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Abstract

In the presence of the cobaloxime(Il) catalyst [Co(Hdmg),(Ph,P),], at room temperature and 1 atm O, or air, the
dihydroxystilbene derivative referred to in the title (H,StQ) undergoes oxidative dehydrogenation to the corresponding
stilbenequinone (StQ), and paraliel oxidative cleavage at the C=C double bond to afford 2,6-di-rerr-butyl-4-hydroxybe-
nzaldehyde (Ald). The two products are formed via a common anion radical intermediate stable enough for detection by ESR
spectroscopy. A detailed kinetic analysis has been carried out by volumetric, spectrophotometric and HPLC techniques. The
observed kinetic behavior is consistent with the formation of a superoxocobaloxime(IIl) intermediate, which generates the
free radical intermediate from H,StQ. In the steady state, the catalyst is present in a hydroxo-cobaloxime(IIl) precursor
state, from which it is released via reduction to cobaloxime(II) by the anion radical.
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1. Introduction

The activation of dioxygen by metal com-
plexes has been attracting interest because of its
relevance to biological oxidation and possible
applications in environmentally acceptable tech-
nologies [1-4].

The role of transition metal dioxygen com-
plexes as intermediates in various types of
biomimetic homogeneous catalytic oxidations
has been demonstrated in mechanistic studies,
and functional metalloenzyme models have been
designed [1,5]. Recently, attention has been fo-

" Corresponding author.

cused on the role of free radicals in metalloen-
zymes [6,7]. Of particular interest are tyrosyl
radicals in the active site of galactose oxidase
[8,9] and ribonucleotide reductase [10].

We have studied the catalytic activation of
dioxygen by cobaloxime(Il) as well as some
other macrocyclic cobalt(Il) and manganese(1l)
complexes, primarily using aromatic phenol,
thiophenol and aniline derivatives as model sub-
strates [11-19]. In the cases investigated, these
substrates undergo oxidative dehydrogenation to
quinones, disulfides and quinoneimines with
subsequent formation of heterocycles like 2,3-
diaminophenazine or 2-aminophenoxazine-3-one
[11-19]. Our recent kinetic work on the
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cobaloxime(Il)-catalyzed oxidation of 2-
aminophenol [20,21] has led to a functional
model of phenoxazinone synthase involving free
radical intermediates. In studies on the catalytic
oxidative dehydrogenation of 3,5-di-tert-
butylcatechol [22] free and coordinated anion
radicals have been detected as intermediates,
and a new catecholatocobaloxime(II) species
capable of homolytic Co—O bond cleavage via
low-energy ligand to metal electron transfer has
been isolated and characterized. The observed
behavior was interpreted in terms of a func-
tional model for catecholase activity involving
free radical intermediates.

In a search for further biomimetic oxidations
in which relatively stable free radicals are ex-
pected to form, our attention turned toward
stilbenequinone derivatives. The latter are
known to react with peroxyl radicals, being
thereby converted to stable free radicals [23].
Also, they are structurally related to the
monomeric building blocks of lignin, viz.
coumaryl, sinapyl and coniferyl alcohol, which
undergo polymerization via phenoxyl type free
radicals during the biosynthesis of lignin by
laccase or peroxidases [6,24]. Similar free radi-
cals are believed to play a role in the degrada-
tion of lignin by ligninases [25,26] or O, and
alkali [27].

Free radicals have been postulated in the
catalytic cleavage of the lignin models
isoeugenol [28-30] and some stilbenols [31]
with O, and cobalt(II) Schiff base complexes,
but no direct evidence has been provided for
their involvement. Alkenylphenols were found
to undergo cleavage via a free radical [32].

A substrate which seemed likely to produce a
stable free radical upon H-atom abstraction was
3,3',5,5 -tetra-tert-butyl-4,4'-dihydroxystilbene
(H,StQ). Our previous work on the catalytic
oxidation of 2-aminophenol in the presence of
cobaloxime(Il) derivatives [20,21] and on the
reaction of 3,3',5,5'-tetra-tert-butylstilbene-4,4'-
quinone (StQ) with alkyl and phenyl radicals
[23] indicated that it could form a phenoxyl type
free radical in the presence of a cobaloxime(II)

catalyst and dioxygen. The identification of free
radical intermediates during the catalytic reac-
tion provides important information to be uti-
lized when constructing a suitable reaction
mechanism.

