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Abstract—The catalytic properties of bulky water-soluble Co-, Cu-, Fe- and Mn-salen complexes in the oxidation of phenolic lignin
model compounds have been studied in aqueous water—dioxane solutions (pH 3-10). Mn catalysts were found to oxidize coniferyl
alcohol in a same reaction time as horseradish peroxidase (HRP) enzyme and Mn and Co catalysts showed different regioselectivity
suggesting a different substrate to catalyst interaction in the oxidative coupling. When the oxidation of material more relevant to
plant polyphenolics was studied, the results indicated that the complexes catalyze one- and two-electron oxidations depending on
the bulk of the substrate. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Plant polyphenols constitute an important source of
renewable carbon in the biosphere. Although research
on the oxidative bioconversion of lignocellulosic mat-
erials has been intensive for decades, our knowledge of
either the relevant enzymes participating in such pro-
cesses or the oxidative mechanisms they induce is still
rather limited. At present it is known that at least three
enzymes are involved in biodegradation of lignin-like
materials, namely lignin peroxidases,! manganese per-
oxidases? and laccases.® The two former ones are two-
electron oxidants using hydrogen peroxide whereas lac-
cases are one-electron oxidants and use dioxygen. Their
direct use in the mechanistical studies is, however,
problematic. They are difficult to isolate from natural
sources in pure form and in biological systems they also
seem to use mediators, such as Mn ions or veratryl alco-
hol, in the oxidative conversions. Therefore, more easily
obtainable and readily oxidizing catalysts, especially
HRP but also porphyrins, salens and phthalocyanines,
have commonly been used in plant phenolic research.*

Metal salen compounds have been investigated as catalysts
for several different reactions, for example epoxidation®
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and aziridination>® of olefins and oxidation of sulphides
to sulfoxides.>*® Salen complexes have also been used in
medicinal studies for example as mimics for superoxide
dismutase’ and as DNA scission catalysts.® One of the
great advantages of the salen catalysts is that the struc-
ture of the ligand as well as the coordinated metal ion
can be easily varied. For example, introducing chiral
ligands has provided possibilities for enantioselective
epoxidations>® and recently for asymmetric addition of
cyanide to aldehydes.’

In polyphenol oxidation research, most of the studies
involving salen-type catalysts have included the use of
structurally simple Co-salens in organic solvents and
oxidations are usually performed under an over-pres-
sure of dioxygen.!'? The results have indicated that these
conditions lead to a significant formation of quinonoic
structures. In biomimetic work, however, the preferred
system consists of oxidation in aqueous conditions.
Only a few examples of water-soluble salen complexes
have been reported and they have mainly been used as
DNA cleavage catalysts.5!!

Results

In the present work, we have investigated the catalytic
properties of salen complexes by chancing the metal
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ions in the active center and varying steric demand of
the ligand backbone.!? For this purpose a new set of
water-soluble salen complexes containing bulky sub-
stituents were prepared (1-8 in Fig. 1) and their reac-
tivity compared to that of wunsubstituted salen
compounds 9 and 10. All new ligands and complexes
were characterized with '"H NMR, '3C NMR, elemental
analxgis, MS (ESI-TOF) or crystal structure determina-
tion.

The first reaction system studied consisted of a coniferyl
alcohol (CA) and hydrogen peroxide in 2:1 buffer—
dioxane solution at pH 3, and the activity of different
catalysts in CA oxidation was monitored by following
the disappearance of CA by TLC. In dilute solutions,
the system predominantly gives structures shown in
Figure 2. The limited number of reaction products
allows a convenient way to study the possible interac-
tions between the catalyst and the substrate simply by
following the regioselectivity of the coupling reactions
by 1- and 2-D-NMR.

The results indicated that the bulky Mn complexes 4
and 8 catalyzed the oxidation of coniferyl alcohol with

R R

r—~

hydrogen peroxide giving mixtures of products in about
1:1:1 B-0-4, B-5 and B-B coupling ratios (Table 1). The
ratio of the couplings obtained with unsubstituted salen
9 was notably different, about 1:2:3, whereas iron com-
plexes 3 and 7 as well as HRP gave values practically
the same as in bulky Mn complexes. The monitoring of
the disappearance of CA by TLC showed that Mn
complexes catalyzed oxidations proceeded as fast as
those catalyzed by HRP. In cases of the iron complexes,
the reactions were slightly slower and the unsubstituted
Mn catalyst 9 was clearly the least active. The 1-D-
NMR studies of the materials revealed that in all cases
the oxidation produced similar types of oligomeric
materials. The possible enantioselectivity of the cou-
pling was checked by using the chiral manganese com-
plex 8 and analyzing the dimeric B-5 product formed by
HPLC equipped with a chiral column. The product was
racemic.

