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The electrochemical oxidation of tris(glyoxal bis(methylimine))iron(11), Fe(GMTI),?*, has been investigated using cyclic
voltammetry and rotating-disk studies in 0.5 M H,SO,. The main reaction product is an iron(IT1I) complex in which one
of the GMI ligands is oxidized to HyCN=C(OH)CH==NCH,, thus consuming 3F/mol of Fe(GMI),*". A reaction mechanism
consisting of electrochemical oxidation of the Fe(II) to an Fe(III) complex followed by a rate-determining first-order chemical
reaction is proposed. In this chemical reaction, the Fe(III) complex is intramolecularly reduced to the Fe(II) state, with
concomitant oxidation of the ligand; the radical-ligand complex is then further electrochemically oxidized very rapidly.
This proposed ECE mechanism is compatible with the experimental results. The rate for the intramolecular reduction
of the ferric complex is 22 £ 2 s™!, This value is applied to estimate a second-order rate constant of 10°-10'° M~' s7! for
the chemical oxidation of Fe(GMI);?* in this acid concentration,

Introduction

In the first two papers of this series,>? it has been shown
that the chemical oxidation of the low-spin iron(II) complex
of the diimine ligand glyoxal bis(methylimine) (H,CN=C-
HCH=NCH,), Fe(GMI);**, by Ce(IV) proceeds via Fe-
(GMI);**. This ferric complex undergoes an intramolecular
one-electron transfer followed by the oxidation of this product
by another Fe(GMI),;**, yielding two new ligand-oxidized
complexes and regenerating Fe(GMI),2*. The rate of this
disproportionation reaction depends very strngly on the acid
concentration.’> Spectrophotometric and potentiodynamic
studies at 25 °C yielded for the disproportionation reaction
the following second-order rate constants: (2.2 £ 0.2) X 10°
and (0.7 £ 0.1) x 10° M! 57! in 4.0 and 5.0 M H,SO,,
respectively. Using these techniques, it was not possible to
obtain rate constants for H,SO, concentrations lower than 4.0
M. In 0.5 M H,SO, the reaction is faster than the upper limit
of detection of stopped-flow techniques.> In 11 M H,SO,,*
a one-electron reversible oxidation of Fe(GMI);?* was ob-
served.

The electrochemical oxidation of Fe(GMI),2* at low acid
concentration (0.5 M H,SO,) has now been studied by means
of cyclic voltammetric and rotating-disk techniques and by
coulometric oxidation. The coupling of these techniques
enables us to propose a mechanism for the electrochemical
oxidation of Fe(GMI);%*, to determine the rate constant for
the intramolecular reduction of the ferric complex, and also
to estimate the rate constant for the chemical oxidation at low
acid concentration.

Experimental Section

The chemicals used in this study are described in part 1.2

A Princeton Applied Research Corp. (PARC) Model 170 elec-
trochemistry system coupled to a 564 Tektronix storage oscilloscope
was used throughout the present work. Rotating-disk measurements
employed the ASR2 analytical rotator from Pine Instruments Co.;
the available rotation speed was 50-10000 rpm. Coulometric ex-

periments were performed with the PARC Model 173 potentio-

stat/galvanostat with a Model 176 digital coulometer.

The electrochemical cells were glass cylinders (75-mm i.d. X 75-mm
height), closed with a tightly fitting Teflon cover which held the three
electrodes and the gas inlet and outlet tubes. The working electrodes
were glassy carbon disks (G.C. 30 rod 3-mm diameter from Tokai
Electrode Manufacturing Co., Ltd., or from Pine Instruments, diameter

7 mm); a platinum wire and a saturated calomel electrode served as
the auxiliary and reference electrodes.

A coulometric cell was made of a glassy carbon crucible (50-mm
i.d. X 50-mm height) closed with a tightly fitting Teflon cover which
held the reference and auxiliary electrodes and the inlet—outlet tubes.
The solution was magnetically stirred so that the total electrolysis
was achieved in less than 1 h.

