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Many transition-metal complexes can perform catalytic oxi-
dations, but their corresponding reaction pathways are still
not clear. In this study, the mechanism of Co(salen)-catalyzed
[salen = N,N’-bis(salicylidene)ethylenediamine] oxidization
of veratryl alcohol (3,4-dimethoxybenzyl alcohol) by di-
oxygen in alkaline aqueous solution was elucidated with in-
situ ATR-IR, Raman and UV/Vis spectroscopy. The mecha-
nism of this reaction seems to start by formation of a bis-
p-hydroxo[(Co(salen)], species, which explains the dramatic
effect of pH on the reaction rate. Substrate coordination to
this species leads to formation of a cobalt-bound veratryl alk-
oxo intermediate, to which oxygen molecule can bind. For-

mation of a u-peroxo bridge between two such Co(salen)
substrate units is observed in the UV/Vis spectra. Transfer of
a hydrogen atom from the substrate to the peroxo bridge re-
sults in detachment of the product aldehyde and regenera-
tion of the initial bis-u-hydroxo[(Co(salen)], species. In the
overall cycle two substrate molecules are oxidized to alde-
hyde and molecular oxygen is reduced to water. The rate-
limiting step is the detachment of the product molecule,
which is aided by the methoxy substituents in the aromatic
ring of the benzylic alcohol.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Activation of molecular oxygen by transition-metal com-
plexes for selective oxidations in water is an environmentally
benign and economical alternative for many present day in-
dustrial processes.!!3] Nevertheless, organic solvents are
more commonly used, as stability and solubility of transi-
tion-metal complexes is often a problem in aqueous solu-
tions.>71 Despite the importance, the mechanisms of transi-
tion-metal complex-catalyzed oxidation reactions are still
not fully understood. For example, Co(salen) [salen =
N,N'-bis(salicylidene)ethylenediamine] has long been
known to reversibly bind and activate dioxygen and its oxy-
gen adducts are well characterized,®1% but it is not clear
how these catalytic reactions proceed.[*!!l It has been sug-
gested that the mononuclear superoxo species is usually re-
sponsible for catalyst activity in the oxidation of phenolic
substrates, but no direct evidence is yet available.l>%12-14]
There are less examples on the oxidation of benzylic sub-
strates. It has been noted that the reaction mechanisms de-
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pend greatly on the nature of the substrate and its substitu-
ents.l>!3

In this study, Co(salen) is used as a catalyst to oxidize a
lignin model compound, veratryl alcohol (3,4-dimethoxy-
benzyl alcohol), to an aldehyde in alkaline water solution.
Selective oxidation of lignin would be attractive for catalytic
pulp bleaching!'®'8! and for the search of renewable raw
materials.l>!?l This reaction proceeds in the presence of
molecular oxygen to reach TOF = 10-15 at optimum condi-
tions (TOF = turnover frequency, moles of product per mol
of catalyst per hour).l'® The effect of reaction conditions
observed previously for this system suggest that a mononu-
clear superoxo complex is not responsible for catalytic ac-
tivity.'®171 However, direct proof for the intermediates in-
volved in the catalytic cycle is lacking. Temperature and pH
have a dramatic effect on the catalytic activity of this sys-
tem, and thus it is vital that the mechanism is studied under
real experimental conditions. Therefore, the Co(salen)-cata-
lyzed reaction (Scheme 1) has been studied with a combina-
tion of in-situ ATR-IR, Raman and UV/Vis spectroscopy
in aqueous solution at pH 12 and 80 °C.

The use of complementary techniques is a powerful way
to monitor a catalytic reaction.?*-2!1 Different species show
more intense absorptions in different regions of the electro-
magnetic spectrum. Electronic transitions usually give rise
to absorption or emission in the ultraviolet or visible re-
gions, whereas molecular vibrations give rise to absorption
bands throughout most of the infrared region. Symmetrical
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Scheme 1. Oxidation of veratryl alcohol by Co(salen) (1) and di-
oxygen in water.

molecules can be totally IR inactive, but exhibit intense vi-
brations in the Raman spectrum.!'?! In this work, UV/Vis
spectroscopy was used to study the reaction at low concen-
trations, whereas ATR-IR and Raman techniques require
higher concentrations. Based on the combination of results,
a mechanism for veratryl alcohol oxidation by Co(salen) in
alkaline aqueous solution is proposed (Scheme 1).

