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OXIDATION OF A LIGNIN MODEL COMPOUND OF
BENZYL-ETHER TYPE LINKAGE IN WATER WITH H,O,
UNDER AN OXYGEN ATMOSPHERE CATALYZED

BY Co(Salen)

The catalytic properties of Cobalt salen? complex in the oxidation of a lignin model
compound [veratrylglycerol-f-guaiacyl-o,y-dimethylether, VGD] have been inve-
stigated in order to obtain the mechanistic aspects of the reaction between Co(sa-
len) and VGD under an oxygen atmosphere using hydrogen peroxide as an oxidant.
VGD was found to undergo structural changes in response to the catalytic reaction
as characterised by different analytical techniques (FT-IR, H-1 NMR and GC-MS),
yielding 2-methoxy phenol and biphenyl. A mechanism for the oxidation of VGD
was postulated.

Keywords: catalytic oxidation, veratrylglycerol-B-guaiacyl-a,y-dimethylether
(VGD), Co(salen), FTIR, H-1 NMR, GC-MS

Introduction

Salen complexes are known to be an important class of coordination compounds
that have been used to catalyse an extremely wide variety of reactions over the
past decades since 1933 [Pfeiffer et al. 1933]. Many of these reactions are oxida-
tions of organic substrates, based on the use of terminal oxidants such as molecu-
lar oxygen and hydrogen peroxide. Besides being environmentally more benign,
the catalytic oxidation of organic compounds with O, and H,0, is less wasteful
from an economic point of view, and is now an important reaction in both rese-
arch laboratories and industry [Meyer, Limberg 2007]. Metal salen compounds
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have been investigated as catalysts in several different reactions, for example
in epoxidation, epoxide ring opening, carbonyl addition, cycloaddition and the
oxidation of sulphides to sulphoxides [Larrow, Jacobsen 2004]. Previous work
on Co(salen)-catalyzed O,-oxidation of p-substituted phenols to p-benzoquinones
has been extended to include substrates that serve as models for lignin phenolic
subunits [Salanti et al. 2010]. Lignin is an aromatic, amorphous, heterogeneous
polymer that represents the second most abundant natural polymeric material on
Earth [Lebo Jr et al. 2001]. It is known that the bulk of lignin in wood consists
of nonphenolic aryl-glycerol-p-O-aryl ether units. Other units, such as phenyl-
coumaran (B-5), resinol (B-P), and dibenzodioxocins(5-5/f-O-4, a-O-4) are also
present within the lignin macromolecule [Ralph et al. 2000]. Furthermore, lignin
is usually covalently linked to carbohydrates forming a refractory lignin-carbohy-
drate network [Lowoko et al. 2003].

Our laboratory has been investigating the mechanism of Co(salen) catalysed
oxidation of lignin using isolated lignins and some model compounds as substra-
tes. In this context, we studied the oxidation of another lignin model compound
with special linkage of benzyl-ether type (VGD) as a substrate, using Co(salen)
complex as a catalyst to mimic lignin peroxidase. The mechanism of oxidation
of such a lignin model compound, using Co complexes as catalysts, is largely
unstudied. In the present study, the oxidation of VGD can provide us with infor-
mation on the reactivity of both the model compound and lignin itself, and assist
in the development of new catalysts for environmentally-friendly pulp bleaching
processes.

Materials and methods
Synthesis of cobalt salen complex

Ligand for the complex was synthesised using the standard method [Jacobsen 1993].
Cobalt complex was synthesised by refluxing an EtOH solution of the ligand and 2
eq. of Co(OAc)2+4H,0 for 1 h (scheme 1), adding water and filtering out the product.
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Scheme 1
Schemat 1

The product was washed successively with water and 80% EtOH. Brownish-
-black powder was then obtained under vacuum drying, yield 96.92 %. Typical
characteristic absorption peaks were found with FTIR as follows: C-H stretching
vibration (2869-2948 cm™'), C=N stretching vibration [1635 cm™'], C=C stretching
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vibration in aromatic ring (1610, 1577, 1498 cm™), C-H bending vibration (1373
cm™), C-O in Ar-O bending vibration (1284 cm™), C-N stretching vibration (1200,
1149 cm), Co-N stretching vibration (568 cm™), Co-O stretching vibration (470
cm™).

