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The effect of reaction conditions on the oxidation of veratryl
alcohol catalyzed by cobalt salen-complexes
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Abstract

Cobalt salen-type [salea N,N-bis(salicylidene)ethylenediamine] complexe$ were studied as catalysts for dioxygen
activation in the oxidation of veratryl alcohol in basic aqueous conditions. The complexes Co($al€w)¢CHssalen) )
[aCHssalen= N,N’-bis(amethylsalicylidene)ethylenediamine], Co(40OHsale3))[dOHsalen= N ,N'-bis(4-hydroxosali-
cylidene)ethylenediamine], Co(sulfosalef)[culfosalen= N,N-bis(5-sulfonatosalicylidene)ethylenediamine], Co(acacen)

(5) [acacen= N ,N'-bis(acetylacetone)ethylenediamine) and Co(N-Me-saf)r)N-Me-salpr = bis(salicylideniminato-3-
propyl)methylamine] were chosen to examine the influence of ligand structure on the catalytic activity. The effect of reaction
conditions on the oxidation of veratryl alcohol was studied by varying temperature, pH, time or the nature and amount of the
axial base needed to enhance the activity of complé&xBsThe catalytic behaviour of the studied complexes was shown to

be very depended on the applied conditions and distinct differences could be observed among the complexes. In all reactions,
veratraldehyde was the only product observed. The unsubstituted coinplas the most efficient catalyst in the studied
system achieving turnover numbers of up to 28 at@@nd pH 12.5. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction a way, that an organic substrate is oxidized selectively
[5]. Many synthetic models of the active sites in en-
A controlled oxidation of organic compounds with zymes have been prepared and studied to understand
molecular oxygen is a pursued approach in the devel- the mechanism of catalytic oxidation [3,5-10].
opment of environmentally benign and ecologically ~ Elemental chlorine is no longer used in the pulp in-
sustainable chemical processes. These processes cadustry in Finland, but different compounds of chlorine
find their significance in the preparation of organic are still important reagents in the bleaching sequence
reagents [1], bleaching of pulp [2] or textiles [3], raw [11]. In these reactions several environmentally haza-
materials industry [4] and environmental catalysis. rdous organochlorine compounds are possibly formed
The problem in oxidation reactions, in general, is that as side products. The use of molecular oxygen in pulp
high temperatures or high pressures are needed andleaching cycles is an attractive alternative to chlorine-
therefore reagents are usually destroyed by radical based bleaching. The problems in totally chlorine
reactions with oxygen. To enable a more specific re- free bleaching have been so far the need of expen-
action in milder conditions, a synthetic catalyst or an sive chemicals and the lower quality of the produced
enzyme is needed, which can activate oxygen in such pulp. An efficient catalyst should enhance either the
oxygen or the peroxide stage of the bleaching seque-
* Corresponding author. nce targeting only certain functionalities in lignin and
E-mail address: timo.repo@helsinki.fi (T. Repo). leaving the fibers untouched. Improving one of the
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stages considerably would also enable a shorter cobalt salen-type complexds6 were used as cata-

bleaching cycle and improve the quality of the recov-
ered pulp. Catalytic transition metal complexes have

lysts to activate dioxygen for the oxidation of veratryl
alcohol (7, Fig. 1), which was taken as a benzylic

more often been designed to activate the peroxide model compound for lignin substructures [30]. Ve-

stage [2,12,13]. Dioxygen is, though, a highly desired

ratryl alcohol was chosen as a substrate for several

oxidant as it is cheap and it enables clean processesreasons: it contains moieties common to lignin, it

with harmless side products [14]. The catalyst de-

is easily available, soluble in water, small and its

signed for this process should be cheap, stable in oxidation with @ catalyzed by Co(salen) produces
basic aqueous solutions and small, so that it can reachproducts, which are easy to analyze and therefore the

the sites to be oxidized in the lignin structure.

observation of the effect of different reaction con-

The salen-type complexes of cobalt have long been dition is simplified. It also has methoxy groups, so
known to activate dioxygen [4,15-19]. Four-coordinatedpossible demethoxylation could be observed. These
square-planar cobalt salen-type complexes need anmodel reactions are important as the catalyst be-

added base, which binds to the axial position of the
coordination sphere of the central metal [4,20,21].

haviour and activity must be monitored well before
tests with more complicated substrates, e.g. pulp, can

The trans axial ligand enhances the oxygen binding be performed. The model reactions will also help in

capability of the square-planar complexes and sta-

bilizes the formed dioxygen adducts [20]. The most
commonly utilized axial base in cobalt catalyzed
oxidation systems is pyridine [4,21].