Results and Discussion

ATR-IR Spectroscopy

Carbonyl compounds have distinct vibrations in the IR
range, and therefore it is attractive to study the veratral-
dehyde formation by in-situ IR spectroscopy.?>24 Metal-
dioxygen complexes have also been extensively charac-
terized by vibrational spectroscopic techniques.?*-281 [Co-
(salen)B],O, (B = py, pyO, DMF or other axial base) exhib-
its ¥(O-0) at 888-910cm! and the oxygen bridge is re-
garded as a peroxo bridge. [Co(salen)],O, exhibits v(O-O)
at 1010 cm™' and this bridge is regarded as being an inter-
mediate between peroxo and superoxo species.?”) The su-
peroxo-cobalt complexes exhibit (O-O) at a typical range
of 1075-1122 cm .28

Figure 1 shows a typical set of ATR-IR spectra obtained
for the Co(salen)-catalyzed oxidation of veratryl alcohol
with oxygen in water as a function of time. Mainly two
vibrations are observed to form during the reaction. As ex-
pected, the aldehyde C=O vibration peak is appearing at
1675 cm™!. A second strong vibration peak, which increases
with reaction time, was observed at 993 cm !. The rate of
formation of the peak at 993 cm™! is faster than that of the
peak at 1675 cm™! (Figure 1), indicating that they belong to
two different species. The change in the vibrations of the
aromatic ring, of the methoxy groups and of the C-H
bonds in the aldehyde compared to the alcohol are seen as
shifts in vibration frequencies./*’!

Interestingly, the vibration at 993 cm™' only appears
when both, Co(salen) and veratryl alcohol, are present. This
is shown in Figure 2. A weak vibration peak at 984 cm™ is
observed to appear when only Co(salen) is stirred at pH 12
in the absence of oxygen, but when substrate is added, a
strong vibration peak forms at 993 cm™! and the vibration
at 984 cm™!' can no longer be observed. Neither one of the
peaks is observed at a lower pH (no addition of NaOH,
corresponds to a pH of about 9.5).
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Figure 1. a) 3D plot of time-resolved ATR-IR spectra of the vera-
tryl alcohol oxidation by Co(salen) and dioxygen in water at 80 °C
and pH 12. b) Sample spectra were taken at 0 h (a), 8 h (b) and 16
h (c). (150 mg Co(salen) and 3 mL of veratryl alcohol in 90 mL of
water/dioxane (5:1) mixture).

Hydroxo-metal complexes exhibit the MOH bending
mode below 1200 cm™!. If the hydroxo group is bridging
two metal ions, the bending mode moves to lower energies
and is seen at 955 cm™! for bis-u-hydroxo[Cu(bipy),] type
complexes.** Thus, we assign the 984 cm™! vibration to bis-
u-hydroxo[Co(salen)], species as it appears in aqueous solu-
tion of Co(salen) at pH 12. Metal-bound alkoxides (M-
OR) exhibit ¥(C-0) at ca. 1000 cm "4 As the 993 cm™!
vibration appears in solutions of veratryl alcohol and Co-
(salen) at pH 12 under argon, we assign this vibration to a
cobalt-bound veratryl alkoxo group.

If this assignment is valid, the vibration at 993 cm™!
should behave differently in the absence or presence of oxy-
gen. This is indeed the case, as illustrated in Figure 3. The
rate of formation of the 993 cm™! peak decreases after the
addition of oxygen. This is also the point at which the pro-
duction of aldehyde starts. The peak at 993 cm! does not
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Figure 2. A strong vibration peak at 993 cm™' appears after ad-
dition of veratryl alcohol (a) or Co(salen) (b) to the reaction mix-
ture with other reagents. [150 mg Co(salen) and 3 mL of veratryl
alcohol in 90 mL of water/dioxane (5:1) mixture at 80 °C and pH
12 under argon)].
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Figure 3. Appearance and increase in intensity of the vibration
peak at 993 cm! monitored in a Co(salen) reaction in the absence
and presence of oxygen. (150 mg Co(salen) and 3 mL of veratryl
alcohol in 90 mL of water/dioxane (5:1) mixture at 80 °C and pH
12 initially under argon).
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appear at temperatures lower than 70 °C nor at low pH
values (with no addition of NaOH).