The activities of cobalt complexes were studied using a
slight overpressure of dioxygen. In cases of bulky cobalt
complexes 1 and 5, the coupling ratios were about 1:2:3
and this was also the case with catalyst 10. The dis-
appearance of CA in case of complexes 1 and 5 was also

—N N=
\Mx _N\M,N_
/N
O O O/ \O
- + + -
CIPh3 P P PhClI

9 M = MnClI
10 M =Co

1R=H,M=Co
2R=H,M=Cu

3R=H, M=FeCl

4 R =H, M =Mn(OAc)

5 R = (R,R)-cyclohexyl, M = Co
6 R = (R,R)-cyclohexyl, M = Cu
7 R = (R,R)-cyclohexyl, M = FeCl

8 R = (R,R)-cyclohexyl, M = Mn(OAc)

Figure 1. Complexes 1-10 used as oxidation catalysts.
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Figure 2. Coupling products obtained on the oxidation of coniferyl alcohol.
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faster than in case of simple Co-salen 10. The copper
complexes 2 and 6 were found to be inactive with
dioxygen. When the oxidant was changed to hydrogen
peroxide, they slowly gave coupling products in a 1:1:1
ratio. With cobalt and copper complexes the material
obtained was mainly dimeric.

To mimic the effect of the axially coordinating histidine
residue found in the peroxidase enzymes,'* we also per-
formed the reactions in the presence of imidazole. Imi-
dazole is known to coordinate to the metal ion center of
the salen complexes yielding complexes of increased
activities in oxidations.!> We found that imidazole
accelerated the oxidation of CA with all Fe- and Mn-
complexes, but had no effect on product distribution
(Table 2). On the other hand, Co- and Cu-salen cata-
lyzed oxidations with imidazole gave back intact start-
ing material.

To examine the catalysts in the oxidation of the phe-
nolics representative for lignocellulosic material, we
then studied the oxidation of monomeric benzyl alco-
hols 11, 12 and a dimer 15 (Fig. 3) with complex 4,
which appeared to be the most active catalyst in CA
oxidation experiments. The reactions were first per-
formed in 1:1 water—methanol solution at pH 10. In the
oxidation of compounds 11 and 12, we found that they
were converted to 13 and 14, respectively, in a yield of
70%. When the substrate was changed to the more
bulky erythro-15, the reaction gave quantitatively a
diastereoisomeric mixture of compound 16, tetrameric
products formed in an oxidative coupling of the dimer

Table 1. Results of the oxidations of coniferyl alcohol

Catalyst Oxidant B-O-4* f-5* B-p* Reaction Polymerization®
time®

lh Dimeric
3d Dimeric
2h Oligomeric

lor5 O, 3
1
1
1 40 min
3
3
1

20r6 H202
3or7 H,0,

—_— e - —
—_ ) R = = R

4or8 H->0, Oligomeric
9 H,0, 18h Oligomeric
10 0, 12h Dimeric

HRP H,0, .5 l1h Oligomeric

2The relative amounts of coupling products were determined by
NMR.

®Disappearance of coniferyl alcohol (TLC).

°The degree of polymerization was estimated from the '*C NMR
spectra.

Table 2. The results of the oxidation of coniferyl alcohol with added
imidazole

Catalyst Oxidant B-O-42 B-5¢ B-p? Reaction timeP
lor5 0, — — — —
20r6 HzOz — — — —°
3or7 H->0, 1 1 1 30 min
4or8 H,0, 1 1 1 30 min

9 H,0, 1 2 3 lh

10 0, — — — _e

2The relative amounts of coupling products were determined using
NMR.

®Disappearance of coniferyl alcohol (TLC).

°No reaction.

15. At pH 3, the reactivity pattern was the same but the
conversions were lower. When oxidation experiments
on 15 were performed using cobalt complexes 1, 5 or 10
no oxidation products were found, neither at pH 3 nor
at pH 10.

