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Oxidative Dehydrogenation of an Iron—Tetraazacyclotetradecatriene Complex

HENRIQUE E. TOMA* and EDUARDO STADLER

Instituto de Quimica, Universidade de S@ Paulo, Caixa Postal 20780, S2o Paulo, SP, Brazil

(Received March 6, 1986; revised April 18, 1986)

Abstract

The oxidative dehydrogenation of the bis(N-
methyl imidazole)(meso-5,5,7,12,12,14-hexamethyl-
1 4,8 11-tetraazacyclotetradeca-1,3,8-triene)iron(II)
complex, forming the corresponding 1 3,8,10-tetra-
ene product was investigated by cyclic voltammetry,
spectroelectrochemistry and stopped-flow kinetics
with [Fe(CN)¢]37, at 25 °C, 7=0.50 M and pH 7—10.
The results led to a mechanism consistent with a
reversible one electron transfer process generating
iron(IIT) species which lose a proton (pK,=9.77)
and undergo induced electron transfer in the presence
of the hexacyanoferrate(IIl) ion (k =4.2 X 10° M™
s '). The intermediate precursor complex (Apqax =
665 nm) formed at this step, converted to the tetra-
ene product according to a first order kinetics, with
k=012s"1,

Introduction

The oxidative dehydrogenation of coordinated
amines has been frequently employed in the synthesis
of conjugated macrocyclic imines [1—4]. In the case
of simple amine complexes the reaction proceeds
via a metal induced oxidation mechanism involving
higher oxidation states [5--9]. However, in contrast
with these systems, a detailed mechanistic study on
the dehydrogenation of macrocyclic ligands has
never been reported before.

In the present work we have investigated the kine-
tics of formation of the conjugated [Fe(tetraene)-
(mim);] complex (1), starting from the correspond-
ing triene species (tetraene = meso-5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-
tetraene ligand, mim = N-methyl imidazole).

Our main interest was the elucidation of the
several possible electron transfer pathways, as
recently reported for some transition metal amine
complexes [5—9].
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Experimental

The [Fe(triene)(CH3CN),](BF;), compound and
the corresponding tetraene complex were prepared
according to the procedures previously published
in the literature [1-3, 10, 11]. Anal Calc. for
FeC20N6H36B2F5: C, 3960, N, 1385, H, 6.16.
Found: C, 39.9; N, 13.4; H, 6.2%. Calc. for FeCyo-
NegHa.B,Fg: C, 40.87; N, 14.29; H, 5.78. Found:
C, 41.2; N, 13.7; H, 5.9%. The N-methyl imidazole
derivatives were freshly prepared by dissolving the
acetonitrile complexes in an aqueous solution of
the N-heterocyclic ligand (0.10 M) under argon
atmosphere.

Cyclic voltammetry was performed with a Prince-
ton Applied Research instrument consisting of a
potentiostat and a universal programmer. A platinum
working electrode was employed for the measure-
ments, using the conventional Luggin capillary with
theAg/AgCl (1 M KCI) reference electrode in a non-
isothermic arrangement. A platinum wire was used
as the auxiliary electrode.

The electrode spectra were recorded on a Cary
17 spectrophotometer. Spectroelectrochemical mea-
surements were carried out with the PARC 173
potentiostat attached to a Hewlett-Packard 8451-A
diode-array spectrophotometer. A three electrode
system was designed for a thin layer cell of 0.028
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cm internal optical pathlength. A gold minigrid
was used as transparent working electrode, in the
presence of a small Ag/AgCl (1 M KCI) reference
electrode and of a platinum auxiliary electrode.
All the experiments were performed at 25 °C under
semi-infinite diffusion conditions, as described by
Kuwana and Winograd [12].

The kinetics of formation of the tetraene complex
were carried out with a Durrum model D-110
stopped-flow apparatus, equipped with a Kel-F flow
system. The data were obtained under pseudo-first
order conditions, at 25 °C and 7=0.50 M in the
presence of a.high excess of the reactants over the
macrocyclic complex.

Results and Discussion

The electronic spectrum of the bis(NV-methyl
imidazole)trieneiron(IT) complex consists of a strong
absorption band at 614 nm (e=4.0X10° M!
cem™) associated with a metal-to-diimine charge-
transfer transition [1]. This band is shifted to 692
nm in the corresponding tetraene complex (€=
9.3X10° M! ¢m™), with a shoulder appearing at
640 nm,

The spectroelectrochemical behavior of the triene
complex at pH 6 is illustrated in Fig. la. As we
increased the applied potential from 0.2 to 0.5 V
versus NHE, the charge-transfer band of the triene
complex disappeared completely and about 20% of
the starting complex was converted to the tetraene
product. At pH 9, however, the dehydrogenation
reaction was practically complete, as one can see in
Fig. 1b.