Summarizing, a vibration at 993 cm™! appears at a tem-
perature and pH range of an active system, but forms faster
in the absence of oxygen. Thus it does not arise from the
product nor from a oxygen-cobalt species, but from an in-
teraction between the substrate and the complex. We assign
this species to alkoxo-cobalt intermediate (Figure 3).

Raman Spectroscopy

Different oxygen bridges are more Raman or IR active
depending on their symmetry and therefore it is important
to use both techniques to determine the presence of oxygen-
bridged cobalt complexes.!>?* Raman spectroscopy is,
however, even less sensitive than ATR-IR spectroscopy, and
therefore a high concentration of reagents had to be used.
The substrate exhibits vibrations at about the same fre-
quencies as in the IR spectra. Figure 4 shows, that the only
changes observed after an overnight measurement are the
formation of a weak carbonyl vibration at 1675 cm™!' and
shifts in the vibration peaks of the substrate.*®! Thus no
peroxo or superoxo bridges could be observed in the Ra-
man spectra of the Co(salen)-catalyzed reaction.
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Figure 4. Raman spectra of Co(salen)-catalyzed veratryl alcohol
oxidation. Vibration at 1675 cm™! corresponds to the C=0O bond
of the product. Other peaks observed belong to the substrate.[*)
(200 mg Co(salen) and 5 mL veratryl alcohol in 90 mL of water/
dioxane mixture (3:1) at 80 °C and pH 12).

UV/Vis Spectroscopy

The oxygen complexes of cobalt have been widely studied
by UV/Vis spectroscopy.?>331 According to Lever and
Gray, the bridging superoxo complexes of cobalt exhibit a
single intense band in the electronic spectra in the region
300-400 nm, whereas a bridging peroxo has two absorption
bands, at about 320 nm and 400 nm. A doubly bridged u-
hydroxo-u-peroxo (OH, O,>) has only one intense absorp-
tion band at about 375 nm and a shoulder at higher ener-
gies (about 290 nm).’% Aldehydes also exhibit absorptions
in the UV range arising from the n — n* transitions of the
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free electron pair of the carbonyl oxygen and thus product
formation can also be monitored by UV/Vis spec-
troscopy.?4

Figure 5 shows the UV/Vis spectra of an experiment, in
which NaOH was added to the reaction solution of Co-
(salen) and veratryl alcohol before oxygen (reactions 1-4).
Co(salen) and veratryl alcohol in water at 80 °C and under
argon exhibit absorption bands of similar intensity at
339 nm and 392 nm (1). At pH 12 the intensity of the ab-
sorption bands is enhanced, but they do not shift (2). Ad-
dition of an oxygen atmosphere shifts the absorption bands
to 324 nm and 378 nm (3). Under argon the reaction solu-
tion is very reddish brown, but it turns to dark brown along
exposure to oxygen. Under prolonged oxygen exposure the
intensity of the absorption band at 324 nm decreases to a
shoulder, while the band at 378 nm remains (4). This change
suggests that a monobridged peroxo species transforms into
a doubly bridged species. At these conditions this is most
likely a p-hydroxo-u-peroxo bridge.[*3
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Figure 5. In-situ UV/Vis spectra of a solution of Co(salen) and
veratryl alcohol in water under argon (1), after addition of NaOH
to adjust pH to 12 (2), after addition of oxygen (3) and after 1 h
of oxygen exposure (4). (10 mg of Co(salen) and 2 mL of veratryl
alcohol in 120 mL of water at 80 °C).

