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Ion Radicals of Organometallic Compounds. II. Heteroatom
Substituent Effects on the Rates of Decomposition of the Cation
Radicals of Arenetricarbonylchromium Complexes
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The kinetics of the decomposition of a number of
cation radicals derived by electrochemical oxida-
tion of substituted benzenetricarbonylchromium
complexes were studied in acetonitrile. The
reversible potentials for the formation of cation
radicals of complexes derived from 1,4-substi-
tuted benzenes, where one substituent was
methyl and the other contained a heteroatom,
were observed to be linearly related to the
logarithm of the rate constant for decomposition
measured at 253 K. The best Hammett: correla-
tion was observed using o, (correlation
coefficient=0.95). First order rate constants for
the decomposition reactions ranged from 3.5 to
2000 s! at 253 K. The complex substituted with
dimethylamino was the least reactive while that
substituted with electron withdrawing acetyl was
most reactive. Activation energies for the decom-
position reactions were nearly independent of
structure (9.6+0.4 kcal/mol) while the corres-
ponding activation entropies varied from 14 to 20
cal/K mol. The reversible potentials for the
formation of the cation radicals ranged from 175
to 515 mV vs. Ag/Ag* and all the cation radicals
were oxidized to the dications irreversibly at
1000—1500 mV.

A number of arenetricarbonylchromium com-
plexes have been observed to undergo reversible
electrooxidation te the corresponding cation
radicals.'> We have recently studied the
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mechanism of the decomposition of some of the
cation radicals in acetonitrile and found the
overall mechanism to be of the ECE, type
accompanied by the formation of the parent
molecules and carbon monoxide.® The effect of
methyl substitution on the ease of formation and
the reactivity of the cation radicals was ex-
amined. It was found that the reversible poten-
tials were lower for the formation of cation
radicals of complexes from more heavily substi-
tuted methylbenzenes (for example, hexamethyl-
benzene) and the rate constants for the decom-
positions were lower. This suggested a substi-
tuent effect in which the electron donating
methyl groups stabilize the cation radicals.>

In this paper we present the results of an
investigation designed to study the substituent
effect in more detail. Complexes derived from
1,4-disubstituted benzenes (I) in which X was
Me;N, H,N, CH;0, and CH;CO, along with
those derived from 1,4-dimethoxy- and 1,2-
dimethoxybenzene were studied. Reversible
potentials for the formation of the cation radicals
along with kinetic and activation parameters for
the decomposition reactions are reported.

Me-@—x
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la X=NMe, Ic X=0OMe
1b X=NH, 1d X=0CCH;
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EXPERIMENTAL
All measurements were carried out at a plati-
num electrode in acetonitrile containing

Bu,NBF, (0.1 M) and the electrode potentials
refer to Ag/Ag* (0.1 M in acetonitrile). The
concentration of the substrates was 1.0 mM in all
cases. The kinetics were studied at temperatures
ranging from 253 to 298 K at § K intervals.
Reversible potentials (E.,) were measured at
253 K under conditions where all of the cation
radicals were of sufficient lifetime for the
measurements. Details of the measurement pro-
cedures have been reported previously.

RESULTS AND DISCUSSION

The linear sweep voltammetry (LSV) curves
for the oxidation of the complexes consisted of
four main waves corresponding to the same type
of processes involved in the oxidation of the
methyl substituted complexes.> The latter was
established by the effect of the sweep rate (v) on
the relative currents at the various peaks. That is,
wave III was observed only when wave I was
reversible and wave IV was observed when wave
I was irreversible. The reaction scheme previous-
ly proposed is summarized by eqns. (1)—(6)
(Scheme 1).2 In this scheme M refers to the arene
substrate.

MCr(CO);—e 2MCr(CO);'* E (wavel) (1)

MCr(CO);* EM+Cr(CO)t +(3-n)CO C (@)

Cr(CO)} +MCr(CO);* — Cr(CO)% +
MCr(CO); +(n—m)CO E, (3
MCr(CO);*—e~—MCr(CO)3* (wave III)  (4)

MCr(CO)3}* — products 5)

M-e — products of M* (wave IV) (6)

Scheme 1.

