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Abstract

A series of Schiff-base salen-type cobalt complexes Co(saBn)sélen = N,N'-bis(salicylidene)ethylenediamine],
Co(a-CHgzsalen) @) [a-CHgsalen= N,N'-bis(x-methylsalicylidene)ethylenediamine], Co(4-OHsal€e3)) [¢-OHsalen=
N,N'-bis(4-hydroxosalicylidene)ethylenediamine], Co(sulfosaldpjdulfosalen= N,N'-bis(5-sulfonatosalicylidene)ethyl-
enediamine], Co(acacerf)(Jacacen= N,N'-bis(acetylacetone)ethylenediamine)] and I&d{e-salpr) 6) [N-Me-salpr=
bis(salicylideniminato-3-propyl)methylamine] were studied as catalysts for dioxygen activation in the oxidation of 3,4-dime-
thoxy benzylalcohol (veratryl alcohol) in basic aqueous conditions. The oxidation occurs selectively at benzylic position as
in all experiments veratraldehyde was the only observed product. The highest catalytic activity was reached with the unsub-
stituted complexX), which was used for further studies on the effect of temperature, pressure, time and pH. The effect of pH
was noted to be critical and the reaction proceeds up to 72 h if the pH is kept at about 12.5. The need for higher temperatures
(over 60°C) was also confirmed. Reactivity of the catalyst increase linearly with increasg@de®sure, the best turnover
numbers (TON= moles of veratryl aldehyde produced per mole of complex) reached in similar conditions were 58 for
ambient pressure and 103 for oxygen pressure of 10 bar. The catalytic activity can be further enhanced if the catalyst:substrate
ratio is increased. Turnover numbers as high as 330 were detected with catalyst:substrate ratio 1:5950 at ambient pressure.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction attractive approach for high variety of ecologically

sustainable chemical processes. The proper activa-

Research under the theme “green chemistry” is tion of dioxygen under moderate reaction conditions

challenged by the development of environmentally requires a suitable catalyst and in many industrial
and economically sustainable processes for industrial processes simple transition metal complexes are used
applications. Selective oxidation of organic com- as catalytic speciefl]. With these catalysts it is of-
pounds with simple oxidants, such as cheap, abundant,ten difficult to combine high activity together with
and non-toxic dioxygen, would be an example of an high selectivity, while in nature enzymes are able

to do so. The structures of the active sites in these
"+ Corresponding author. Tekt 358-9-19150236: enzymes are, 'therefore, Widgly studigd and synthetic
fax: +358-9-19150198. equals to mimic their catalytic behavior are prepared
E-mail address: timo.repo@helsinki.fi (T. Repo). [2-7].
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The pulp and paper industry has searched for alter- Reaction conditions and ligand structure are known
natives for chlorine-based bleaching since the begin- to have a influence in the equilibrium between a su-
ning of 1980’s. In the totally chlorine-free bleaching, peroxo complex (Co:@ratio 1:1) and a dimeric per-
the main drawback is the damaging of the cellulose oxo complex (Co:@ ratio 2:1)[16—18,30] of which
fibers during the multistage delignificati¢8]. More the superoxo complex is thought to be catalytically
active oxygen stages are, therefore, looked for and more active. It is also plausible that other Co—oxygen
catalytic activation of molecular oxygen is an very complexes can be present than the ones mentioned
attempting approach. Catalytic bleaching would al- above. By careful choice of the ligand, solvent, tem-
low the production of paper of good quality with perature, pH and other parameters, the equilibrium
fewer stages and lower chemical consumption. All can be shifted towards the catalytically more active
together, this would make the bleaching of pulp more species. We have previously reported the oxidation of
economical and less harmful to the environment. veratryl alcohol by molecular oxygen and Co(salen)