If oxygen is added to a solution of Co(salen) and veratryl
alcohol at low pH (no addition of NaOH), the absorption
bands at 339 nm and 390 nm (5) are shifted to 300 nm and
378 nm (6). This implies that oxygen coordinates to the co-
balt complex. After the addition of NaOH, the band at
378 nm does not shift, but an absorption band at 308 nm
starts to arise, which is assigned to the n — 7* transitions
in the C=0 group of the aldehyde (7, Figure 6).13436]

Aldehyde formation can be monitored by UV/Vis spec-
troscopy as the appearance and growth of the absorption
band at 308 nm and Figure 7 shows that the reaction rate
increases with increasing reaction temperature. At 40 °C the
rate of the reaction is so slow that practically no aldehyde
is produced. Instead, at 60 °C the absorption band at
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Figure 6. In-situ UV/Vis spectra of a solution of Co(salen) and
veratryl alcohol in water at 80 °C under argon (5), after addition
of oxygen (6) and after addition of NaOH to adjust pH to 12 (7).
(10 mg of Co(salen) and 2 mL of veratryl alcohol in 120 mL of
water at 80 °C).

308 nm starts to appear and at 80 °C its formation rate in-
creases dramatically.
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Figure 7. The rate of formation of the absorption band at 308 nm
at different reaction temperatures.

Summarizing, a u-peroxo bridge is observed to form
when oxygen is introduced to the solution of Co(salen) and
veratryl alcohol in water at 80 °C and pH 12. With time, a
second bridge appears between the cobalt centers forming
a doubly bridged u-hydroxo-u-peroxo species. Coordination
of veratryl alcohol to the cobalt center followed by insertion
of oxygen can also be seen at lower pH, but aldehyde for-
mation does start before adjusting the pH to 12. Increasing
temperature considerably enhances the rate of aldehyde
production.

Reaction Monitoring Experiments

In our earlier studies it has been shown that substrate
concentration strongly affects the activity of the system. It
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was especially noted that the substrate to Co(salen) ratio
needs to be high for higher activity.'® The formation of
high amounts of an intermediate, in which the substrate is
coordinated to cobalt at high reagent concentrations, can
be observed in the ATR-IR spectra. Addition of oxygen
slows down the formation of this species and initiates the
formation of the aldehyde. At high concentrations of all
reagents a oxygen-cobalt species is not observed, whereas
at the low concentrations of the UV/Vis experiments oxygen
insertion is seen to occur. Thus, to study the influence of
oxygen pressure on the reaction at high and low concentra-
tions, reaction-monitoring experiments were performed
with a set-up from which samples can be taken during the
experiment under higher oxygen pressures. The initial rates
of reaction were also calculated.?”) Figure 8 summarizes the
results of these experiments. At low concentrations
[0.14 mMm Co(salen) and 14 mm veratryl alcohol] the reac-
tion rate is about the same under 1 and 10 bar oxygen pres-
sure (Figure 8, experiments 1 and 2, initial rates of 9.5 and
9.6 TOF,, respectively®”). At higher concentrations
[0.41 mM Co(salen) and 41 mM veratryl alcohol] oxygen
pressure significantly enhances the reaction rate (Figure 8,
experiments 3 and 4, initial rates of 1.8 and 16 TOF,,
respectively).

' 4
20 JRIReS - .
s -
S
70 T .. 2
L P
¥y
60 _
»
/
50 .
$ a3
Z 40 + :
Q 4 LA
[—‘
30 :z
.
20 :
10
0 r T T T T T T T T
0 5 10 15 20 25 30

Time (h)

Figure 8. Oxidation activity (expressed as turnover number, TON,
the moles of product per one mol of catalyst) at (1) 0.14 mm Co-
(salen), 14 mm veratryl alcohol and 1 bar oxygen, (2) 0.14 mm Co-
(salen), 14 mm veratryl alcohol and 10 bar oxygen, (3) 0.41 mm Co-
(salen), 41 mm veratryl alcohol and 1 bar oxygen and (4) 0.41 mm
Co(salen), 41 mM veratryl alcohol and 10 bar oxygen.