Discussion

Mn-salen catalyzed oxidations are known to occur
through a metal-oxo complex!>'® while cobalt com-
plexes activate dioxygen forming a 1:1 metal to oxygen
superoxo or a 2:1 metal to oxygen peroxo complexes as
the active oxidant.!%!7 The oxidative coupling of CA
catalyzed by simple manganese and cobalt salens (Table
1) show practically no differences, neither in -0-4, -5
and B-B coupling ratios nor in the rate of CA dis-
appearance. However, in cases of bulky Mn (4 and 8)
and Co catalysts (1 and 5) the regiochemistry of cou-
plings is markedly different to those observed with 9
and 10 whereas the rate of CA disappearance was again
about the same (Table 1). Interestingly, the oxidations
of CA catalyzed by bulky Mn, Cu and Fe complexes
show practically the same regiochemistry obtained with
HRP. Since HRP oxidations are assumed to proceed
without any special interaction between the phenoxy
radical and the catalyst during the oxidative coupling,'®
it can be concluded that the bulky catalysts show similar
lack of interaction. On the other hand, the different
regiochemistry of couplings found with the unsub-
stituted salens 9 and 10 to that observed with bulky
catalysts (and with HRP) suggest a stronger interaction
with the phenoxy radicals formed from CA with the
catalysts, and that this interaction persists also in the
transition state of the coupling.

The beneficial effect of the added imidazole to the Fe-
and Mn-salen catalyzed H,O, oxidations is a known
phenomenon.!® The partial crystal structure of the Mn
complex 17 with two imidazole ligands at apical posi-
tions suggests that the initially formed complex before
the addition of oxidant is of the octahedral type (Fig.
4).2% In the case of Co- and Cu-salen catalysts, on the
other hand, imidazole seem to form more stronger
octahedral complex and no oxidation is observed. The
result further suggest that this interaction of imidazole
is different than that of pyridine which is known to
facilitate the Co-salen catalyzed oxidations.!°

The oxidation of lignin models 11 and 12 yield the
respective carbonyl compounds 13 and 14 indicating
that in the case of simple benzyl alcohols the oxidation
gives two-electron oxidation products. The reactions
thus resemble 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) oxidations of phenols, probably involving a
hydride abstraction from the benzylic position.?! One
possible reason for the different regioselectivity in oxi-
dations of 11 and CA may be that CA with a low oxi-
dation potential preferentially forms phenoxy radicals
prone to rapid coupling reactions. Interestingly, with a
dimeric erythro-15 the regioselectivity of the oxidation is
markedly different. The reaction gives now quantita-
tively a diastereoisomeric mixture of coupling product
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Figure 3. Benzylic alcohols and their oxidation products.
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Figure 4. Crystal structure of the complex cation of the imidazole adduct 17.

16, not a a-carbonyl structure. The DDQ oxidation of
lignin models also forms these structures, however, as
minor products. The observed preferential formation of
coupling products 16 in salen catalyzed oxidation is
most probably due to the difficulties of Mn-salen cata-
lyst to form a complex with the bulky substrate that is
required for the hydride (or electron) abstraction from
the benzylic position.

Conclusion

The present results demonstrate that bulky metal salen
compounds are useful biomimetic oxidation catalysts in
plant polyphenol research. Our experiments show that
the substrate to catalyst interaction may vary sub-
stantially between dioxygen and hydrogen peroxide
oxidations and that the bulk of the substrate affects
dramatically to the regioselectivity of the oxidation. The
results also demonstrate that the understanding of the
role of water in biomimetic oxidation systems seems to
be of the utmost importance.

Experimental

The 1- and 2-D NMR spectra were recorded on Varian
Gemini 2000 (200 MHz) and Varian Inova (300 MHz)
spectrometers in CDCIl; or acetone-Dg (for acetylated
16) using the residual solvent signals (5 7.27 in 'H and

77.1ppm in 3C for CDCl; and § 2.04 in 'H and
29.8 ppm in '3C NMR for acetone-Dg) as references.
The mass spectra were recorded using PerSeptive Bio-
systems Mariner Biospectrometry Workstation ESI-
TOF spectrometer. HPLC analysis was carried out
using Waters 600 Controller and pump, Waters 996
Photodiode Array Detector and Chiralcel OF column.
TLC was conducted on precoated Merck Silica Gel 60
F»s4 plates and visualized with UV light and
molybdatophosphoric acid—Ce(SO4),—H»,SO4 with sub-
sequent heating at 120°C. Solvents were analytical or
HPLC grade. Dioxane was distilled from sodium before
use. Coniferyl alcohol was synthesized according to the
literature procedure.?> The syntheses of the bulky salen
complexes are described elsewhere.!*> The unsubstituted
salen complexes were prepared using the literature
methods.>? Lignin model compound erythro-15 was
prepared according to the standard literature proce-
dure.?* The '3C NMR signals for acetylated B-O-4, B-5
and B-B structures used in product characterizations
were found at 80.1, 88.0 and 85.0 ppm, respectively.
Corresponding 'H NMR signals were found at 4.69,
5.51 and 4.75ppm. The degree of the oxidation of the
benzyl alcohols 11 and 12 was calculated from 'H NMR
spectra by comparing the characteristic peaks of alde-
hyde protons and benzylic methylene protons. The dia-
stereoisomeric mixture of compound 16 has similar NMR
spectra when compared to 15, but the peaks are wider.
Peracetate of compound 16 gave an identical '3C NMR
spectrum to that reported earlier.> The identification of
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16 was also based on the TLC analysis and comparison
with the authentic sample.®