Synthesis of veratrylglycerol-B-guaiacyl-a,y-dimethylether (VGD)

Guaiacylglycerol-B-guaiacyl (GG) was basically prepared following the proce-
dure proposed by Hosoya et al. [Hosoya et al. 1980], except for cupric bromide
being used instead of Br, for the preparation of ®-bromo acetoguaiacone from
acetoguaiacone [King, Ostrum 1964; Fukagawa et al. 1992]. GG was methylated
fully with methyl iodide in anhydrous methyl sulfoxide (DMSO) in a nitrogen
atmosphere according to Hakomori method [Hakomori 1964]. See scheme 2. Ty-
pical characteristic absorption.
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Schemat 2

Peaks of VGD were found in FTIR and H-1 NMR spectra as follows (fig.
2, 3): C-H vibration in aromatic ring (3030 cm™), C-H vibration in CH,-, CH,
CH- (2937 cm™), C-H vibration in -CH,- (2841 cm™), C=C vibration in aromatic
ring (1595, 1503, 1456 cm™), C-H vibration in CH,- (1369 cm™), C-O vibration
in B-O-4 linkage (1258 cm™), C-H stretching in aromatic ring (1147 cm™), C-O-
-C at a, y-position (1076 cm™), C-H stretching in aromatic ring (1031, 951, 815
cm™); H-Ar (7.03-6.75 ppm), H-B (4.7-4.5 ppm), H-a (4.4-4.3 ppm), 3-OCH, and
4-OCH, (3.9-3.8 ppm), 3'-OCH3 (3.8-3.7 ppm), H-y (3.7-3.6 ppm), a-OCH, and
y-OCH, (3.6-3.5 ppm).

Oxidation of VGD

30 mg of VGD, 2 mg of catalyst, and 0.48 mg of pyridine were taken in a glass
reactor. 0.6 ml of 30% H,O, was added drop by drop. Enough NaOH was added
to ensure pH controlled to 12.5 and heated to the reaction temperature in a water
bath. The mixture was stirred under oxygen atmosphere. The reaction was carried
out for 0.5 h at 90°C. At the end of the reaction, the reaction mixture was cooled to
room temperature and then separated with a glass filter to obtain solid and liquid
samples. The isolated solid samples were analysed by FTIR (EQUINOXSS5) and
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H-1 NMR (BRUKER DRX500). The liquid samples were extracted into dichlo-
romethane. The extract was dried over Na,SO,, filtered and then the solvent was
evaporated under reduced pressure. The identity of the products, i.e. 2-methoxy
phenol and biphenyl, present in the extract was confirmed by GC-MS (AGILENT
TECHNOLOGIES GC-MS HP6890/5973MS). See table 1 and fig. 1.

Table 1. Identity of the products, i.e. 2-methoxy phenol and biphenyl, by GC-MS
Tabela 1. Okreslenie produktow, tj. 2-metoksy fenolu i bifenylu, za pomocqg GC-MS

Molecular
No. RT RSI S Name formula Library
Nr [min] Nazwa Wzor Biblioteka
czgsteczkowy
1 8.50 919 910 2-Methoxy phenol CHO, Mainlib
2 43.03 | 773 g77 | SHydroxy-Z3ALI- ) Mainlib
-biphenyl 15771674

With the ST and RSI matching factors, a perfect match results in the value of 1000. As a general
guide 900 or greater is an excellent match, 800-900 a good match, and 700-800 a fair match.
Przy dobrze dobranych czynnikach SI i RSI, doskonate dopasowanie prowadzi do wartosci 1000.