Water as a preferred medium for pulp and paper complexes in basic aqueous mef8a]. In this paper,
industry limits the number of catalyst alternatives more detailed study on the influence of reaction pa-
(most of the other studies published about aerobic rameters on the oxidation activity of the Co(salen)/O
oxidation of alcohols have been performed in organic system in water is reported. The variables studied in-
solvents, especially the ones with ruthenium or pal- clude the added axial base, temperature, pH, time,
ladium catalystsJ9-15]. In the present study, cobalt oxygen pressure and the catalyst:substrate ratio.
salen-type complexe$-6 were chosen as catalysts
for their known ability to activate oxygefil6—21]
and because they are easy to prepare, cheap, stabl@. Experimental
in water and small in size. Cobalt(salen) complexes
are also known to catalyze the oxidation of pheno- The complexes?-5 were prepared according to
lic substrateq17,22—-25] but examples of oxidation the literature methodg32—-40] and the complexe$
of benzylic type substrates are few@6]. Veratryl and6 were purchased from Aldrich and used without
alcohol was chosen as the model substrate for this further purification. The substrate veratryl alcohol
study because it can be considered as a model com-(3,4-dimethoxybenzyl alcohol) was purchased from
pound for lignin substructureR7] and it is often ACROS and used as receivedd. 1).
used in studies of lignin degradation by enzymes as
it is the most probable substrate for lignin peroxidase 2.1. The oxidation experiments at ambient
[28,29] These model reactions are important as the pressure
catalyst behavior needs to be monitored well before
tests with more complicated substrates, e.g. pulp, can Experiments in ambient pressure were performed
be performed. Careful study of the model reactions mainly in 25 ml two-neck flasks under oxygen gas.
might also enlighten the mechanism of the catalytic De-ionized water, the chosen cobalt complex and axial
reaction. base (usually pyridine) were added first and stirred for

Fig. 1. The schematic structures of cobalt complekes
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about 10 min prior to the addition of other reagents. 3. Results and discussion

Sodium hydroxide was then added followed by vera-

tryl alcohol and at this point pH of the solution was A series of salen complexds6 (Fig. 1) was cho-
recorded. (Experiments were also performed by re- sen to study the influence of the ligand structure on
placing NaOH with KOH, LiOH or Ca(OH) Systems their catalytic performance in aqueous solutions. Pre-
with NaOH and KOH reach similar turnover numbers viously it has been shown that ligand substituents
at pH 12.5 for veratryl alcohol oxidation, while re- do not have any effect on the oxidation behavior of
sults for systems with LiOH or Ca(Obhl)are much salen-type cobalt complexes, because the differences
poorer. The TON reached with LiOH system is about in the electronic effects caused by substituents are
one-half of those for NaOH, with Ca(OR}¥ystem it compensated by the change in the donating proper-
is about one-fourth. Additional information upon re- ties of the axial base. Thus, when the donor proper-
quest). Oxygen atmosphere was set after evacuationties of the Schiff-base ligand decrease, the axial base
of the reaction system and the reaction mixture was binds more efficiently and the overall effects of the
heated to the chosen temperature and the reaction wasubstituents are mitigatefd1]. The differences that
let to proceed for the desired time. The reaction was can be reached with varying ligand structures can thus
stopped by cooling to ambient temperature and then arise from steric effects or from better solubility or
the final pH was measured. The pH of the reaction mix- stability of the complex.

ture was adjusted to 6—7 with 2 M HCI and soluble or- ~ The unsubstituted salen compl&xcan be consid-
ganic products were extracted with ethyl acetate. The ered as a standard when compared to the catalytic
organic phase was separated, dried with sodium sul- performance of the substituted ones. Comeixas
fate, filtered and finally the solvent was removed. The sulfonyl groups at 3,/3positions, which make the com-
recovery of the extracted product was between 92 and plex highly water soluble and therefore an attractive
97%. The reaction conditions (time, pH, axial base, candidate for pulp bleaching processes. In complex
amount of solvent, temperature and catalyst:substratethe labile imine protons have been replaced by methyl
ratio) were varied. The oxidation products were iden- groups, which should stabilize the complex against
tified with IR spectroscopy (Perkin-Elmer, Spectrum nucleophilic attacks. Comple4 is otherwise similar
One) and/or'H NMR (Varian Gemini 2000) spec-  as3 but the aromaticity of the ligand is removed while
troscopy and by chromatographic methods (GC-MS, the conjugation in the ligand framework is remained.
HP 5890/HP 5972 MSD). The results are expressed asComplex5 was selected to observe the influence of
TONSs (TON= turnover number, the number of moles the OH-groups at 4,4osition, which should im-

of aldehyde produced per one mole of catalyst). prove water solubility of the complex. Complex
resembles compleg, but it has an additional amine
2.2. High-pressure oxidations functionality on the bridge between the imido groups.