The reversible oxidation potentials of the
complexes to the corresponding cation radicals
(wave I) at 253 K and the peak potentials for the
oxidation of the cation radicals to the dications
(wave III) measured at 100 V/s are listed in Table
1. The voltammograms from complexes derived
from Ia, Ib, Ic, and 1,4-dimethoxybenzene had
oxidation waves IV interposed between waves I
and III and in some cases overlapped with wave

II. Wave II was broad and is most likely due to Cr
oxidation products formed in reaction (3).>

The first order rate constants (k) for the
decomposition reactions of the cation radicals
(wave I, ECE, mechanism) were obtained by
derivative cyclic voltammetry (DCV) and evalu-
ated using eqn. (7) derived from theoretical
data.® In (7) v, refers

k=1284(v,,/ T) 0]

to the sweep rate necessary for the derivative
peak ratio to equal 0.500. Activation energies
and entropies were derived from the Arrhenius
plots.”® The kinetic and activation parameters
along with v;, and oxidation potentials of the
parent molecules under the same conditions are
summarized in Table 1.

If we take v, as a measure of the stability of
the complexes we see (Table 1) variations of the
order of 10* in this series. A plot of log k vs.
Hammett o, for the complexes derived from
parent molecules I and 1,4-dimethoxybenzene
resulted in p equal to 4.2 with a correlation
coefficient of 0.93. From this we conclude that
the apparent stabilization effect of electron
donating groups arises from inductive and field
effects rather than from mesomeric effects. This
is accentuated by the fact that methoxy appears
to be less stabilizing than methyl while the
converse is expected on the basis of the
mesomeric effects. In considering the effect of
substituents it must be kept in mind that factors
other than the electronic effects are of import-
ance. This is obvious from the fact that ben-
zenetricarbonylchromium cation radical under-
goes decomposition at rates much greater than
any of those on which the Hammett analysis was
made. In this regard it is of interest to note that
the cation radical of the complex derived from
1,2-dimethoxybenzene is the most reactive one
that we have studied so far and decomposes with
a rate constant more than 10? than that for the
1,4-substituted isomer. This rate difference could
be due to a steric effect. The rate constant for the
decomposition of the cation radical of the com-
plex derived from 1,2-dimethylbenzene has been
observed to be about 5 times as great as that
obtained when the arene ligand was 1,4-dimet-
hylbenzene.

Although the first order rate constants for the
decomposition of the 4 complexes derived from I

Acta Chem. Scand. B 38 (1984) No. 2




Ion Radicals of Organometallics 177

Table 1. Oxidation potentials for substituted benzenetricarbonylchromium complexes and kinetic
parameters for the decomposition of the cation radicals and those of the parent molecule.”

Substitution Em/mV k253/S—1 kzgg/S_l Ela(g(_(lial I_(-élsc I:::oall_lEIud/mV Ew‘/mV vf%/V S_l
4 4 4 g
14-(N(CHs),)(CH;) 175 3.5(0.2) 7.1(0.3) 10.1(0.3) 18(1) 990 395 0.1
1,4-(NH,)(CH,) 206 5.1(0.4) 85(6)  9.4(0.4)20(2)  1150% 5502 >1000
14-(OCH;)(CH;) 353 65(3)  1070(40) 9.3(0.2) 15(1) 1360 13907 >1000
,4-(OCH,), 325 106(3) 1790(80) 9.4(0.2) 14(1)  1290% 9742 0.02
1,4-(COCH;)(CH;) 615  1920(80) 1440%  ¢a.1100 100
1,2-(OCH,), ca.390  >10000 22807 >1000