General procedure for the oxidation of coniferyl alcohol

Coniferyl alcohol (180mg, 1.0 mmol) was dissolved in
dioxane (1.5mL). Into this mixture, the catalyst
(0.05mmol, 5mol%) and imidazole (34 mg, 0.5 mmol,
when used) was added followed by the introduction of
the buffer (3.5mL, pH 3, 0.01 M citrate-phosphate).
When HRP was used, 5mg was dissolved in the buffer
and added to the CA—dioxane solution. Hydrogen per-
oxide (1.0 mmol of 10% solution in the buffer) was then
added to the resulting mixture in three portions (15 min
intervals) or the mixture was stirred under an O, atmo-
sphere. After the disappearance of coniferyl alcohol
(TLC monitoring, ethyl acetate as the eluent) the mix-
ture was diluted with water (10 mL) and extracted with
ethyl acetate (3x15mL). The combined extracts were
washed with 0.01 M HCI (10 mL) and brine (10 mL) and
dried with Na,SOy,. The solvent was evaporated (recov-
eries in all cases over 90%) and the residue acetylated in
1:1 pyridine—acetic anhydride overnight. The acetylated
material was then analyzed by NMR. The degree of
polymerization was estimated from the signal widths of
the 'H and '3C NMR together with the information
obtained from TLC of the raw materials. HPLC analy-
sis of the non-acetylated material was carried out using
hexane-isopropanol (9:1) as an eluent, flow rate 1.0 mL
min~!. When the reactions using H,O, or O, were per-
formed without the catalyst, no oxidation of CA was
evident after 3 days.

General procedure for the oxidation of benzyl alcohols

Substrate (1.0 mmol) and catalyst (0.05 mmol, 5mol%)
were dissolved in 1:1 MeOH-buffer solution (10 mL, pH
10 or 3, 0.01 M carbonate or citrate-phosphate). To the
resulting mixture was added hydrogen peroxide
(3mmol, 30% solution) in three portions at 10min
intervals or the mixture was stirred under an O, atmo-
sphere. After stirring overnight at room temperature,
the mixture was diluted with brine (20 mL) and extrac-
ted with ethyl acetate (3x15mL). The combined
extracts were washed with 0.01M HCI (20mL) and
brine (20mL). After drying with Na,SO, the solvent
was evaporated. Recoveries were always over 90%. The
residue was analyzed with NMR spectrometry.

X-ray crystallography

Preparation of 17. Compound 4 was dissolved in
CH,Cl,. A ten-fold excess of imidazole was added
resulting in the change of color from brown to greenish
brown. To this mixture was added a solution of an
excess of NH4PF¢ in ethanol-isopropanol. The solution
was filtered and allowed to evaporate slowly at room
temperature. Crystals of the imidazole adduct
[Mn(Cg,HgN,0,P,)(C3H4N,)o 1+ -3PFg -2(C3H0) - 17
as a hexafluorophosphate salt were obtained after 2 days.

Crystal data and structure refinement for 17.2° Empirical
formula C74HgeF;sMnNgO4P5 formula weight=1675.26,

temperature =193(2) K, wavelength=0.71073 A, crystal
system: monoclinic, space group: P2(1), unit cell dimen-
sions: a=13.017(8) A, b=12.631(6) A, c=48.72(3) A,
a=90°, B=98.01(5)°, y=90°, volume=7932(8) A3,
Z =4, absorption coefficient =0.353 mm~', F(000) = 3192.

Due to the limited quality of the data, only a partial
structure determination is given here. Bond angles and
lengths could not be determined, but the general con-
nectivity was clearly established.
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