Higher catalyst activity at low concentrations and low
impact of added oxygen pressure on the catalytic system at
low concentrations support the involvement of 2:1 Co:0,
species in the catalytic cycle as the active species. In case of
a mononuclear superoxo complex, increasing oxygen pres-
sure should increase the reaction rate.3%

As we have previously reported, the optimum pH for Co-
(salen)-catalyzed oxidation of veratryl alcohol is about
12.5.116 The initial oxidation rate of Co(salen) increases
from 5.2 h! to 9.6 h™! when the pH is increased from 11.2
to 12.4. If the activity and the change in pH of the reaction
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are monitored simultaneously (Figure 9), it can be seen that
the product formation and the OH™ ion consumption pro-
ceed hand in hand but no reasonable correlation between
the conversions and the change in pH can be deduced.”!
Figure 9 also shows that the decrease in OH ™ concentration
slows down the reaction rate. Addition of NaOH at the end
of a reaction restarts the oxidation activity.l'®
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Figure 9. Rate of oxidation and total OH ™ consumption in the Co-
(salen)-catalyzed reaction: (1) Formation of veratraldehyde and (2)
consumption of OH™ ions. [0.14 mM Co(salen) and 14 mm veratryl
alcohol at pH 11.6/% and 80 °C] (TON: turnover number).

Discussion

Based on the presented results and supported by our ear-
lier studies,['®!'") the oxidation of veratryl alcohol in water
catalyzed by Co(salen) and oxygen is suggested to proceed
through the steps described in Scheme 2.
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Scheme 2. Suggested mechanism for veratryl alcohol oxidation by
Co(salen) and dioxygen in alkaline aqueous solution.

The cycle of veratryl alcohol oxidation starts with a bis-
u-hydroxo[Co(salen)], complex A, which can deprotonate a
substrate molecule at temperature higher than 60 °C form-
ing an alkoxo intermediate B and water. The intermediate
B can be observed in the ATR-IR spectra. In the absence
of oxygen, this species accumulates in the reaction. After
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introduction of oxygen, the formation of a nonplanar u-
peroxo bridge between two alkoxy-Co(salen) units can be
observed in UV/Vis spectra (intermediate C). The peroxo
bridge of species C abstracts a proton from each substrate
and veratraldehyde is formed as a product (D).

In the overall reaction, one activated oxygen molecule
oxidizes two veratryl alcohol molecules to veratraldehyde,
water is produced as the side product and the initial bis-u-
hydroxo[Co(salen)], complex is regenerated in the cycle.
The rate-limiting step seems to be the detachment of the
product molecule. The methoxy substituents in the aromatic
ring of veratryl alcohol seem to aid this step.*!l Table 1
summarizes the spectroscopic fingerprints of species A-D.
Below the proposed steps of the mechanistic cycle are dis-
cussed in more detail.

Table 1. Spectroscopic fingerprints of species A-D (sh = shoulder).

Species ATR-IR [cm™'] Raman [cm™'] UV/Vis [nm]

A 984 - 316, 375, 490 sh
B 993 - 339, 392

C - - 324, 378

D 1675 1677 308

Formation of Complex A

The reaction does not start before the addition of NaOH,
and therefore it is apparent that OH ions are directly in-
volved in generating the active species and not only acting
as stoichiometric proton acceptors. As the pH gets lower
during the reaction, possibly due to the formation of small
amounts of veratrylic acid,!'® the concentration of the
active species decreases and consequently the reaction rate
slows down.

The catalytic activity can be regained by adding NaOH
to the solution,'® which is a clear indication that the active
catalytic species is present only at higher pH. It has been
shown that at higher pH values the Co(salen) complex ex-
ists rather as a hydroxo complex.[*>#?l As the pH decreases
the concentration of the hydroxo complex also decreases
and the reaction slows down, whereas addition of NaOH
shifts the equilibrium back towards the hydroxo species and
the rate of reaction increases again. At the applied condi-
tions in the beginning of the reaction, it is reasonable to
expect, that the Co(salen) hydroxo complex exists most
likely as a dimeric bis-u-hydroxo[Co(salen)], species
A 13538431 This species exhibits a vibration at 984 cm™! (aris-
ing from bridging OH groups) and absorption bands at
316 nm and 375 nm with a shoulder at 490 nm.