Oxygen was removed by bubbling N, through the solution for 30
min prior to the electrochemical measurements.

Visible absorption spectra were obtained with a Cary 17 spec-
trophotometer.

Results and Discussion

Typical cyclic voltammograms of Fe(GMI);2* in 0.5 M
H,SO,, for several scan rates, are shown in Figure 1. At
slower scan rates, e.g. 0.5 V s (Figure 1a), the first anodic
sweep shows only one anodic current peak at 1.15 V vs. SCE.
On the cathodic sweep, the corresponding cathodic peak was
not observed but a new cathodic peak at 0.6 V vs. SCE was
found. On the second cycle, the corresponding anodic current
peak of the more easily oxidizable couple was seen, and a
significant decrease of the anodic current peak for the starting
material was observed. As the scan rate was increased (Figure
1b—d) it was possible to detect the cathodic current peak
corresponding to the reduction of Fe(GMI),**—i.e., the re-
duction of the product formed at 1.15 V vs, SCE.

Figure 2 shows the ratio of the anodic peak current (i,,) to
the square root of scan rate (»'/) plotted as a function of w112,
The ratio iy,/»'/? is independent of »'/2 for a diffusion-con-
trolled process. Figure 2 shows that, for scan rates higher than
50 V 57, this behavior is achieved. At scan rates less than this,
a chemical reaction generating another electroactive couple
(Ey;» = 0.65 V vs. SCE) takes place.

S/ince no IR correction was applied to these measurements,
the anodic to cathodic peak potential separation increased with
scan rate and was larger than 59 mV, the value to be expected
for a one-electron reversible process.” However, since the
anodic to cathodic peak current ratio approached unity at 100
V 57! and the anodic peak potential from 5 to 50 V s7! was
constant within the experimental error, 1.15 + 0.01 V vs. SCE,
it is likely that the electrochemical oxidation of Fe(GMI)4%*
to Fe(GMI)4** is a reversible, diffusion-controlled process.

Using the plateau region of Figure 2, it is possible to
calculate a diffusion coefficient for Fe(GMI);** of (8.0 + 0.8)
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Figure 1. Cyclic voltammograms of a 1.0 X 107 M solution of
Fe(GMI),** in 0.5 M H,SO, on a glassy carbon working electrode
at 25 °C. Scan rates: (a) 0.5, (b) 5.0, (c) 10, and (d) 100 V s7".
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Figure 2. Dependence of iy,/»'/* as a function of »'/2 in the elec-

trochemical oxidation of 1.0 X 107* M Fe(GMI);** in 0.5 M H,SO,
on a glassy carbon working electrode at 25 °C.

X 10 cm? 5!, using the Randles-Sevcik equation®
ip =2.67 X 10°7324D"'*CPv'’? (25 °C)

where D is the diffusion coefficient, A4 is the area of the
working electrode, 7 is the number of electrons, and Cy® is the
bulk concentration of Fe(GMI)4%*.

To determine the order of the following chemical reaction
with respect to Fe(GMI);**, a series of experiments as a
function of the concentration of Fe(GMI),?* were performed
using a rotating glassy carbon disk and varying the rotation
speed from 50 to 10000 rpm. The concentration of the
complex was varied by a factor of 125.

The Levich equation’ expresses the limiting current as a
function of the rotating speed

nFACobD2/3w1/2

& Lewe (3570

where w is the angular velocity (rad s™!) and v is the kinematic

viscosity (cm? s7!). Simple diffusion-controlled processes yield
linear plots of i as a function of w'/?, passing through the
origin.