In alkaline agueous media, the oxidation of veratryl
Experiments at higher oxygen pressures were alcohol with the Co(salen) complexes seems to pro-
made in 100 ml steel autoclave with a glass vessel ceed selectively and ifH NMR only the appearance
inside. The autoclave was loaded with 10 m}®H of veratraldehyde can be detecté&dy 2). Therefore,
catalyst (Co(salen)lj, 0.15mmol) and pyridine (cat- the determination of the extent of the oxidation is
alyst:pyridine 1:1) and stirred for 0.5 h. Veratryl alco-

hol was then added, pH adjusted to 12.5 with 0.2 ml OH o

of 2M NaOH and the desired oxygen pressure was o, 7

set from a gas cylinder. The autoclave was placed in H,0/ NaOH

an oil bath and the reaction mixture was stirred at ,

elevated temperatures for 5-80 h. Afterwards the reac- 80°C

tion mixture was neutralized with 2 M HCI, extracted OMe cat oMe
OMe ) OMe

with ethyl acetate and the organic phase was sepa-

rated and dried with NaSQ Results were analyzed  Fig. 2. The overall reaction scheme of veratryl alcohol oxidation
by 'H NMR and confirmed with GC-MS (see above). with complexesl-6 as catalysts.
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Fig. 3. The effect of temperature on the oxidation of veratryl alcohol. Reaction conditions: 10 ml of distilled water, 0.15 mmol of complex
and pyridine, 5mmol of veratryl alcohol, 0.2ml of 2M NaOH and time 24 h.

relatively easy and results are expressed as TONsplex5is the only one with which the activity increases
(TON = turnover number, the number of moles of steadily with the increasing temperature, while the ox-
aldehyde produced per one mole of catalyst). In spite idation capability of6é remains low at the whole tem-
of the basic reaction conditions, further oxidation of perature scale. Also simple cobalt chloride or acetate
the veratraldehyde and the formation of e.g. corre- complexes were investigated, but they are not able to
sponding carboxylic acid have not been observed. One catalyze the oxidation under the studied conditions.
explanation might be that veratraldehyde precipitates The increased activity at higher temperatures might
during the oxidation, because it is not water soluble, be connected with enhanced solubility of different
and this prevents further oxidation to occur. Experi- Co-species into alkaline water solution, but as the
ments, where dioxan was added to dissolve veratralde-same phenomenon was seen with highly soluble com-
hyde, were also performed but similar results were plex 2, other reasons have to exist, too. Temperature
obtained. This suggests that the reaction mechanismis known to have a strong influence on which type of
does not facilitate over-oxidations at higher extent.  oxygen—Co complex dominates in the solution; the
bimetallic peroxo-bridged complex is usually favored
at higher temperaturgd1,43,44] while the oxidation
activity is thought to be due to a reactive superoxo
All complexes 1-6 were examined at different complex [17,44] The higher temperatures needed
temperatures but otherwise constant conditions at pH for the reaction to proceed suggests that actually the

3.1. The effect of temperature

12.5 Fig. 3. At ambient temperature the conversion
of veratryl alcohol to corresponding aldehyde is very
slow and for a moderate oxidation activity the reac-
tion temperature needs to be over’@ The catalytic
productivity increases with increasing temperature
and activity of complexesl4 more than doubles
from 70 to 80°C while highest activity was observed
at the temperature range of 809D (TON = 25). At
100°C, complexed—4 exhibit declined activity. Com-

bridged species should be dominating in the solution.
As mentioned below, other reaction conditions have
also strong effect on the equilibrium between the
superoxo and the dimeric peroxo complexes and by
careful reaction setup the domination of the bridged
species at higher temperatures can be avoided. We
assume that high temperatures are needed for an an-
other step in the catalytic oxidation rather than the
formation of an active Co—oxygen complex.
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Fig. 4. The effect of pH on activity. In these experiments, temperature was kept°@ &her conditions as ifig. 2