Formation of the Intermediate B

According to UV/Vis spectroscopy, the substrate can re-
place the hydroxy group from the first coordination sphere
of the cobalt center. This is seen as a shift of the absorption
bands at 316 nm and 375 nm to 336 nm and 392 nm after
addition of veratryl alcohol to the solution of Co(salen) at
pH 12. It was already suggested before, that substrate coor-

2596 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dination must be necessary for the reaction to occur as the
strongly binding axial bases inhibit the reaction and the
high substrate to metal ratio enhances it.'!71 ATR-IR
spectra show clearly that an intermediate species is formed
between veratryl alcohol and Co(salen). This intermediate
B exhibits a strong vibration at 993 cm™! corresponding to
the C-O bond of the metal-bound alkoxo group.?*! The
vibration at 993 cm !, however, is observed to accumulate,
especially in the absence of oxygen. The rate at which the
intermediate B forms decreases after introduction of oxy-
gen, as from that point on the aldehyde production starts.
Nevertheless, the vibration peak at 993 cm™! still grows. In
other words, formation of species B is a fast step compared
to the formation of species C and D.

The need of higher reaction temperatures is due to the
formation of the alkoxo-metal intermediate B. The forma-
tion of the strong vibration peak at 993 cm™! is not ob-
served at 60 °C, but at 80 °C it accumulates. Also, a high
pH is needed for the vibration 993 cm™! to appear. Coordi-
nation of the substrate as an alcohol to cobaltcenter occurs
also at low pH, as seen in UV/Vis spectra, but formation of
the alkoxo species B requires deprotonation of the sub-
strate. This seems to take place only at high temperature
and pH, as seen by the appearance of the 993 cm™! peak.
UV/Vis spectroscopy shows as well that no aldehyde is
formed at temperature below 60 °C and that raising tem-
perature to 80 °C dramatically increases the rate of the reac-
tion. Thus, the rate of reaction is dependent on the rate at
which the substrate deprotonates and forms the intermedi-
ate B.

Formation of the Intermediate C

As discussed above, the introduction of oxygen atmo-
sphere is needed to start the production of aldehyde.** UV/
Vis spectra show shifts in the absorption bands of cobalt
after addition of oxygen to a solution formerly under argon.
These shifts suggest a formation of a peroxo bridge between
two Co(salen) complexes.?%321 Absorptions at 300 nm and
380 nm are observed when oxygen is added to a solution of
Co(salen) and veratryl alcohol at low pH (below 10). Alde-
hyde production does not start in this solution before ad-
dition of NaOH. When oxygen is added to a solution of
Co(salen) and veratryl alcohol at pH 12, absorption bands
form at 324 nm and 392 nm. These absorptions are defined
as arising from monobridged u-peroxo complexes.3%-33
Thus, it is apparent that an oxygen bridge forms between
two Co(salen) complexes under these reaction conditions
and that the formation of the intermediate C is needed for
the aldehyde production to start. A similar species has been
reported in the oxidation of benzyl alcohol by Co'(bipy),
complexes.[*4]

The charge and geometry of the oxygen-bridged complex
should be observable from the ATR-IR and Raman spectra.
Superoxo and peroxo bridges exhibit vibrations at fre-
quency ranges of 1100-1200cm™! and 760-920 cm™!,
respectively.?*! Nevertheless, no vibration peaks are ob-
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served to form in these regions in neither ATR-IR nor Ra-
man spectra. The reason arises from the effect of concentra-
tion on the activity of the system. At the high concentra-
tions needed for the ATR-IR and Raman measurements,
the oxidation activity is quite low without an added oxygen
pressure, as seen in Figure 8. The intermediate B forms in
high amounts in these conditions and it could be regarded
as a “dormant” species, whenever there is not enough oxy-
gen to take the reaction further. Therefore, at the conditions
of ATR-IR and Raman measurements the concentration of
the oxygen-bridged species C is too low to be observed.
However, the UV/Vis spectra are recorded at low concentra-
tions and in these spectra the oxygen-bridged species C can
easily be observed.

According to the literature, the peroxo bridge most prob-
ably forms through a mononuclear superoxo complex.[®12
Oxygen molecule binds first to one cobalt center as a su-
peroxo radical, which then binds to another cobalt complex
forming a peroxo species. At these reaction conditions the
dinuclear species is more stable and it forms fast. Thus the
superoxo complex is so short-lived that it cannot be ob-
served with the applied spectroscopic methods.