Typical cyclic voltammograms of the triene com-
plex, measured at 25 °C and /=0.50 M NaCl, are
shown in Fig. 2. Above pH 6, two successive anodic
waves were observed around 0.45 and 0.8 V, corres-
ponding to the monoelectronic oxidation of the
trieneiron(II) and tetraeneiron(Il) complexes, respec-
tively. The reversibility was rather poor under alka-
line conditions due to the decomposition of the
oxidized products. However, in the range of pH from
5.5 to 6.0, the cyclic voltammograms of the triene
complex were practically reversible, with Ej, =
0.42 V. Only a small fraction of the starting com-
plex was converted to the tetraene form, in agree-
ment with the spectroelectrochemistry. Parallel
measurements carried out for the tetraeneiron(Il)
complex at pH 5-6, resulted in reversible cyclic
voltammograms with Ej;, =0.78 V versus NHE and
a diffusion coefficient of 5 X 107 ¢cm? s7%,

The oxidative dehydrogenation of the triene-
iron(IIT) species forming the corresponding tetra-
ene(Il) complex should proceed within the interval
of the applied potentials from 0.45 to 0.8 V, being
probably responsible for the anodic shoulder around
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Fig. 1. Spectroelectrochemistry of the [Fe(triene)(mim)gj2+
complex. (a) pH 6, (b) pH 9; 25°C and 7 =0.50 M NaClL
Solid lines refer to the starting measurements at 0.20 V
versus NHE.
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Fig. 2. Cyclic voltammograms of the [Fe(triene)(mim)g]2+
complex, 2.7 X 107> M, at several pHs, 25 °Cand I =0.50 M
NaCl, obtained with a potential scan rate of 100 mV s 1.

0.7 V in the cyclic voltammograms. The yield was
observed to increase with the pH, reaching a maxi-
mum around pH 9. Above this pH, however, paral-
lel decomposition reactions led to a substantial
decrease in the observed yields. The electrochemical
response became very irreversible, with poorly defin-
ed waves, precluding reliable mechanistic studies.
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ABSORBANCE

Fig. 3. Electromc spectra of (a) the starting complex [Fe-
(trlene)(mlm)z] , (b) the intermediate product 7, (c) the
final tetraene product, measured at t =3 and 120 s respec-
tlvely, in the presence of [Fe(CN)63~] =1.9x10" M, [Fe-
(CN)6 ]—38x10 M, pH 7.9,1 = 0.50 M NaCl, 25 °C.

For this reason, the oxidative dehydrogenation pro-
cess was investigated by an alternative approach,
using the stopped-flow technique, in the presence
of [Fe(CN)s*7] =0.13—-0.98 mM, [Fe(CN)¢*7] =
0.064-0.38 mM, [OH ] = 1.8X107°-4.4X107*
M, [mim] = 0.10 M at 25 °C and / = 0.50 M NaCl.
Under the conditions of this work, the overall
reaction proceeded according to three consecutive

steps. The first one was complete within the mix-
ing time of the stopped-flow instrument (2 ms),
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leading to the decay of the characteristic absorp-
tion band of the triene complex at 614 nm. The
second step followed a pseudo-first order kinetics,
generating an intermediate product which absorb-
ed at Ay, = 665 nm (Fig. 3). Then, the inter-
mediate species converted to the tetraene com-
plex with a half-life of about 6 s.

Based on the observed spectral changes and
on the electrochemical results, we ascribed the
first reaction to the reversible monoelectronic
oxidation of the trieneiron(II) complex by the
{Fe(CN)4]* ion

[Fe(triene)(mim),]** + [Fe(CN)s]*~ f%
[Fe(triene)(mim),13* + [Fe(CN)4]%~ 1)

The second reaction exhibited an inverse depen-
dence of the observed rate constants on the con-
centration of [Fe(CN)g]*~, and a non-linear depen-
dence with respect to the concentration of the
[Fe(CN)¢]*~ and OH™ ions, as shown in Fig. 4a—c.
These results can be explained in terms of a mecha-
nism consisting of a rapid, reversible electron transfer
step (eqn. (1)), followed by a deprotonation equilib-
rium and by a second electron transfer step, as
in eqn. (2).

+ Fe(CN)63'

I ket @
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Fig. 4. Plots of the observed rate constants of oxidative dehydrogenatlon of the [Fe(tr1ene)(m1m)2]

concentration of (a) OH , (b) [Fe(CN)e] , (©) [Fe(CN)G]

the theoretical values.