The observation that most of the complexes
loose their catalytic activity at high temperatures is
connected to the thermal stability of the Co(salen)

complexes in the basic aqueous conditions. The tem-

have only marginal effect on the catalytic productiv-
ity (Fig. 4). Therefore, presence of sufficient amount
of OH™ seems to be more important than the actual
pH value for the reaction to proceed. This is also sup-

perature where the catalysts begin to decompose ported by the fact that there is no significant difference
can be detected from appearance of the color of the in the observed turnover numbers, when pH has been

cobalt—-aqua complex (greenish blue) in remains of

adjusted to 12 at the beginning of the reaction or if

the water-phase from extraction and the presence ofthe same amount of NaOH is added as small portions
the free salen-ligand in the ethylacetate-phase. Theduring the reaction time (24 hYéble 1 entries 6 and

increasing activity of comple% with increasing tem-
perature may be, therefore, due to better stability
obtained with —OH substituents in the aromatic ring
of the ligand.

3.2. The effect of pH

Variations in hydroxide concentrations have a strong
influence on the oxidation capability of the studied
systems. With pH values below 7 no oxidation activ-
ity was observed. When pH is gradually raised from
7 to 12.5 the activity of Co complexds5 increases
dramatically as enlightened clearly with the unsub-
stituted complext (TON: at pH 7= 3 and at pH
12.5 = 30)[31]. About four-fold activity increase can
be observed in the pH range from 11 to 12.5 but, on

11). Complex6 shows low activity in all pH values
[31] and thus it was not used for further experiments.
Without NaOH in the solution, the compldxdoes
not dissolve properly into water even at °Z0, but it
can be separated as an unchanged solid. By adding
NaOH, the solubility of the salen complex is consider-
ably improved and it is transferred into water-soluble
form, probably a hydroxo- or bishydroxo-species.
During the oxidation reaction some dark-red solid is
precipitating from the solution. If this solid is sep-
arated and used as such as a catalyst for oxidation,
it does not dissolve well and no further reaction is
observed. MS- and IR-spectra of the separated solid
show that it is indeed Co(salen). In the IR-spectra,
a strong additional band at 981 ctis appearing,
which is the region often designed for O-O bonds

the other hand, higher pH values than 12.5 seem to [44,45] It has been shown earlier, that at pH region of
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Table 1
Results of oxidations performed with compléxas the catalyst, veratryl alcohol as the substrate and pyridine as the axial base
Entry Nsubstrate (MMol) Ncomplex (MmMol) Vsolvent (M) NnaoH (Mmol) phstart pHend t (h) Yald,) TON
1 5 0.13 15 1 drop, 2M 10.8 7.6 24 14.5 6
2 5 0.13 15 0.05 11.3 7.7 24 25 10
3 5 0.13 15 0.10 11.6 7.8 24 30 12
4 5 0.13 15 0.15 12 7.8 24 45 17
5 5 0.13 15 0.3 12.2 8.9 24 66.4 26
6 5 0.13 15 0.45 12.4 10.4 24 76.8 30
7 5 0.13 15 0.6 12.4 10.9 24 77.3 30
8 5 0.13 15 0.75 12.7 11.5 24 80 31
9 114 0.15 35 0.8 12.4 11.6 24 40.1 31
10 5 0.095 30 0.4 12.3 10.6 24 70.2 36
112 5 0.13 15 0.45 11.5 11 24 79 30
1 2x3 0.09 10 0.4 12.5 7.9 48 43.7 29
13 5+2.14 0.13 15 0.45 12.6 9.3 72 43.7 29
14 2x5 0.13 15 2x 0.4 12.5 - 48 65 50
15° 3x5 0.13 15 3x 0.4 12.5 — 72 49 56
16° 6 x 3 0.17 30 6x 0.4 12.5 - 144 55 58
17 2.14 0.015 15 0.4 12.6 11.5 24 81 58
18 2.14 0.015 15 0.4 12.6 11.6 24 72 51

The experiments were performed in water a80under oxygen atmosphere.
aNaOH was added as small portions at intervals of 2h.
b Another portion of veratryl alcohol was added after 24 h of reaction.
¢ An additional portion of veratryl alcohol and NaOH was added after each 24 h of reaction.
dIn this reaction no pyridine was used.