The Rate-Limiting Step

Alkoxo-metal species as a reaction intermediate have also
been suggested for Co complexes mimicking horse liver
alcohol dehydrogenase. In these reactions the product
dissociation from the metal center was observed to be the
rate-limiting step.[*3] This is apparently also the case for the
reaction under study. We have observed that a alkoxo-metal
species similar to intermediate B is also formed in the reac-
tion of Co(salen) with benzyl alcohol, although benzalde-
hyde is not produced by this system.*! Thus, the reaction
with benzyl alcohol seems to stop at the intermediate B,
while with veratryl alcohol the aldehyde production starts
directly after oxygen is introduced to the system. Thus, the
methoxy substituents in veratryl alcohol aid the detachment
of the product from the Co(salen) complex. Moreover, no
alkoxo-metal intermediate is observed in the ATR-IR spec-
tra of a similar system, in which (phenanthroline)copper-
type [Cu(phen)] complexes are used as catalysts.[*6] These
complexes are more active than Co(salen) and can also cat-
alyze the oxidation of benzyl alcohol to some extent. This
implies that the alkoxo-metal intermediate is less stable or
that such species does not even form in the Cu(phen)-cata-
lyzed system.[>34¢1 The detachment step is preceded by ab-
straction of a hydrogen from the coordinated alkoxyl by
the peroxo bridge. Thus, the methoxy substituents can be
involved in making the o-H in the benzylic position more
labile and easier to abstract.

The Regeneration of Complex A

High pH is needed to generate the bis-u-hydroxo[Co-
(salen)], species A, which can deprotonate the substrate. It
seems that the overall OH  consumption and alcohol oxi-
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dation are closely related, but the molar ratio of formed
aldehyde and OH™ ions consumed varies from tens to hun-
dreds.['®3] This indicates that actually only a few substrate
molecules are deprotonated by OH™ ions or that the OH™
ions are recovered during the reaction cycle. The latter
suggestion supports the idea, that peroxo-bridged species C
regenerates the bis-u-hydroxo[Co(salen)], species by ab-
stracting a hydrogen from each of the two coordinated sub-
strate molecules. Therefore, after initiation no “external”
hydroxide ions are consumed in the reaction. Nevertheless,
if the pH gets too low due to small amount veratryl acid
formed as a side-product, the cobalt complex prefers to stay
as a peroxo-bridged species C and the reaction stops. Thus
addition of NaOH increases the reaction rate as it enhances
the deprotonation step and keeps the species A as the domi-
nating species in the solution.

A drawback of the Co(salen) catalytic system is that it
suffers from irreversible oxidation. We have observed that
this system can stay active for about 72-96 h, after which
there is no more oxidation occurring even with further ad-
dition of NaOH. Thus, there is all the time a competing
mechanistic path present, which causes the catalyst to deac-
tivate. This could occur via the formation of doubly bridged
u-hydroxo-u-peroxo species, which can be very stable.’”]
UV/Vis spectra show a transformation in the bridging type
of the oxygen complex from singly bridged peroxo towards
a doubly bridged species. The presence of the substrate
seems to protect the complex from deactivation. The ac-
tivity is higher if the substrate to Co(salen) ratio is kept
high.['] Possibly, the coordinated substrate can prevent the
insertion of a second bridge between cobalt centers. Careful
balancing of the reaction conditions can minimize the dam-
age caused by deactivation. For example, keeping the Co-
(salen) concentration low and veratryl alcohol concentra-
tion high dramatically improves the lifetime of the cata-
lyst.[16]

Conclusions

The activities of transition-metal complex-catalyzed
alcohol oxidations have remained low, normally in the or-
der of TOF = 10 h'! or less,*” and therefore it is imperative
to study the mechanisms of these reactions to be able to
develop more active systems. In this work, the mechanism
of Co(salen)-catalyzed oxidation of veratryl alcohol in alka-
line aqueous solution was investigated in detail by in-situ
spectroscopy. It was shown, that the combination of com-
plementary in-situ spectroscopic techniques is a powerful
approach to study a complicated catalytic system.