A plot of i /(C®w!/?) as a function of w'/? for three different
complex concentrations is shown in Figure 3. This plot is
analogous to that of Figure 2. However, within the accessible
experimental range of rotation speeds, the plateau of the curve
in Figure 3 is not reached, as observed in Figure 2. Also shown
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Figure 3. Dependence of i; /Co°w!/2) as a function of rotation speed
(w'/2) in the electrochemical oxidation of Fe(GMI);** in 0.5 M H,SO,
on a glassy carbon working electrode at 25 °C. Complex concen-
trations: (@) 1.0 X 107 M; (0) 0.5 X 107> M; (+) 0.1 X 10°M,
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Figure 4. Cyclic voltammogram of a 8.9 X 10™* M solution of
Fe(GMI),(GA)*, obtained in the oxidation of a 1.2 X 1072 M solution
of Fe(GMI),** by 4.5 equiv of Ce(IV), in 0.5 M H,SO,.

in Figure 3 is the value of i;/(Cy*w!/?) which would be
achieved for the simple oxidation of Fe(GMI),>* to Fe-
(GMI);**, calculated using the Levich equation and the
diffusion coefficient obtained from cyclic voltammetric
measurements. It is also evident from Figure 3 that i;/
(CoPw'’?) is independent of the concentration of complex,
within the experimental error, thus indicating a first-order
following chemical reaction.

Plots of the general type of Figure 3 are characteristic of
chemical reactions (C) coupled between electrochemical (E)
reactions. Many examples of ECE®'° or ECEC!! mechanisms
have been studied by rotating-disk experiments.

From Figure 2 or 3 it is possible to calculate the number
of electrons associated with the overall reaction, as compared
to the number of electrons associated with the simple one-
electron oxidation of the ferrous to ferric complex!?
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To establish the nature of the redox couple formed after the
electrochemical step, consuming ca. 3F/mol of Fe(GMI),**,
the cyclic voltammograms in Figure 1 were compared with
those in Figures 4 and 5, which present cyclic voltammograms
of the reversible oxidation of Fe(GMI),(GA)’* (GA =
H,CN=C(OH)CH=NCH,;) generated by chemical oxidation
of Fe(GMI);?* by Ce(IV) (4.5 equiv of Ce(IV)/mol of Fe-
(GMI)4?*). Under these conditions 75-80% of Fe(GMI);2*
is converted to Fe(GMI),(GA)**,* consuming 3 equiv of
Ce(IV)/mol of Fe(GMI),>*. The remaining oxidation

Roverall
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Figure 5. Cyclic voltammogram of a mixture of Fe(GMI);** (66%),
Fe(GMI),(GA)** (23%), and Fe(GMI),(GH)?* (12%) obtained by
oxidizing a 1.2 X 107 M solution of Fe(GMI);** with 1 equiv of
Ce(IV)/mol of complex, in 0.5 M H,SOy; scan rate 0.2 Vs™', 25 °C.

equivalents are consumed to form 20-25% of several very labile
complexes in which ligand oxidation proceeds further, with
the consumption of 5-9 equiv of Ce(IV)/mol of Fe(GMI),**
(—-CH==N- (-2e¢) = -C(OH)=N- and =NCH,; (-2¢) —
=NCH,0H (-2¢) = =NCHO (-2¢) = =NCOOH).? In
the initial stages of the reaction, only Fe(GMI),(GA)** and
Fe(GMI),(GH)** (GH = H;,CN=CHCH=NCH,0H) were
found.> The modification introduced in the ligand GH is very
distant from the diimine chromophore'®!4 which determines
the properties of the compound. For this reason, this complex
has the same E| ; as the Fe(GMI);**/Fe(GMI),** couple, as
can be seen on the cyclic voltammograms in Figure 5 for a
mixture of Fe(GMI)+2* (66%), Fe(GMI),(GA)** (25%), and
Fe(GMI),(GH)?* (12%) obtained by oxidation of Fe(GMI);**
with 1 equiv of Ce(IV). The cyclic voltammogram (Figure
5) displays only the oxidation peak at 1.15 V vs. SCE and the
oxidation and reduction peaks at around 0.65 V vs. SCE,
corresponding as shown in Figure 4, to the couple Fe-
(GMI)(GA)**/Fe(GMI),(GA)?*. We conclude that the
peaks at 1.15 V must correspond to the oxidation of two very
similar ferrous complexes.