10-11 Co(salen) exists as a peroxo-bridged bimetallic the Co(salen) will start decomposing while at low
specieq30]. This could thus explain the solid formed ones the Co(salen) complex can exist as an inactive
when most of the OH is consumed during the oxi-  species.
dation. The deactivation of the catalysis could thus be  One explanation for the observed decrease in pH
related to the formation of the bimetallic species. In during the reaction would be a formation of car-
the presence of additional NaOH the solid dissolves boxylic acid. Due to good recovery of the oxidation
and activates the catalytic system again. product by extraction (92-97%) and the absence of
The necessity of the pH values above 7 for the re- signals of carboxylic acid ifH NMR the amount of
action to proceed can also be related to the activation carboxylic acid could be at highest only a few percent.
of the substrate. Actually, when substrate is stirred in This would be anyhow just enough to explain the
80°C and at pH 12.5 a slight but notable decrease observed decline in pH values because of high con-
in pH can be observed. This, and the need of certain centration of veratryl alcohol used in the oxidations
amount of NaOH to start the reaction (poor activity (substrate:OH ratio varies from 100 to 6.67). By
at pH values lower than 11), suggest that one step paying careful attention to the observed drop in pH
in the reaction is the deprotonation of OH-group of and the amount of aldehyde producédlfle ), an
the substrate by a hydroxide-ion. Similar step is ob- interesting correlation can be observed. The amount
served in the oxidation of benzylic alcohols catalysed of OH™ consumed in the reaction is nearly linearly
by the copper enzym@alactose Oxidase [42]. These depending on the initial OH concentration. More
observations above suggest that NaOH is needed forthan 99% of the available OHions are consumed
two independent roles in the catalytic cycle of ve- when the initial pH of the reaction is low (entries 1-4)
ratryl alcohol oxidation by Co(salen) and molecular and even in the case of highest initial pH (12.7) 94%
oxygen. Careful balancing of the amount of NaOH is of the OH™ ions disappear during the oxidation. If the
important because at very high OHoncentrations  conversion of veratryl alcohol is plotted as a function
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of consumed hydroxide ions a clear relationship can tonation of the substrate and to prevent formation of
be distinguishedKig. 5. Extent of oxidation is lim- the above mentioned peroxo-species.

ited by the nearly stoichiometric consumption of OH

ions (Fig. 5, points 1-5). At higher [OH] the reaction 3.4. The effect of the axial base

seems to be saturated because of the substrate conver-

sions are only marginally enhanced while the OH At lower pH, the need for an axial base, such as
ions are still present and steadily consumedy(5, pyridine for an efficient oxidation has been noted in lit-

points 6-8). The reason why conversions rarely ex- erature[16,18,40]and also in our earlier experiments
ceed 80% under these oxidation conditions remains [31]. At pH 11 bases such as pyridine, 4-picoline and

unclear. diethylenamine gave similar conversions of veratry-
laldehyde while bases such as ethylenediamine and
3.3. The effect of time imidazole blocked the reaction. The effect of the axial

base depends, anyhow, on the pH. We have now noted,

The time dependence of the oxidation reactions that at higher pH values there is no need for an added
was investigated for complexds5 and the reaction ~ axial base, as it seems Oktan act as one. In fact,
time was expanded from 24 to 48, 72 and 144 h. The when similar experiments are performed with systems
extent of oxidation does not increase with time unless containing pyridine and systems without it, the latter
hydroxide-ion is added during reactiomaple 1, en- yields slightly better conversion3ggble 1 entries 17
tries 6, 12 and 14-16). If sufficient amount of NaOH and 18).
is present, the reaction proceeds up to 7Fig.(6).
After this the catalyst seems to be deactivated because3.5. The effect of pressure
the conversion of veratryl alcohol after 144h was
practically the same as it was after 72h. The need High pressure is usually used in oxidation reactions
of additional NaOH must be due to keeping OH to improve the yield by increasing the oxygen con-
concentration high enough for the sufficient depro- centration in the solvent which is usually in water or
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basic NaOH solutions moderately |g46—48] In our
experiments, the results of high-pressure oxidations

aldehyde almost linearly about 20%aple 2 entries
23-26,Fig. 7). Complexes seem to survive the reac-

follow the same trends as the oxidations in ambient tion conditions for 3 days similarly to oxidations at
pressure where the increased reaction temperature in-ambient pressureTé@ble 2 entries 21, 24, 27-29). At

creases the catalytic activitifgble 2 entries 19-22).

