenges; J. Macromol. Sci. Rev. Macromol. Chem.
Phys., C 39 (1999) 481-505.

A. Haikarailen, J. Sipila, P. Pietikainen, A. Pajunen, I.
Mutikainen, Synthesis and characterization of bulky
salen-type complexes of Co, Cu, Fe, Mn and Ni with am-
phiphilic solubility properties, J. Chem. Soc., Dalton
Trans. (2001) 991-995.

S. Yamada, Advancement in stereochemical aspects of
Schiff base metal complexes, Coord. Chem. Rev. 190—
—192 (1999) 537-555.

S.K. Badamali, R. Luque, J.H. Clark, S.W. Breeden, Mic-
rowave assisted oxidation of a lignin model phenolic
monomer using Co(salen)/SBA-15, Catal. Commun. 10
(2009) 1010-1013.

X.F. Zhou, R.L. Deng, S.R. Wang, Reaction mechanism of
Co-salen complex catalysed oxidation of dimeric lignin
model compound, J. Jiangsu University (Natural Science
Edition) 32 (2011) 99-102, 115 (in Chinese).

A. Haikarainen, Metalsalen Catalysts in the Oxidation of
Lignin Model Compounds, University of Helsinki, Finl-
and, 2005.

T. Kishimoto, Y. Uraki, M. Ubukata, Easy synthesis of
B-O-4 type lignin related polymers, Org. Biomol. Chem.
3 (2005) 1067-1073.

J. D. Megiatto Jr., E. Cazeils, S. Grelier, C. Gardrat, F.
Ham-Pichavant, A. Castellan, Synthesis of a lignin poly-
mer model consisting of only phenolic B-O-4 linkages
and testing its reactivity under alkaline conditions, Holz-
forschung 63 (2009) 681-689.

R. Katahira, H. Kamitakahara, T. Takano, F. Nakatsubo,
Synthesis of B-O-4 type oligomeric lignin model com-
pound by the nucleophilic addition of carbanion to the
aldehyde group, J. Wood Sci. 52 (2006) 1-6.

Z.C. Liu, F. Liu, Y. Lu, M.X. Xie, Y.Q. Zhang, Studies on
characters and synthesis of metal-salen complexes; J.
Leshan Teachers College 17 (4) (2002) 30-33 (in Chinese).
D. Robert, in: Carbon-13 Nuclear Magnetic Resonance
Spectrometry: Methods in Lignin Chemistry, S.Y. Lin,

691



X.-F. ZHOU, J. LIU: OXIDATION OF SYNTHETIC LIGNIN-LIKE POLYMER Hem. ind. 66 (5) 685-692 (2012)

C.W. Dence (Eds.), Springer-Verlag, Berlin, Heidel- [18] T. Elder, J.J. Bozell, Cobalt-schiff base complex catalysed
berg,1992, pp. 251-273. oxidation of para-substituted phenolics. Molecular orbi-
[15] Y.D. Jia, X.F. Zhou, Mechanism of Co-salen biomimetic tal calculations on phenolic substrates, Holzforschung
catalysis bleaching of bamboo pulp, Transactions of 50 (1996) 24-30.
China Pulp and Paper 23 (2008) 26—31 (in Chinese). [19] L.I. Simandi, Catalytic Activation of Dioxygen by Metal
[16] R.L. Deng, X.F. Zhou, Study on degradation reaction of Complexes, Kluwer Academic Publishers, Dordrecht,
syringyl lignin model compound in Co-salen biomimetic 1992.
system by GC-MS, FTIR and 13C—NMR, Chem. Res. Appl. [20] C. Canevali, M. Orlandi, L. Pardi, B. Rindone, R. Scotti, J.
21 (2009) 1510-1515 (in Chinese). Sipild, F. Morazzoni, Degradation of monomeric and
[17] R.L. Deng, X.F. Zhou, Mechanism for Co-salen catalysed dimeric phenylpropanoids: reactivity and mechanism in-
oxidation of guaiacyl-type lignin model polymer by GC— vestigation, J. Chem. Soc., Dalton Trans. 15 (2002) 3007—
—MS, Paper Sci. Technol. 29 (2010) 76—79 (in Chinese). -3014.
1ZVOD

UTICAJ Co(SALEN) KOMPLEKSA NA KATALIZOVANU OKSIDACIJU POLIMERA SLIENIH LIGNINU
Xue-Fei Zhou™, Jing Liu®

lKunming University of Science and Technology, 650051, Kunming, China

’State Key Laboratory of Pulp and Paper Engineering, South China University of Technology, 510640, Guangzhou, China
*State Key Laboratory of Materials-Oriented Chemical Engineering, Nanjing University of Technology, 210009, Nanjing,
China

“State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, 100029, Beijing, China
5Key Laboratory of Solid Waste Treatment and Resource Recycle of Ministry of Education, Southwest University of
Science and Technology, 621010, Mianyang, China

(Naucni rad)

U ovom radu, Co(salen) kompleks, salen = N,N’-bis(saliciliden)etilendiamin, Klju¢ne reci: Co(salen) e Kataliticka oksi-
ispitivan je kao aktivator kiseonika u katalitickoj oksidaciji model polimera nalik na dacija e Polimeri sli¢ni ligninu e FTIR e
lignin, koriséenjem vode kao rastvaraca sa molekulskim kiseonikom i vodonik-pe- 3C-NMR o GC-MS

roksidom kao oksidantima. Uticaj Co(salen) kompleksa na oksidaciju ispitivan je
spektroskopskim metodama (FTIR, BC.NMR i GC—MS). Reakcije katalizovane
Co(salen) kompleksom su oksidacija C,-alkohola, cepanje C,-Cg bocnih lanaca,
demetoksilacija, cepanje aromati¢nog prstena, i B-O-4 cepanje. Pored toga, efekat
Co(selen) kompleksa ukazuje na to da on moze biti bitan za kataliticku oksidaciju,
posto utiCe na oksidaciju polimera slicnih ligninu. Reakcija izvodena u prisustvu
Co(salen) kompleksa je efikasnija nego bez njegovog prisustva. Obrazovanje alde-
hida u katalitickoj oksidaciji, kako je pokazano GC—MS ispitivanjima, moZe se iden-
tifikovati tokom raskidanja B-O-4 veza.
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