“In acetonitrile containing Bu,NBF,(0.1 M). ® Reversible oxidation potential vs. Ag/Ag* of wave I.
© Activation entropy. ¢ Oxidation peak potential vs. Ag/Ag* of wave III. (d,: 100 V/s, 25 °C, d,: 100 V/s, —20 °C,
dy: 200 V/s, —20°C) © Oxidation potential vs. Ag/Ag* of parent molecule at 25 °C. (e,: reversible potential, e,:
peak potential at 10 V/s). / Approximate value for parent molecule. £ All errors are 95 % confidence calculated
according to the theory of least squares as described in Ref. 11. The rate constants were calculated from the

Arrhenius correlations.

ranged from 3.5 to 106 s, the corresponding
activation energies were identical within ex-
perimental error at 9.6(0.4) kcal/mol. This value
is very close to that observed for the decomposi-
tion of the cation radical of 1,4-dimethylben-
zenetricarbonylchromium equal to 10.9(0.4) kcal/
mol.> This result should be compared to the
effect of the number and the position of the
methyl groups in methylbenzenetricarbonylchro-
mium cation radical decompositions.> In that
case the activation energies ranged from 7.8 to
17.6 kcal/mol with the extreme values observed
for the complexes of benzene and hexamethyl-
benzene, respectively. Thus, it may be concluded
that as long as only cation radicals of complexes
having the same substitution pattern are consid-
ered, that the substituent effect does not show up
significantly in the activation energies but is
manifested mainly in the entropies of activation.

It is also of interest to note that there does not
appear to be any relationship between the reacti-
vities of the cation radicals of the complexes and
the corresponding cation radicals of the parent
substances. For example, the cation radical of
1,4-dimethoxybenzene is stable (v,=0.02 Vi/s)
under the conditions of the measurements while
that from 1-amino-4-methylbenzene is very reac-
tive (v;,>1000 V/s) under the same conditions.
The opposite order of reactivity was observed for
the corresponding cation radicals with that for
the complex derived from 1,4-dimethoxyben-
zenetricarbonylchromium being 20 times more
reactive at 253 K than the corresponding 1-
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amino-4-methyl substituted cation radical. The
apparent reason for the differences in the order
of reactivity is that the reactivities of the cation
radicals of the complexes depends primarily on
the strength of the bonding between the benzene
rings and chromium and there is little charge
distribution onto the arene ligand. This is ac-
centuated by the stability of the cation radical of
1-amino-4-methylbenzenetricarbonylchromium.
The amino protons become decidedly acidic in
the cation radical of the parent compound.
There does appear to be a relationship be-
tween reactivity and ease of formation of the
cation radicals. A correlation of k,s; with E,., for
the cation radicals of complexes derived from I
was linear with a correlation coefficient of 0.98.
This correlation does not hold for cation radicals
of complexes derived from parent molecules with
different substitution patterns. There is also a
relationship between E,., of the complexes and
the oxidation potentials of the parent molecule.
Excluding the data for 1,2-dimethoxybenzene
and the corresponding complex, a slope of 0.25
was observed in the correlation. This value is
similar to the corresponding slope for the correla-
tion of the same quantities for the methylben-
zenes and their complexes in which case the slope
was 0.20. Thus, it appears that the attenuation of
the transmittance of electron donation to the Cr
atom from the arene does not differ greatly for
the various substituents, but E,., is not indepen-
dent of the substituent pattern, the Taft factors
(o1 and ay).!° Our reversible potential measure-
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ments support this. The values found for the
oxidation of the complexes of 1,4-dimethylben-
zene, 1-methoxy-4-methylbenzene and 1,4-
dimethoxybenzene were 403, 353 and 325 mV,
respectively.

On the other hand, a reasonably good Ham-
mett plot for the cation radical decompositions
was only found when o, values were used. The
Hammett p value was observed to be equal to
+4.2 which indicates a strong rate enchancement
by electron withdrawing substituents. Thus, the
effect of methoxy on the decomposition kinetics
appears to fit that of a polar electron withdrawing
substituent. As mentioned earlier, effects other
than the electronic one could play a dominant
role in the decomposition reactions. Thus, we
will not attempt to explain the apparent anomaly
between the relative thermodynamic and kinetic
stabilities of the cation radicals.
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