Co(salen) ) and similar compounds react re-
versibly with oxygen to give an equilibrium mixture
of a superoxo complex (Co:atio 1:1) and a dimeric
peroxo complex (Co:@ratio 2:1) [4,9,15]. Variations
in the reaction conditions or the ligand structure influ-
ence which of these species is favored [18,22]. Much
of the observed effects of reaction conditions can
be explained by the altered equilibrium of these two
species. The formation of the superoxo complex is
favored in the most polar solvents [20]. On the other
hand, high temperatures favor the peroxo-bridged
species [23,24].

The ability of cobalt salen-complexes to cat-
alyze the oxidation of phenolic substrates is known
[4,19,25-28], but examples of oxidation of benzylic

type substrates are fewer [29]. In the present study,

R /
=N
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R’ 0
R"
1:R=R'=R"=H
2:R=Me,R'=R"=H
3:R=R'=H,R"=OH
4:R=R"=H,R =S0;Na

determining the mechanism of the reaction.
Salentype complexes are easy to prepare and
cheap. They are stable in water, even in higher pH and
temperature, and they are small in size. Complexes
1-6 were chosen in order to study the influence of the
ligand framework on the catalytic activity. Complex
1 has the unsubstituted salen ligand, while compglex
has —S@H substituents in the ligand, which increase
the solubility of the complex. Complex@sand3 have
electron donating substituents —g&hd —OH, respec-
tively. The methyl group in the-position (complexes
2 and5) should enhance the stability of the ligand.
Complex5 differs from complex2 only by the absence
of the aromaticity next to the alkoxy moiety. Complex
6 differs from the series by having an extra amine
group in the bridge, otherwise resembling complex
The reactions were performed in alkaline water
solutions to imitate the conditions in pulp bleaching
sequences. Several reaction conditions were varied
to study their effect on the oxidation activity of the

R [\ Ap OH
N= =N_ N= _N\(,:,N_
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Fig. 1. The structures of cobalt complexiéss and veratryl alcohol.
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catalytic system. These variables include the added [22]. In this study, it was noted that with complexes
axial base, temperature, pH, time and solvent. 1-5, an axial base is needed for any oxidation to occur
under the conditions used. Compléxwith the base
included in the ligand frame is significantly weaker as
a catalyst (Figs. 3 and 4). The nature of the base has
some effect as pyridine and diethylamine are almost
equally efficient to enhance the oxidation, but bases
such as ethylenediamine or imidazole inhibit the reac-
tion. This indicates that the latter two bases bind to the
cobalt center too strongly and either the dioxygen or
the substrate cannot approach the active site. Thus, the
mobility of the axial base might play an important role
in the oxidation mechanism. The amount of added base
has also been under discussion, and it has been sug-
gested that too much of the base could inhibit the co-
ordination of either the dioxygen [21] or the substrate
[28]. In our experiments only the compléxneeded
stoichiometric amount of base to achieve higher con-
versions of the substrate. For other complexes studied,
equimolar amount of base was necessary, but excess
of it did not improve nor inhibit the reaction.

2. Experimental

The complexe®-5 were prepared according to the
literature methods [23,31-34]. The completeend6
were purchased from Aldrich and used without further
purification. The oxidations were performed in 25 ml
two-neck flasks under oxygen gas at normal room
pressure. In 10 ml of deionized water, veratryl alcohol
and the axial base were added before the adjustmen
of pH with 2 M NaOH. The amount of cobalt complex
used was the same in all experiments (0.15mmol).
The amount of veratryl alcohol used was 1.5-6 mmol.
The reactions were performed at temperatures from 25
to 100°C and allowed to proceed for approximately
20 h. The reactions were stopped by cooling to ambi-
ent temperature and adjusting the pH to 6—7 with 2M
HCI. After extraction with ethyl acetate, the solution
was dried with sodium sulfate, filtered and the solvent
was removed. The oxidation products were identified 35 The effect of temperature
with IR (Perkin Elmer, Spectrum One)- ahH-NMR

(Varian Gemini 2000)-spectroscopy and a few reac-  The minimum temperature needed for oxidation to
tion pr.oducts were also further examined by chromato- proceed is 60C for catalytic systems involving com-
graphic methods (GC/MS, HP 5890/HP 5972 MSD) plexes1 and5, pyridine and water (Fig. 2). Best ox-

and mass spectrometry (EI-MS JEOL JMS-SX 102). idation results for complexek and5 are obtained in
If storage was needed between measurements, the OXthe temperature range of 80-9D. In some extent, the

idation products were stored atl8°C. effect of temperature can be related to the solubility of
the complexes. The structure of the complexes affects
3. Results and discussion their endurance of higher temperatures. The conver-

sion percentages for complexes at temperatures 80

The percentages of the aldehyde conversions wereand 100°C are presented in Table 1. Contrary to the
determined by the ratio of the —GHpeak of the al-
cohol (5 = 4.55) and the —CH peak of the formed Iﬁte)lijidation of veratryl alcohol catalyzed by compleXe$ at