Ogdlnie przyjmuje sie, ze 900 lub wigksza wartos¢ oznacza doskonate dopasowanie, 800-900 dobre
dopasowanie, a 700-800 dostateczne dopasowanie.
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Fig. 1. MS spectra of 2-methoxy phenol (a) and biphenyl (b)
Rys. 1. Widma MS 2-metoksy fenolu (a) i bifenylu (b)
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Result and discussion

Oxidative enzymes such as lignin peroxidase (LiP), manganese peroxidase (MnP),
and laccase participate in bioconversions of lignin [Boerjan et al. 2003]. The ca-
pability of salen-type metal complexes to function as mimics for those enzymes
was tested by oxidising VGD with H,O, under oxygen atmosphere catalysed by
a prepared Co(salen) complex. The oxidation was carried out at a temperature
of 90°C in an alkaline aqueous solution at pH 12.5. The reaction was elucidated
with FTIR, H-1 NMR and GC-MS techniques. The structural changes of VGD
across the Co(salen) catalytic oxidation were obtained based on the data (tables
2, 3) from FTIR and H-1 NMR spectra (fig. 2, 3). The functional description
in FTIR and H-1 NMR spectra was determined following the data from Hu [2003]
and Toikka & Brunow [1999], respectively.

Table 2. Structural changes of VGD as determined by FTIR during Co(salen) cata-
lytic oxidation

Tabela 2. Zmiany strukturalne VGD okreslone za pomocq FTIR podczas katalitycznego utle-
niania Co(salen)

Wavenumber Signal changes in FTIR spectra
No. Functional description Numer fali Zmiany sygnatu w widmach FTIR
Nr Opis funkcjonalny : VGD after reaction
; D
lem] VG VGD po reakcji
C-H stretching in aroma-
tic ring
! rozcigganie sie C-H w pier- 3030 m W
Scieniu aromatycznym
C-H vibration in CH,-,
CH,-, CH-
2 9
2 drgania C-Hw CH - CH, 2937 m n
CH-
C-H vibration in -CH._-
2
3 drgania C-Hw -CH - 2841 m n
C-O vibration in side
chain C=0
4 drgania C-O w {ancuchu 1623 n m
bocznym C=0
C=C vibration in aromatic
ring
> drgania C=C w pierscieniu 1595, 1503, 1436 s n
aromatycznym
C-H vibration
6 dragnia C-H 1400 n s
C-H vibration in CH.-
3
7 drgania C-Hw CH - 1369 m n
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Table 2. Continued
Tabela 2. Cigg dalszy

C-O vibration in $-O-4
linkage
drgania C-O w wigzaniu
p-O-4
C-H stretching in aro-
matic ring
rozcigganie si¢ C-H w pier-
Scieniu aromatycznym
C-O-C vibration at a,
y-position
drgania C-O-C w pozycji
a Y
C-H stretching in aro-
matic ring
rozcigganie si¢ C-H w pier-
Scieniu aromatycznym

1258 m n

1147 m n

10 1076 m n

11 1031 S n

C-H stretching in aro-
matic ring
rozcigganie si¢ C-H w pier-
Scieniu aromatycznym

12 951 m n

C-H stretching in aro-
matic ring
rozcigganie sie C-H w pier-
Scieniu aromatycznym

13 815 w n

s — strong; m — medium; w — weak; n — nondetectable
s — silne; m — srednie; w — stabe; n — niewykrywalne

Table 3. Structural changes of VGD as determined by H-1 NMR during Co(salen)
catalytic oxidation

Tabela 3. Zmiany strukturalne VGD okreslnone za pomocqg H-1 NMR podczas katalityczne-
go utleniania Co(salen)

Chemical shift . .
. Signal changes in spectra
Przesuniecie . .
No. | Functional description chemiczne Zmiany sygnatow w widmach
Nr Opis funkcjonalny
[ppm] VGD VGD after reaction
pp VGD po reakcji
1 H-Ar 7.03-6.75 s m
2 H-B 4.7-4.5 ns ns
3 H-o 44-43 ns ns
4 3-OCH,, 4-OCH, 3.9-3.8 s m
5 3'-OCH, 3.8-3.7 s m
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Table 3. Continued
Tabela 3. Cigg dalszy