The reactions were performed at®and pH 12.5 as

it was found to be an optimum for the complexeg.
Increasing the oxygen pressure gradually from 3 to

10 bar increases the conversion of veratryl alcohol to

Table 2
The effect of temperature, pressure and reaction time on oxidation
of veratryl alcohol by compleX under elevated ©pressure

Entry T (°C) P (bar) t (h) Yoald.) TON
19a 40 5 17 4 2
20a 60 5 17 40 20
2la 80 5 17 76 38
22a 100 5 17 80 40
23b 80 3 70 79 83
24b 80 5 70 85 89
25b 80 8 70 94 99
26b 80 10 70 99 104
27a 80 5 35 28 15
28a 80 5 40 94 50
29b 80 5 90 87 92

Standard conditions: 10ml of water at pH 12.5 and at®0
0.075mmol (a) or 0.038 mmol (b) of compléxand pyridine and

4 mmol of veratryl alcohol. The results are expressed as turnover
numbers.

10 bar, the oxidation seems to proceed with a rate of
about 30 cycles per day. The remarkable difference in
high-pressure reaction is that the additional NaOH is
not needed while it was an elementary factor in ambi-
ent pressure reactions. By replacing oxygen with air
the reaction is significantly slowed down (TGN7 at

pH 12.5 and ambient pressure) and by excluding oxy-
gen by argon atmosphere the formation of aldehyde
simply does not occur.

3.6. The effect of concentration

In few experiments, the amount of catalyst was re-
duced compared to the amount of solvent and of the
substrate. In these experiments better turnover num-
bers can be reacheddble 3. The reason for better
oxidation results could be to enhance the coordina-
tion of the substrate to the cobalt complex when more
substrate is present.

To ensure that cobalt(salen) complex does not act
only as an initiator of an auto-oxidation reaction,
experiments were performed with several catalyst
concentrations, while the amount of substrate, solvent
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Fig. 7. The effect of pressure on oxidation of veratryl alcohol by comfleiReactions were performed in water at pH 12.5, temperature
80°C, reaction time 70 h and pyridine as the axial base.

Table 3

Results of oxidation experiments performed with varied concentrations of Co(dalen)

Entry Nsubstrate (MMoOI) Ncomplex (MMol) Catalyst:substrate ratio Vsolvent (M) t (h) Yoald,) TON
30 5 0.3 1:16.7 15 24 84 14
31 5 0.15 1:33.3 15 24 81 27
32 5 0.045 1:111 15 24 60.5 67
33 5 0.03 1:167 15 24 58.8 98
34 5 0.015 1:333 15 24 375 125
35 5 0.006 1:833 15 24 22.4 187
36 6 0.006 1:1000 10 24 21.8 218
37 50 0.06 1:833 150 24 24.6 205
38 35.7 0.006 1:5950 0 24 5.5 330

The experiments were performed in water at80and pH 12.5.

and base were kept constant. In these experiments, thevere observed in neat conditions. We assume that
decreased catalyst concentration enhances the oxidathe increased substrate concentration emphasizes the
tion activity remarkably, while in an auto-oxidation replacement of a coordinated pyridine or hydroxide
reaction results should be independent on the catalystmolecule by the substrate molecule in the coordina-
concentration. The influence of catalyst:substrate ratio tion sphere of the cobalt, which might be prerequisite
was further studied by varying substrate and catalyst for the efficient oxidation to occur.

