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The oxidation of hydrazobenzene by oxygen in methanol solution is catalysed by Co(3MeQsalen) which is a synthetic oxygen
carrier. The products are frans-azobenzene and water. The rate of the reaction has been studied spectrophotometrically and
the rate law established. A mechanism involving a ternary complex of catalyst, hydrazobenzene and oxygen has been proposed.

1. Introduction

It bas been known since the observations of Pfeiffer and his
co-workers in 1933! that cobalt(II} Schiff’s base complexes e.g.
Co(salen), Figure 1, form reversible complexes with oxygen.
There has been considerable recent interest in these compounds
because of their relationship to the natural iron-containing ox-
ygen carriers hemoglobin and myoglobin.? Hemoglobin and
myoglobin consist of an iron-porphyrin complex, the haem
group, embedded in the protein which provides one axial ligand,
an imidazole group, to the iron. On oxygenation the sixth coor-
dination site of the iron accepts the dioxygen ligand. Thus the
ligand field about the iron in oxyhemoglobin is approximately
octahedral.?

Cobalt{II) Schiff’s base complexes are square planar with a
low spin d’ electron configuration. The binding of an axial, fifth
ligand leads to a ground state with the unpaired electron in the
& orbital. This electron configuration is a necessary prerequisite
for the binding of dioxygen.* Drago and Corden®, in their spin-
pairing model for the binding of dioxygen, presented evidence
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Figure 1. Structure of Schiff-base complexes. R=H, Colsalen);
R=CH,0, Coi3MeOsalen).

that the odd electron in the oxygenated complex is in the diox-
ygen n* orbital, but that the extent of electron transfer from
cobalt to oxygen is dependent on the nature of the equatorial
and axial ligands. In the extreme case of complete electron
transfer the complex could be formulated as cobalt(IlI)-
superoxide. The change in the electronic structure of oxygen
from the relatively unreactive triplet ground state to a doublet
coordinated species, with a weakened 0-0 bond bearing frac-
tional negative charge, could be expected to enhance the reac-
tivity of oxygen in radical or nucleophilic reactions.

Cobalt(IT) Schiff’s base complexes with added axial ligands
have been shown to catalyse the oxidation by oxygen of secon-
dary alcohols® to ketones, and of phenols’ to quinones. The
structurally refated bis(dimethylglyoximato} cobalt(II) has been
reported to catalyse the oxidation of hydrazobenzene to
azobenzene in the presence of triphenylphosphine.® Kinetic
studies®? have shown that in the oxidation of alcohols and
phenols the transition state is a ternary complex of dioxygen,
cobalt catalyst {including axial base) and substrate, Thus the
reactions resemble an enzyme-catalysed process in which the
two substrates, dioxygen and the organic molecule, are brought
together by the catalyst. In this paper we show that the oxida-
tion of hydrazobenzene catalysed by Co(3IMeOsalen}, Figure
1, follows a similar kinetic scheme, providing evidence of satura-
tion of the catalyst by the substrate as an enzyme catalysed
reaction.

Autoxidation of hydrazobenzene was first described in 1901
by Manchot and Herzog.® This, and later work'®"' has shown
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Figure 2. Absorption spectra of hydrazobenzene (broken curve, can-
centration 3.45x107°M)} and ftrans-azobenzene (solid curve,
2.75 x 10°*M). Methanol, 25 °C.

TABLE 1: Absorption maxima of species used in this work~

Hydrazobenzene trans-Azobenzene cis-Azobenzene*
H,AB AB ’
Aevax £ 4, £ A £
nm WM'em nm 1°M'em™  om 10°Mems
245 21.81 315 16.1 281 4.9
289 523 437 0.5 433 1.48

* 25 °C, methanol; * 25°C, methanol; * Ethanol, Ref. 15,

that the products are frans-azobenzene and hydrogen peroxide
with the reaction first order in hydrazobenzene and oxygen.