We have found that in the presence of
[Co(Hdmg),(Ph,P),] as catalyst H,StQ is oxi-
dized by dioxygen to StQ and 2,6-di-rert-butyl-
4-hydroxybenzaldehyde (Ald), corresponding to
symmetrical double bond cleavage. Upon disso-
lution in benzene this complex is known to
become 5-coordinate by losing one of its Ph,P
ligands [33]. The results are described in this

paper.

2. Experimental

Bis(dimethylglyoximato)cobalt(Il) complexes
were synthesized by the procedure reported in
the literature [34].

StQ was synthesized as described earlier [23].
H,StQ was prepared from StQ by reduction
with Zn /glacial acetic acid (mp 242-243°C; lit.
244°C [36]). Ald was separated from the reac-
tion mixture by evaporation and identified by
infrared and 'H NMR spectra [36] (mp 188
189°C; lit. 188°C [36)).

The catalytic reaction was carried out in ben-
zene solution at substrate to catalyst ratios of ca.
10. Monitoring was done by gas volumetry,
spectrophotometry and HPLC.

Rates of dioxygen uptake were measured in a
constant pressure gas-volumetric apparatus. To
start the reaction, the solid cobaloxime(Il) cata-
lyst was added to an intensively stirred, ther-
mally equilibrated benzene solution of the
H,StQ substrate from a sample holder manipu-
lated from the outside. The volume of absorbed
O, was read periodically, using a gas burette.
The rate of O, absorption was independent of
the stirring rate, excluding eventual diffusion
control effects.

IR spectra in KBr pellets were recorded on a
Specord 75 spectrometer and ESR spectra on a
JES-FE-3X spectrometer. UV -vis spectroscopic
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measurements were done on a Hewlett-Packard
8452A diode array spectrophotometer.

HPLC analyses were performed on a Waters
991 system with a diode array detector (silica
column, Spherisorb 5u, eluent methanol:water
= 90:10; elution rate 1.2 mL/min). Detection
of Ald at 300 nm (R;= 3 min), H,StQ at 320
nm (R, = 14.5 min), StQ at 450 nm (R; =25
min). Calibration with 4-5 samples of different
masses was reproducible within about 1%. Sam-
ples withdrawn from the reacting mixture for
HPLC analysis were quenched by 21-fold dilu-
tion with MeOH before injection.

3. Results and discussion
3.1. Stoichiometry

We have observed that in the presence of
[Co(Hdmg),(Ph,P),] as catalyst H,StQ under-
goes catalytic oxidation to StQ and Ald in ben-
zene or MeOH as solvent at room temperature
and | bar of total air or dioxygen pressure. In
the absence of catalyst the oxidation of H,StQ
cannot be detected under the same conditions.

In order to determine the stoichiometry, the
oxidation was monitored by HPLC in the pres-
ence of the cobaloxime(ii) catalyst. The varia-
tion of the concentrations of H,StQ, StQ and
Ald in time is shown in Fig. 1. No other materi-
als could be detected in the reacting mixtures by
HPLC or TLC.

The rates of H,StQ consumption and product
formation have been determined from similar
curves measured at various conditions. The re-
sults are shown in Table 1.

The concentration profiles of H,StQ and StQ
exhibit a break at about 7= 10 min, where a
steady state is reached. The results reveal two
major features:

(i) The mass balance for the substrate is
fairly good, as demonstrated by the fact that the
equation
[H,StQ], = [H,StQ] + [StQ] + 0.5[Ald]
is fulfilled to within + 5% throughout 3 parallel
runs.