— i 1

aldehyde(s = 9.78) in the“H-NMR spectra. The GC temperatures 80 and 100°
measurements confirmed these percentages to be reli
able and confirmed the absence of side products. The

Complex Conversion (%)

results are expressed as turnover numbers (TONSs), 80°C 100°C
which are calculated as the number of moles of sub- 1 100 70
strate oxidized by 1 mol of the catalyst. g 32 38

: 4 20 43
3.1. The effect of the axial base 5 64 54

Th ial b h inifi t effect hich aThe reactions were performed in water at pH 11 and us-
€ axial base has a signicant efiect on whic ing pyridine as the axial base. The results are expressed as the

species forms, superoxo or peroxo, and it also influ- percentage of veratraldehyde formed. The amount of substrate in
ences the bond length in the coordinated dioxygen these reactions was 1.5 mmol.
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Fig. 2. The temperature needs to be over®O0for oxidation of veratryl alcohol to proceed well at pH 11 with compledesnd
5 as catalysts. Similar behaviour is observed for other complexes as well. The amount of veratryl alcohol in these experiments
was 1.5mmol.
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Fig. 3. The catalytic performance of compl&increases dramatically in higher pH values. Comeshows low activity in the applied pH
range. The amount of veratryl alcohol in these experiments was 6 mmol and the TON was calculated from the percentages of veratraldehyde
formed.
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Fig. 4. The catalytic activity of the complexés5 increases dramatically when raising the pH from 11 (left columns) to 12.5 (right columns).
The amount of veratryl alcohol in these experiments was 6 mmol and the TON was calculated from the percentages of veratraldehyde formed.

behaviour of complexe$ and5, the catalytic perfor- plex, no axial base or no oxygen was included, and
mance of complexe3and4 improves with increasing  these tests proved that this system is not active if any
temperature. The behaviour of complxs similar of the reaction components is missing.
at both temperatures. With compléxhe conversions
remain low even at higher temperatures.
4. Conclusions
3.3. The effect of pH
Water is clearly an environmentally friendly sol-

The variable which has a dramatic effect on the out- vent for large scale processes and it is the only sol-
come of the oxidation reaction is pH. Changing the ventused in the pulp and paper industry. Therefore the
pH from 7-8 to 11 causes an enormous increase in catalytic system designed for bleaching cycles should
catalytic activity for complexe$-5. Furthermore, in- stand aqueous and basic media. Our results show, that
creasing the pH to 12—-13 more than doubles the con- specific catalytic oxidation of lignin model compound
version of alcohol to aldehyde (Fig. 3). The catalytic veratryl alcohol can be achieved with molecular oxy-
performance of comple®& seems to be unaffected by gen and cobalt salen-complexes in basic aqueous solu-
changes in pH as it remains low in the pH range from tions. Catalytic oxidation has also been observed with
4 to 13. Fig. 4 shows how the TONs for cataly&t$ these complexes in pulp bleaching conditions [11].
change when the pH of the reaction solution is raised  The tuning of reaction conditions proves to be im-
from 11 to 12.5. portant as notable differences are observed for each

The complexesl-5 retain their catalytic activity =~ complex in different conditions. The most critical pa-
even in high pH values and high temperatures. When rameters were observed to be the nature of the axial
another portion of the substrate is added to the reac- base, temperature and pH. Changing one of the vari-
tion solution after the initial 20 h period, the oxida- ous parameters can affect dramatically the outcome of
tion proceeds further, which indicates that the catalytic the oxidation reaction.
species remains active. The catalytic activity isnotdue  Based on the results above, Co(salet))gchieves
to simple cobalt complexes produced in a decomposi- its highest activity (TON 28) at 80C and pH 12.5.
tion of the complex, as in tests where cobalt(ll)acetate Complexesl-5 show some common features, as their
or cobalt(ll)chloride were used instead of complexes catalytic activity increases with raising the pH. The
1-6, no oxidation products were obtained. Also refer- substituents in the salen ligand frame seem not to im-
ence experiments were performed in which no com- prove the catalytic behaviour of the cobalt complexes,
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as the most efficient catalyst in the oxidation of ve-
ratryl alcohol was the unsubstituted complexThe

structural differences do have some effect on how the
complex stands reaction conditions. The substituents
seem to enhance the thermal stability of these com-

plexes. CompleX stands out from this group of com-
pounds, as its catalytic behaviour is low in all of the

studied environments, which might be caused by the

rigidity of the axial base in the bridge.

The cobalt salen-complexes proved to be very se-

lective in the oxidation of veratryl alcohol. These re-

sults indicate, that transition metal complexes can be

an useful tool in the search of methods for improving
the efficiency of the pulp bleaching cycle. Tests with
other model compounds and modified ligand struc-
tures are under investigation.
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