Results and Discussion

Absorption spectra of hydrazobenzene (H:AB) and #rans-
azobenzene (AB) are shown in Figure 2. Extinction coefficients
for these and of cis-azobenzene are given in Table 1. The spec-
tral changes during the reaction are indicated in Figure 3. The
band at 254 nm due o the oxidation of H,AB decreases with
time in Figure 3-b, while bands at 315 nm and 440 nm (see
Figure 2), attributable to irans-azobenzene in Figure 3-a,b in-
crease. There is an isosbestic point at 280 nm, and in particular
there is no new band at 281 nm. Hence the reaction product
is trnas~azobenzene, with negligible production of cis isomer.

Kinetic measurements were made at 315 nm. A typical curve
of absorbance A versus time t is shown in Figure 4. Plots of
log (A o~-A) against t were found to be curved after approximate-
ly one half-life indicating deviation from pseudo-first order
kinetics. Figure 4 includes a pseudo-first order curve caiculated
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Figure 3. Changes in absorption spectra during reaction.
[H:AB),=3.33x107M, {Co];=5.2x 10"*M. O, saturated in
methanol, 1 atm., 25 °C.
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Figure 4. Piot of absorbance A {at 315nm) against time.
[H:ABla=3.26 x 10"*M, {Co)r = 5.67 x 10*M. O, saturated methanol,
1 atm, 25 °C. Solid curve, experimental; broken curve, calculated
for pseuda-first order kinetics as described in the text.

to fit the earlier part of the data, and comparison with the ex-
perimental data shows that the experimental rate increased over
that defined by the rate constant. The deviations may be due
to some side reaction involving the hydrogen peroxide which
is formed in the reaction. _

To avoid this complication, initial rates R, were calculated
from slopes of tangents at +=0:

Re=1""(Ac) "' (dA/d1), (1)

which is derived from A =eel where { is the path length and
Ae=25.5M"'cm™ obtained from intercept with log R, against
log (dA/df)s. The dependence of rate on total cobalt concen-
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Fgure B. Plot of tog A, against log [Colr. (H:ABl,=4.11 x 10-*M.
[Colr=7.27 x 107*M; curve (b} air saturated, [Co} = 7.43 x 10"°M.
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* Figure 6. Plots of initial rate A, against [H,AB],. Curve ia} O, saturated,
[Colr=7.27 x 107*M, curve (b) air saturated, [Co] = 7.43 X 10™°M,
Methanol, 25 °C.

tration [Co]- is linear, over the range [Co),=(1.5-5.6) X 10-°M,
Figure 5. The hydrazobenzene dependence is non-linear, sug-
gesting an equilibrium saturation effect, Figure 6. The oxygen
dependence, based on measurements at two concentrations, is
also non-linear as discussed below.

Discussion

The data suggest the formation of a ternary complex
CoL.H,AB.O; (where L = 3MeOQOsalen). For completeness, we
introduce stepwise equilibria for the formation of this complex,
via the two binary complexes CoL.H,AB and CoL.Q,:

N
2AB Z\X‘ K;‘/ "2“‘2

k
CoL.H,A8.0, —Z Cob + AB + M 0,

Col.HpAb + 02

(ZoL.O2 + HyAB

1100 k."n“Lsu"
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Figure 7. Plots of k,”' against fH:AB]. Curve {a) airsaturated; curve
{b} oxygen-saturated; 1 atm, methanol, [Co); = 7.3 x 10°M, 25 °C.

TABLE 2: Rate and Equilibriem Constants at 25 °C

Ky 0+ 10A£*
ks T7x56
1+ Ko{Os] I 4.33 X 107 Ms({0,] = 1.96 X 10-*M)

B K(0] 129X 10*Ms([0,] =9.63 x 10-°M)
Ko 70+ Tm™
K (8.720.8) X 10°AM~

Under the experimental conditions [O,)>[H;AB}>[ColL,] the
rate of reaction is given by

p_dIAB] _ K (Co),(H,AB) (0,) "
di 1+ Ky [(HAB)+K,(0,)+K(H,AB) (0O,)
which may be expressed as
1 1 K, Ky 1
—=—11+ + +
kb & 1T KGLAB), TR0 TR(H,ABL 0]

-where ko =Ry/{C0]r, K=K', Ky=K,K'y, and [H,AB], is the

initial hydrazobenzene concentration. Thus it is expected that.
plots of k. against [H.AB],™ at constant [O,) will be linear.
The slopes of such plots are (7 + X,[O.], and it is noteworthy
that the plots for different O; concentrations should intersect
in a single point, with [H;AB},™!' = —Ky, and &' = &;7!
(1-K,Kn/ K).