(ii) The rates obtained by linear least-squares

fits of the steady state sections after the break
show that the equation

~d[H,StQ] /dr = d[StQ] /d7 + 0.5d[Ald] /d¢
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Fig. 1. Variation of the reactant and product concentrations with time. [Col, = 0.145 mM; [H,StQ], = 0.991 mM; solvent: benzene:

t=25°C: 1 atm of air.
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Table 1

Rates of substrate consumption and product formation in the steady state measured by HPLC and spectrophotometry

No. Method [Col, [H,StQl, Rate of H, StQ Rate of StQ Rate of Ald Time interval
(mM) (mM) consumption formation formation (min)
(107¥ Ms™") (1073Ms™) (1073 Ms™h
1 HPLC ? 0.125 0.975 343 2.25 3.17 10-320
2 HPLC ® 0.145 1.180 4.25 2.67 3.04 10-200
3 HPLC © 0.160 1.067 3.92 243 3.50 10-70
4 spectrophotometry ¢ 0.140 0.989 3.57 2.10 2.67 10-200

Reaction mixture in benzene diluted before analysis with MeOH by factors of 112, 21 ®, 41 © and 51 ¢

holds within about +8% (3 runs), which is in
agreement with the satisfactory mass balance.

The reaction was also monitored by record-
ing the successive UV—vis spectra of the reac-
tion mixture at various time intervals. The reac-
tion was stopped by 51-fold dilution with MeOH
and then scanned in the spectrophotometric cell,
so each spectrum represents a separate run. The
variation of the spectrum with time is displayed
in Fig. 2. The presence of an isosbestic point
(356 nm) shows that the reactant is transformed
to the two products in two competitive reac-
tions. A second, less well defined isosbestic
point is present at ca. 290 nm.

Based on these data, the stoichiometry of
oxidation of H,StQ can be written as the com-
bination of the two stoichiometric equations
shown in Scheme 1.

,4

Absorbance (AU}
8 @ 8 @8 8 0 ¥ 8 8 8

The relative contribution of these two stoi-
chiometries depends on the degree of H,StQ
conversion. According to Fig. 1, H,StQ is ini-
tially transformed mainly to StQ, and Ald is
formed much more slowly. In the steady state
the relative rate of formation of StQ and Ald is
approximately constant throughout a given run,
indicating that they are formed in competitive
reactions, via a common intermediate.

3.2. Free-radical intermediate

In a search of free-radical intermediates, we
monitored the reaction by ESR spectroscopy.
Although both cobaloxime(I) and superoxo-
cobaloxime(IIl) derivatives are known to be
paramagnetic and ESR-active under ambient
conditions [34,35,37], their ESR spectra could

3898 358 402
Wavelength(nm?

452 583 558

Fig. 2. Successive UV-vis spectra for the cobaloxime(ll) catalyzed oxidation of H,StQ. [Co], = 0.145 mM; [H,StQ], = 0.989 mM;
solvent: benzene; ¢ = 25°C; 1 atm of air. Spectra were recorded for separate runs quenched by 51-fold dilution with MeOH. Reaction times:

0 (0, 3(1), 17 (2), 45 (3), 60 (4), 90 (5), 120 (6) and 195 min (7).
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not be observed during the catalytic oxidation.
This indicates that the cobaloxime added is
present in the form of an ESR-silent
cobaloxime(III) derivative, most likely Co™ OH
(see mechanism).

We have however observed the ESR spec-
trum shown in Fig. 3. By means of numerical

simulation, the spectrum has been identified as
corresponding to the anion-radical StQ . Its
carbon-centered mesomeric form is apparently
responsible for formation of the aldehyde prod-
uct via double bond cleavage (vide infra). In
StQ ™ (g=12.00354), there are 2 equivalent
phenyl rings with two equivalent m-protons each
(a(4H) = 1.47 G). An interesting case of non-
equivalence is observed for the ethenyl protons
(a(1H) = 6.44 G and a(1H) = 2.78 G), which is
probably due to solvation effects or steric rea-
sons.

(StQ™)

Anion-radical StQ '~ can also be detected
when an equimolar mixture of H,StQ and StQ
is warmed to about 50°C under nitrogen in
benzene solution. In this case it is formed due to

I

i

3225 3230 3235

T

I . R

—— e

3240 3245 3250

Magnetic field (G)

Fig. 3. ESR spectrum of the anion-radical intermediate StQ ~. The thin line is the experimental spectrum; the thick line has been simulated

with g = 2.00354; a(1H) = 6.44 G; a(1H) = 2.78 G; a(4H) = 1.47 G.
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Fig. 4. Autoxidation of H,StQ in air monitored by HPLC. [H,StQ], = 6.87 X 1074 M; [StQ], = 7.00 X 10™* M; in benzene at T= 323 K.

electron transfer from H,StQ to StQ and subse-
quent deprotonation. The same mixture in an
oxygen atmosphere leads to the autoxidation of
H,StQ to StQ, as shown by HPLC analysis
(Fig. 4).