The cyclic voltammogram obtained after total electrolysis
of Fe(GMI),2* (4.1F /mol of Fe(GMI);**, 60 min) is shown
in Figure 6. Only one anodic and one cathodic current peak,
at the same potentials observed for the Fe(GMI),(GA)**/
Fe(GMI),(GA)?*, couple are seen. After partial electrolysis
(1.0F/mol of Fe(GMI);%*, 2 min), the cyclic voltammogram
shown in Figure 7 was obtained. Comparison between Figures
5 and 7 clearly indicates that Fe(GMI),(GA)3* was formed
in both cases in approximately the same proportion (23  2%).
These data correspond, however, to fast oxidations, either
chemically (1 min) or electrochemically (2 min). These
reaction times are comparable to the time range employed in
the slow cyclic voltammetry and rotating-disk experiments.
The longer the reaction times, e.g., total electrolysis, the greater
the importance of the secondary reaction processes that
complicate the system. :

These data indicate that the product with E;/; = 0.65 V vs.
SCE formed during the cyclic voltammograms (Figure 1) is
Fe(GMI),(GA)**. To further corroborate this assignment,
visible absorption spectra of the inert products of electro-
chemical and of chemical oxidation were compared. The
chemical product exhibits a very broad asymmetric band, Ay,
580 nm, half-width (+) = 0.020 um™'. The inert product of
coulometric oxidation displays the same characteristics, thus
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Figure 6. Cyclic voltammogram of the final inert oxidation product
of Fe(GMI),** after coulometric oxidation on a glassy carbon crucible
at 1.3 V vs. SCE.
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Figure 7. Cyclic voltammogram of a 1.25 X 107 M solution of
Fe(GMI)52* after electrolysis (1F/mol of complex); scan rate 0.2 V
s71, 25 °C, [H,S0,] = 0.5 M.

corroborating the identification of the major product of
electrochemical oxidation.

The overall number of electrons obtained from the relatively
fast rotating-disk and cyclic voltammetry experiments indicates
that the major oxidation product (80-90%) consumes 3F/mol
of Fe(GMI),>*. Approximately 10-20% of secondary products
consume =5F/mol of Fe(GMI),**.

The major electrochemical oxidation of Fe(GMI);?* can
thus be described as

2H,0
Fe(GMD),** =2 Fe(GMD),(GA)* + 3¢”
-H,0

As indicated by the cyclic voltammetric experiments at fast
scan rate, the primary step of oxidation is the formation of
Fe(GMI),**, a diffusion-controlled process

Fe(GMI),;** — Fe(GMD),** + ¢~ E,

As indicated by the shape of iy,/v'/? vs. »!/? and iy /(Co%w'/?)
vs. w'/2 plots, chemical and electrochemical reactions follow
this electrochemical step. In analogy to the mechanism
proposed for the chemical oxidation,* the next step should be
an intramolecular electron transfer,!® assisted by nucleophilic
attack of the solvent, water

H\C ,Jq:\OHz H\C o
7 N\
H3CN// NCH3 A, H3CN/ \NCH3 + Hz0t C
rds /
\Fem/ \ e]I
(GMI), (GML),

I
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Figure 8. Plot of N,y vs. log (1/w). Solid line shows calculated curve
using k=22+2s",D=(8.0+£0.8) %X 10°cm?s}, and v = 0.011
p. Plus signs shows the experimental data obtained from rotating-disk
studies. Each experimental point is an average of six determinations
on four different complex concentrations.