As shown in Figure 7, the plots K, against [H;AB]o™* are
in fact linear, and the intersection point lies on the vertical axis,
within experimental error. The reaction via the complex Col-
H:AB does not occur, and thus Ky =0, and the value of X, may
be read directly from the intersection point, while the slopes
of the two lines give X, and X. Value of these constants, with
estimated limits of error, are shown in Table 2.

A possible structure for the termary complex is I below.
However, this is not necessarily the effective reaction in-
termediate, To account for the hydrogen abstraction, an alter-
native structure II (the vacant site on Co may be occupied by
CH,0H) with N-H-O bridging might seem attractive,
analogous to that suggested by Savitskii® for alcohol oxidation.
However, in a concerted reaction this would be expected to lead
to cis-azobenzene, which was not observed. The isomerisation
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of cis-azobenzene to the ¢trans isomer was considerably slower
than the oxidation of hydrazobenzene, and was not catalysed
by Co(3MeOsalen). An intermediate 1II in which the dioxygen
has attacked para to the azo-group, as suggested for the autox-
idation reaction'! and the cobalt catalysed oxidation of phenols,’
would lead to the more stable trans isomer, and must also be
considered. Further work is required to characterise the inter-
mediates.
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The reaction pathway may be written
K
CoL+H,AB+0,= 1 {6}
Kl
CoL+4+H,AB+0,= II or III (7
1 or 11 £ products (8)

where the two equilibria are reapid and K%, =K &,

The situation in which an asociation complex is detected, but
some other species of the same composition, but relatively less
stable, is the true reaction intermediate, is paralleled in many
other reactions e.g. eclectron transfer by the ‘dead-end’
mechanism."? The stability constants K, K,, X, however, still
relate to the predominant compiex 1, and it is of interest that
K is much smaller than Xv’ The upper limit of Ky is estimated
as 10 M~ while Ky’ = K/K, = 124 M.™ The difference can
be understood if the d. electron in complex I is partially
delocalised onto the O, molecule®, so that the effective
oxidation state of cobalt is intermediate between Co" and Co."

Experimental

H,(3MeOsalen) was prepared by the method of Diehl ef al**.,,
3-methoxysalicylaldehyde (35.5 mmoles) was dissolved in hot
absolute ethanol (25 ml) and the solution stirred for 30 minutes
ethanol. Yield 72 % mp 162-163°C, as reported. Elemental
analysis based on C,yHzoN,0.: calculated C: 65.9, N: 8.5, H:
6.1; found: C: 65.6, N: 8.4, H: 6.2

The catalyst Co" (3MeOsalen), was prepared by the method
of Diehl ef al., as modified by Beckett't. The ligand,
H.(3M¢Osalen) (35.5 mmoles) was dissolved in absolute ethanol
(300 mJ) and cobalt (II) acctate tetrahydrate (35.5 mmoles) was
dissolved in hot water under nitrogen and added dropwise to
the solution of the ligand. The pink solution changed to dark
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red. After cooling, a silver gold precipitate was formed. The
product was filtered, washed with ethanol (30 m/) and then
water (30 m/), and finally dried in vacuo at 180 °C for at least

" two hours. The colour of the product changed from silver gold

to violet. Yield 52%. Elemental analysis based on
CoO,.N,;C,sH,s0;: calculated: C: 51.80, H: 4.36, N: 6.71; found:
C: 52.15, H: 4.74, N: 6.87.

Hydrazobenzene (Aldrich)} was always kept in a dry nitrogen
glove bag. Dry nitrogen was produced by passing cylinder
nitrogen over P,0O;. Oxygen saturated reaction mixtures were
made by bubbling oxygen through the solution for fifteen
minutes.

The rates of the reactions were followed by observing absor-
bance changes against time in the reaction mixtures at a
wavelength of 325 nm or 437 nm in 1 cm cells. The reactions
were conducted at a tenfold molar excess or more of
hydrazobenzene over.the cobait(I[} complex. The absorption
spectra were measured on a Pye Unicam SP8-200 spec-
trophotometer.
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