The formation of StQ ~ as an intermediate
demonstrates that the StQ product is formed
from H,StQ via 2-step oxidative dehydrogena-

tion mediated by the cobaloxime(Il) catalyst.
However, no H,0, was detected as an interme-
diate or product in the reaction.

3.3. Kinetic measurements

0,-absorption curves were recorded in a con-
stant pressure gas-volumetric apparatus as a

30

25 54
20 |- 7/
oA |
=3 |
% 15 g S —
= |
o |
g 10

5 N

0 T t A

0 0.1 0.2 03 0.4 0.5 0.6
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Fig. 5. Initial rate of O, absorption as a function of cobaloxime(Il) concentration. [H,StQ, = 5.95 X 1073 M; P(O,) = 630 Torr; T = 298

K: solvent: benzene.
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Fig. 6. Initial rate of O, absorption as a function of H, StQ concentration. [Col, = 0.39 X 107* M; P(0,) = 630 Torr; T =298 K; solvent:

benzene.

function of cobaloxime(Il) and H,StQ concen-
tration, and the partial pressure of dioxygen, i.e.
its concentration. The initial rates of O, absorp-
tion (v,) determined from these curves were
used for elucidating the kinetics of the reaction.
Unless otherwise specified, ‘rate’ refers to the
initial rate of O, absorption.

Figs. 5 and 6 show the dependence of the
initial rate on the catalyst and substrate concen-

tration, respectively. The variation of the rate on
dioxygen pressure is shown in Fig. 7.

Plots of the reciprocal rate (1/v,) against the
reciprocal H,StQ concentration (Fig. 8) and
reciprocal O, concentration (Fig. 9) gave excel-
lent straight lines.

With reference to earlier results on
cobaloxime(IT)-catalyzed oxidations [21,22], the
observed kinetic behavior is consistent with the

3 :
4 e : S 4
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R i g/""f i
! o~
s =
<
=
T
& 21— - - e
/ =
|
0 :
0 0.5 1 L5 2 2.5 3
[02] x10° (M)

Fig. 7. Initial rate of O, absorption as a function of O, concentration, [Col, = 0.40 X 107 M; [H,StQ}, = 12.3 X 107*: T=298 K:
sotvent: benzene.
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Fig. 8. Plot of reciprocal initial rate of O,-absorption against 1/[H, StQ]. Conditions as in Fig. 6.

reaction mechanism (1)-(8), where Co" and
Co™ represent the [Co"(Hdmg),(Ph,P)] and
[Co™(Hdmg),(Ph,P)]* moiety, respectively:

Co™OH + StQ ™ — Co" + StQ + OH™  (fast)
(5)

Co"+ 0,2 Co™0, (pre-equil.) (1) Co™0, + S1Q ™~ CoOOR™ (fait) (6)
Co™0, + H,StQ 2 X (pre-equil.) (2) CoOOR™+ 2H™ — 2Ald + (Co™) (7)
X > CoMO,H+SQ " +H* (slow)  (3) (Co™) +OH >Co"OH (fast)  (8)
oo, H 2O -0, () (), T I comspomng 0 e gt
8
7 P
6 ///
T S5
% =
= =
1 /
0
0 0.5 1 1.5 2

(1[02}0)x107 (M)

Fig. 9. Plot of reciprocal initial rate of O,-absorption against 1 /[0, ]. Conditions as in Fig. 7.
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steps (1) and (2) are reversible and step (3) is
rate-determining. Disproportionation (4) can be
regarded as fast [38], consequently, the concen-
tration of Co™O,H is negligible. As we are
dealing with initial rates and the formation of
Ald is delayed relative to that of StQ, steps (6)
and (7) can be disregarded and the concentra-
tion of CoOOR ™ is also negligible. The balance
equation (9) can thus be simplified to (10):

[Co], = [Co"] + [Co™O,] + [Co™OH] + [X]

+[Co™0,H] + [CoOOR™] (9)

[Co], = [Co"] + [Co™O,] + [Co™OH] + [X]