The obtained data support strongly a mechanism, in
which substrate coordination is a key step in the catalytic
cycle. Deprotonation and coordination of the substrate have
been suggested before as reaction steps in similar systems,
but direct proof is hard to find. Combination of in-situ UV/
Vis and ATR-IR spectroscopy show, that veratryl alcohol
is located in the coordination sphere of cobalt already at
low pH values, but deprotonation and consequent alkoxo-
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cobalt intermediate formation occurs only at pH 12 and
above. The spectroscopic data also suggests that a dinuclear
u-peroxo[Co(salen)], complex is involved in this oxidation
reaction instead of the mononuclear superoxo-Co(salen)
complex, which is usually assumed to be responsible for
catalytic activity. The mononuclear superoxo complex can
still be formed initially, but its lifetime is too short to be
observed. Nevertheless, the effect of reaction conditions
presented in earlier papers point strongly to the dinuclear
peroxo species over the mononuclear superoxo complex as
the active intermediate in the catalytic cycle of this particu-
lar reaction.l'!71 Thus, both the optimum reaction condi-
tions and the spectroscopic data support the mechanism de-
scribed in Scheme 2. Further studies with different benzylic
alcohols can give more insight into the effect of substituents
on the rate-limiting step. Also, additional spectroscopic
methods, such as EXAFS, could give further evidence for
the involvement of the dinuclear species in this reaction.

Experimental Section

Co(salen) (1) was purchased from Aldrich and used as received
without further purification. 3,4-Dimethoxybenzyl alcohol (vera-
tryl alcohol) was purchased from ACROS and Aldrich in 97% pu-
rity. The 3% impurity is veratraldehyde, which has been taken into
account when calculating conversions and turnover numbers. 1,4-
Dioxane, 3.,4-dimethoxybenzaldehyde and 3,4-dimethoxybenzylic
acid were purchased from Aldrich and used as received. The oxygen
gas was obtained from AGA in Finland and from Hoek—Loos in
The Netherlands and had a purity of 99%. Online ATR-IR spectra
were recorded with a Mettler Toledo ReactIRT™1000 spectrometer
with a DiComp™ probe, which was fitted in a 100-mL two-neck
round-bottomed flask containing the reaction solution. The mea-
surements were done with a scan program of 128 scans per mea-
surement at selected intervals with a resolution of 4 cm™'. The
wavelength range covered was 6504000 cm™'. The diamond ab-
sorption prevents to observe any vibrations at a wavelength range
of 19002400 cm™!. A more detailed description of the ATR-IR set-
up and the procedure of the oxidation experiments is presented
elsewhere.l'®17211 The solvent used in all ATR-IR experiments was
a water/dioxane mixture (5:1) at 80°C, which was in all cases sub-
tracted as the background. The amounts of reagents varied, and
therefore their exact concentrations are specified at the appropriate
sections of this paper or in relevant Figure captions. Oxygen was
installed by the balloon technique.l'®! All reagents were degassed
and under argon when working in the absence of oxygen. The IR
spectra were analyzed with the program ReactIR 2.2. The UV/Vis
spectra were recorded with a Varian CARYS50 spectrometer
equipped with an optical fibre and an insertion probe with variable
path lengths. The same procedure for the oxidation experiments
was used as with the ATR-IR technique. The Raman spectra were
recorded with a Kaiser RXN dispersive system with a Peltier ele-
ment-cooled Andor CCD camera for detection and a laser of
532 nm (60 mW). In these experiments, the reaction was monitored
from the outside of the glass flask by using a laser objective. The
resolution was about 2 cm™' and 10 scans were accumulated with
an exposure time of 15 s. The reaction monitoring experiments
were performed in a 500-mL glass vessel equipped with a magnetic
stir-bar fitted inside a 1-L steel autoclave. 200 mL of 0.05 M NaOH
(pH, 12.4) was used as solvent. Depending on the experiment,
86.9 mg (0.275 mmol) or 269 mg (0.83 mmol) of Co(salen) was

2598 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

used. Veratryl alcohol was added in 100:1 molar ratio to Co(salen).
The autoclave was placed in an oil bath and the reaction mixture
was stirred at 80 °C under 10 bar of oxygen pressure. Samples were
cooled to room temperature and prepared for GC analysis by a
method described earlier.?*) GC measurements were conducted
with a GC/Fid Agilent 6890N instrument using a HP-5 (30 m x
320 pm X 0.25 pm) capillary column and equipped with a FID de-
tector.
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