The rate law for this mechanism can be expressed
by

df1]
(L] — (1]

where I is the intermediate product, and

(€))

= Kobs

keKouKox[Fe(CN)s* 712 [OHT]
[Fe(CN)6‘—} + Kox[Fe(CN)Ga_] + KoxKOH[Fe(CN)63_] [OH—]

kob- =

complex, against the

; and of their corresponding reciprocals (d—f), in the presence of
(a) [Fe(CN)6*™] = 1.9 X 107* M, [Fe(CN)63~] =1.9 X 1074 M; (b) [Fe(CN)¢371 = 1.9 x 107* M, [OH™] = 9.5 x 1077 M; (c)
[Fe(CN)¢*™] = 1.9 x 10™* M, [OH™] = 1.0 X 10™® M, at 25 °C and J = 0.50 M NaCl. The solid lines in plots (c) and (f) refer to

The reciprocal form of eqn. (3) can be converted
into the linear expression eqn. (4). The correspond-
ing plots are shown in Fig. 4d—f.
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From the intercepts of the linear plots in Fig.
4d and de, k., was evaluated as 4.2 X105 M1 571
and Kog = 1.7 X10* M! (pK,=9.77). By combin-
ing the linear and angular coefficients, the equilib-
rium constant for the electron transfer reaction,
K,x, was calculated as 2.2 in agreement with the
theoretical value of 2 *1, based on the electro-
chemical data.

In the present case, only two sets of results, e.g.
kops versus OH™, and ku,, versus [Fe(CN)¢*] are
necessary to evaluate the individual X,,, Koy and
ket constants from eqn. (4). The third set, e.g8. Kops
versus [Fe(CN)¢3] can be used to check the internal
consistency and the fitness of the mechanism. As
we can see in Fig. 4c and f, the agreement between
the experimental and theoretical points is excellent.

In eqn. (2), the uptake of a proton from the
macrocyclic amine ligand led to a structure admitting
two resonance forms. On the other hand, the oxida-
tion of the deprotonated species produced an inter-
mediate complex 1 presenting the characteristic
charge-transfer band of the iron(II)-diimine chromo-
phore. These observations imply that the oxidative
dehydrogenation reaction proceeds via an induced
electron transfer pathway, as in the cases previously
reported by Taube [13].

The third reaction leading to the formation of the
tetraene product, followed a typical first order
kinetics for at least two half-lives. The observed
rate constants (k;,) were practically independent
on the concentration of the [Fe(CN)¢]*,
[Fe(CN)s]>*~ and OH™ ions, varying in the range
of 0.11 to 0.13 s™*, under the conditions employed
in this work. This kind of behavior is consistent with
an intramolecular process involving the species L.

The electronic spectrum of I, in Fig. 3, is inter-
mediate between those of the 1,3,8-triene and
1,3,8,10-tetraene complexes. Based on the examples
from the literature [1, 3], the observed spectra would
be consistent with a species containing a diimine
group and at least one isolated imine bond, such as
the immediate product of the induced electron trans-
fer step shown in eqn. (2). In this case, the third
reaction would be associated with the elimination
of a vicinal proton to form a diimine bond. On the
other hand, the lower yields found above pH 10
would be coherent with the expected susceptibility
of I to the nucleophilic attack of the OH™ ions. The
elimination of a proton from I, however, could also
lead to the 1,3,7,10-tetraene tautomer [3] contain-
ing one diimine group and two isolated imine bonds,
with little change in the absorption spectra. This
isomer has been obtained by a different route, start-
ing from the 4,11-diene complex, in acetonitrile
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solutions, and is expected to be less stable than the
1,3,8,10-tetraene analog, because of the reduced
number of diimine linkages [1, 4]. In this way,
a parallel tautomerization process seems possible,
analogous to that observed for the less conjugated
1,4,8,11-tetraene iron(Il) complex [2].

The present work has elucidated many basic
aspects of the mechanisms of the oxidative dehydro-
genation of a typical macrocyclic amine complex
[14]. The results were also consistent with those
recently reported for diaminetetracyanoferrate(II)
complexes [5—8]. However, in the preceding cases,
a complete evaluation of the individual kinetic param-
eters has only been made for the (2-aminomethyl-
pyridine)tetracyanoferrate(II) complex [6]. In spite
of representing an isolate example, it is remarkable
that the reported rate constant for the induced elec-
tron transfer step in this complex (ke = 6.3 X 10°
M s1), is comparable to that obtained in this work.
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