(10)

The concentration of X expressed from Eq. (10)

using the equilibrium constants K, and K, can

be inserted into the rate equation for step (3),

affording kinetic Eq. (11):
v =ky[X] = ks([Co], - [COIHOH])
K, K,[0,][H,StQ]
15 K,[0,](1 + K.[H,5Q])
(11)
As we have measured initial rates (v,), we

can further simplify kinetic Eq. (11) by consid-
ering that at ¢ = 0, [Co™OH] = 0. Therefore:

The observed kinetic behavior is consistent
with the rate law (12) as demonstrated by the
data in Figs. 5-9. The linear plots of Figs. 8 and
9 yield the rate and equilibrium constants listed
in Table 2 together with the sources and ways
of calculation. Good agreement is found be-
tween values of K, obtained from different
sources. For the calculations the solubility of
dioxygen in benzene has been measured; it was
found that [0,]=(326+0.15)X 10 * M at a
dioxygen partial pressure of 650 Torr. The val-
ues given in Table 2 were used to compare the
experimental and calculated slopes of the v,
versus [Co], plot. The experimental slope of
483X 107* s~ is in good agreement with the
calculated value of 504 X 10~ * s~

Mechanism (1)—(8) is analogous to the one
proposed for the cobaloxime(Il)-catalyzed oxi-
dation of 2-aminophenol [21] and 3.5-di-tert-
butylcatechol [22]. The active species is the
superoxocobaloxime, Co™O,, which abstracts
an H-atom from the substrate H,StQ via an
H-bonded intermediate X, affording the anion-
radical detected (StQ 7). Intermediate X is nec-
essary because of the requirement of an equilib-
rium involving H,StQ (to account for the devia-
tion from first-order behavior). The second oxi-
dation (electron transfer) step occurs between
StQ ™ and Co™OH, which is formed via the

K, K,[O,][H,St known disproportionation of Co™O,H with re-
1821V 2 Prop 2
vy = k3[Col, I +K,[0,](1 + K, [H,StQ]) generation of one half of the amount of O,
- - . bound in the superoxocobaloxime Co™0,.
(12) Formation of the aldehyde product requires
Table 2
Rate and equilibrium constants
No. Source * ky (s™1) K, M) K, M~
1 (intercept), (442 +032)x 107°
2 (slope), /(slope), (2.81 + 0.21)x10°
3 (intercept), /(slope), 36.0
4 (slope), 55.0
5 (slope), 56.0
6 (intercept), 70.0
average (rows 3-6) 540+ 14

* Subscripts 1 and 2 refer to the 1 /¢ versus 1,/{O,] and 1 /¢ versus 1/[H,StQ] plots. respectively.
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the presence of the cobaloxime(I) catalyst (Ald
is not produced in the noncatalytic
H,StQ/StQ /0, system). This indicates a reac-
tion between Co™MQ, and StQ ~ in which the
latter is attacked in its mesomeric form with the
unpaired electron at one of the olefinic carbon
atoms. The alkylperoxocobaloxime(III) formed
is derived from the water present in ordinary
benzene. The reduction equivalent required for
generating the OH group in the second Ald
molecule is provided by the Co" — Co™ trans-
formation: Co™ enters the cycle in step (1) and
(Co™)* is produced in step (7). The proposed
reaction mechanism is depicted in Scheme 2.
In conclusion the substrate H,StQ has proved
to be a useful diagnostic tool for characterizing
the ability of the cobaloxime(Il)/0, catalyst
system to abstract an H-atom (or an electron
and H") from suitable reactants. Also, it has
been possible for the first time to show that this
catalyst is capable of effecting the oxidative

cleavage of an olefinic double bond. This
propensity is also closely related to the forma-
tion of free radicals, which ensure that the O-0O
moiety can be catalytically attached to a carbon
atom. Former examples of cobaloxime -cat-
alyzed oxidations invariably involve substrates
with reactive H-atoms (OH or NH) and they are
in fact to be regarded as oxidative dehydrogena-
tions, rather than oxygen insertions. It is now
conceivable that the cobaloxime system shows
certain features also exhibited by dioxygenase
enzymes, and this can be utilized in biomimetic
studies.

It will be of interest to search for further
examples of this type of behavior.
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