6 H-y

3.7-3.6

ns

ns

7 a-OCH,, y-OCH,

3.6-3.5

ns

ns

s — strong; m — medium; ns — not significant

s — silne; m — srednie; ns — nieistotne
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Fig. 2. FTIR spectra of untreated sample (VGD, a) and treated sample (treated VGD, b)
Rys. 2. Widma FTIR probki niezmienionej (VGD, a) i probki zmienionej (zmieniony VGD, b)
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Fig. 3. H-1 NMR spectra of untreated sample (VGD) and treated sample (treated
VGD)
Rys. 3. Widma H-1 NMR probki niezmienionej (VGD) i probki zmienionej (zmieniony VGD)

A clear trend is observed according to the signal changes in the FTIR and
H-1 NMR spectra in tables 1 and 2. The aromatic ring (3030, 1595, 1503, 1456,
1147, 1031, 951, 815 cm’, 7.03-6.75 ppm) was seriously degraded; carbonyl
(C=0, 1623 cm™) occurred in the aromatic side chain due to Co(salen) catalytic
oxidation in the presence of H,O, under oxygen atmosphere. Similarly Kervinen
found that veratryl alcohol, a lignin model compound, could be selectively oxi-
dized to veratraldehyde with molecular oxygen in water catalyzed by Co(salen)
[Kervinen 2005].
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Fig. 4. Postulated mechanism for transformation of VGD catalyzed by Co(salen)
Rys. 4. Postulowany mechanizm transformacji VGD katalizowanego Co(salen)
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Demethylation was observed during the catalytic oxidation based on the signals at
1369, 1076 cm™ (FTIR), 3.9-3.8, 3.8-3.7 ppm (H-1 NMR). The cleavage of f-O-4
linkage (1258 cm™) gave 2-methoxy phenol, and C-C coupled biphenyl, a com-
pound arising from radical coupling, was obtained as well, as detected by GC-MS
analysis (table 1, fig. 1), which commonly involves the hydrogen atom abstraction
by the cobalt superoxo complex [Mayer 1998; Mayer et al. 2006]. The mechanism
postulated is given in fig. 4.

Conclusions

VGD, a lignin model compound with benzyl-ether type linkage, was found to
undergo obvious changes in structure during the catalytic reaction by Co(salen)
with hydrogen peroxide under oxygen atmosphere. The reaction of aromatic ring-
-opening, demethylation and B-O-4 cleavage was observed, yielding 2-methoxy
phenol and biphenyl.
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UTLENIANIE MODELOWEGO ZWIAZKU LIGNINY Z TYPEM
WIAZANIA BENZYLOWO-ETEROWEGO W WODZIE Z H,0,
W ATMOSFERZE TLENU KATALIZOWANE Co(Salen)

Streszczenie

Zbadano katalityczne wilasciwosci kompleksu Co(Salen) w utlenianiu modelowego
zwigzku ligniny (veratrylglycerol-p-guaiacyl-a,y-dimetyleter, VGD) w celu okreslenia
mechanicznych aspektow reakcji pomigdzy Co(salen) i VGD w atmosferze tlenu przy za-
stosowaniu nadtlenku wodoru jako utleniacza. Zaobserwowano, ze w VGD zaszly zmiany
strukturalne w odpowiedzi na reakcj¢ katalityczna, co przedstawiono za pomoca roznych
technik analitycznych (FTIR, H-1 NMR oraz GC-MS). W efekcie otrzymano 2-metoksy
fenol i bifenyl.

Stowa kluczowe: utlenianie katalityczne, veratrylglycerol-f-guaiacyl-a,y-dimetyleter (VGD),
Co(salen), FTIR, H-1 NMR, GC-MS