Since species I is not stabilized by resonance through the =
diimine system, the radical complex (I) should be readily
oxidized at potentials corresponding to the oxidation of Fe-
(GMI);?*. By addition of H,O to the oxidation product—a
step that is probably concerted with the electrochemical
step'*— the ligand-oxidized product in the Fe(II) form is
produced

H one H OH
\//C_C\\. \//C—\/
HCN NCH H20  H,CN NCH + "
3 \Fn/ 3 = TNy 3 + Hi0 + e Eale
e Fe
(GMD5 (GMD2

Finally, since the potential of the primary step (E;) is
approximately 0.4 V more positive than the E,/, for the
oxidation of the couple Fe(GMI),(GA)3*/ Fe(GMI&AGA)”,
further oxidation occurs very rapidly—i.e.

Fe(GMI),(GA)* - Fe(GMD),(GA)* + & E,

Recently, Richter, Daul, and Zelewsky!® were able to
generate electrolytically a radical-ligand complex of the al-
iphatic diimine ligand glyoxal bis(butylimine) with zinc ions
and to detect its EPR spectrum and reactivity. This species
is analogous to the proposed radical complex I.

The mechanism proposed here for the electrochemical
oxidation of Fe(GMI),** is an ECE type. Since C, is rate
determining and C, close to the diffusion limit, the second
electrochemical step appears as the composite of E, and E,.

A modification'” of Karp’s procedure'® to the study of
homogeneous kinetics with the rotating disk, taking into
account a two-electron second electrochemical step, yields a
rate constant of 22 & 2 s~! for the chemical rate-determining
reaction, Figure 8 shows the working curve calculated for
the present system and the experimental data. The agreement
of experimental and calculated data is excellent except in
regions of very fast or very slow rotation speeds. At slow
rotation speeds, the participation of the secondary oxidation
processes is more important, thus explaining the systematic
positive deviation of the experimental points in these conditions.
These results are in accord with the proposed reaction
mechanism. !’

The rate constant for the intramolecular reduction of the
ferric complex provides an estimate for the rate constant of
the chemical oxidation of Fe(GMI),** at this low acid con-
centration. The kinetics of this reaction are second order in
Fe(GMI);3*.2 It is proposed that the radical complex (I)
(steady-state concentration ~1075-107 M, €. ~10%) is
formed by an intramolecular reduction analogous to C,, with
a rate constant k;. A back-reaction of C, (k_;) would explain
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the sensitivity of the overall rate constant to proton and water
activities. The next step is the oxidation of the radical complex
(I) by another Fe(GMI);** ion. Let us assume that this
reaction has a rate constant (k) of 107-108 M1 s7!, based
on the rate of exchange of electrons in systems of the diimine
type, e.2., Fe(phen),;** /Fe(phen);?*, which is 3 X 108 M~ 51,20
The overall rate equation for the chemical oxidation? is —d-
[Fe(GMI);>*]/dt ~ 3(k,/k;)exc[Fe(GMI);**]% The overall
rate constant can be extimated, if one assumes k_, < 1 57}, as
3 % 2% 10 X (10-10%), of the order of 10°~10'° M~ s"l—too
fast to be measured by stopped-flow techniques.

These electrochemical techniques thus provide a unique tool
for estimating rate constants for these reactions at low acid
concentrations. These large constants also explain the pre-
viously reported striking retardation effect of this complex in
the ferric ion catalyzed decomposition of hydrogen peroxide.?!
In this reaction, HO,: radicals oxidize the ferrous to the ferric
complex, which undergoes intramolecular reduction faster than
it can oxidize H,O,, thus causing the regeneration of hydrogen
peroxide. ‘

Examples of other ligand-oxidation reactions involving
macrocyclic ligands through this general mechanism have been
reported.?”?* In some cases the intermediates with the metal
ion in the higher oxidation states have been isolated.”>* We
propose the use of electrochemical techniques to determine
intramolecular reduction rate constants, especially for those
cases in which the spectral properties of the species involved
do not allow the use of fast photometric or EPR techniques.
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