concentrations. Regardless of absolute concentrations,

as in solutions where the catalyst:substrate ratio was

1:833, similar turnover numbers (about 200) were 4. Conclusions

achieved Table 3 entries 35 and 37). This implicates

that the substrate:catalyst ratio plays a role in the re-  The substituents on the salen ligand seem to have an
action and as a consequence of this the highest TONsimportant role in oxidation, although the differences
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observed among the complexes can be mostly due  conversions up to 99% can be reached. If the reason
to stability of the complexes in the basic and oxidizing for NaOH consumption in ambient pressure oxidation

reaction conditions. The unsubstituted compleis is the formation of carboxylic acid a possibility for
much more efficient catalyst than most of the substi- auto-oxidation of aldehyde can be excluded. In high
tuted ones, the only exception being compkwith oxygen pressures over-oxidation should be more fa-

the sulfonyl substituents. The modest performande of vored but as this is not the case, the reason for the for-
is most probably caused by the additional amine in the mation of acid must lay on the catalytic reaction itself.
bridge. This suggests that the axial base used for en- The observed variations in catalytic activity can
hancing the oxygen binding to the cobalt-center needs be caused by a shift in equilibrium between dif-
to be mobile and not attached to the rigid ligand frame. ferent Co—oxygen-species most probably between a

Each change in the reaction conditions brings along superoxo complex (Co:ratio 1:1) and a dimeric
differences in catalytic activity. For an efficient ox- peroxo complex (Co:® ratio 2:1). When the pH
idation of veratryl alcohol, higher temperatures than level of the reaction decreases the formation of the
60°C are needed and highest activities were observed non-soluble, peroxo-bridged cobalt complex was
at the temperature range between 80 and®0The observed. This peroxo bridge complex can be sepa-
decrease of catalytic activity at temperatures above rated but it is not able to catalyze oxidations further
90°C or at very high NaOH concentrations is most on. Anyhow, by adding NaOH deactivated catalytic
probably caused by accelerated decomposition of the species can be regenerated back to the soluble and
complexes. In this context, the stability 6f the one active form. These results suggest that the formation
having OH-groups at 4-position, at high temperatures of the peroxo-bridged bimetallic species is the main
is worth of notice. The catalytic activity of the stud- reason for catalyst deactivation in the ambient pres-
ied system is also linearly depending on the applied sure reactions. The oxidations can go on for extended
oxygen pressure; the best turnover numbers reachedperiod of time only, if supplementary NaOH is added
in similar conditions were 58 for ambient pressure during the reaction or if higher oxygen pressures are
and 103 at 10bar. The catalytic performance of the applied.
salen complexes can be further enhanced if the sub- It is very plausible that NaOH has also a major
strate concentration is increased. Turnover numbers asrole as a proton abstractor from the hydroxyl group
high as 330 were detected with catalyst:substrate ratio of veratryl alcohol, which could be an initial step in
1:5950 at ambient pressure. the catalytic cycle as observed fGalactose Oxidase

The exact role of NaOH in the present reaction [42]. Therefore, it seems to be that NaOH has two
is complicated and still not yet clear. The oxidation independent roles in the catalytic cycle of veratryl al-
does not occur without NaOH and best activities were cohol oxidation by Co(salen) and molecular oxygen.
reached at pH level 12.5. The decrease in pH during Careful balancing of the amount of NaOH is impor-
the oxidation clearly suggests that hydroxide is con- tant because at very high OHconcentrations the
sumed in the ambient pressure reactions and apparentCo(salen) will start decomposing while at low ones
relationship between the consumption of Obind the the deprotonation is not sufficient and the Co(salen)
extent of oxidation is observed. Therefore, the pres- complex can exist as an inactive species. Our fu-
ence of sufficient amount of OHseems to be more  ture work will center on elucidating the mechanistic
important than the initial pH level of the reaction. The details of Co(salen) catalyzed oxidation of benzylic
reason why conversions rarely exceed 80% under thesealcohols.
oxidations remains unclear.

The remarkable difference in high-pressure reaction
is that the additional NaOH is not needed while it was Acknowledgements
an elementary factor in ambient pressure oxidations.
This implies that consumption of OHions is not sig- The financial support of this research by Finnish
nificant and, therefore, kinetics of the oxidation under National Technology Development Agency (TEKES)
ambient and high pressures are different. This is also and Acta Chemica Scandinavica is gratefully ac-
supported by the fact that at higher oxygen pressuresknowledged.
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