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stand for several hours in a buffer solution at pH 6.4. The
initial cyclic voltammetric response of the coating in the ab-
sence of substrate is also restored to its initial state. The
catalytic activity can be recovered somewhat more rapidly at
lower pH values, but we found no conditions where the res-
toration rate was close enough to the rate of catalyst degra-
dation to prevent the loss of activity of the catalyst.

Conclusions

The slow chemical transformation that converts Ru-
(trpy)(bpy)(OH)?** from an unoxidizable into an oxidizable
form has been argued to involve the replacement of a Ru-
(III)—terpyridine bond with a Ru(II1)-OH, or Ru{11I)-OH
bond. Both the disproportionation of the Ru(III) complex and
reversible proton-transfer reactions were ruled out as reactions
that limit the rate of the transformation. Ru(trpy)(bpy)-
(OH)?** incorporated in Nafion coatings on graphite electrodes
produces very stable electrochemical responses that persist for

many days in the absence of oxidizable substrates. The latter
undergo catalytic electrooxidations at the coated electrodes,
but the catalyst is gradually degraded until it loses its activity
after about 150 turnovers. Catalyst activity can be restored,
but conditions where it remained active for extended periods
could not be found. Nafion coatings appear more attractive
than previously examined polymers as a means for holding
highly oxidizing complexes on electrode surfaces.
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The electron-transfer reactions of the p-carbido iron tetraphenylporphyrin dimer, ((TPP)Fe),C, were investigated by
electrochemical and spectroscopic techniques. In CH,Cl, two reductions and four oxidations were observed between ~1.90
and +1.60 V vs. SCE. All reactions involved single-electron-transfer steps and were reversible on the cyclic voltammetry
time scale. Addition of pyridine to oxidized and reduced solutions of ((TPP)Fe),C indicated the formation of both mono
and bis adducts. Values of log 8, ranged between 7.7 % 0.4 for [((TPP)Fe),C(py),]** formation and 2.6 + 0.4 for formation
of ((TPP)Fe),C(py),. A weak interaction of pyridine was also observed with [((TPP)Fe),C]™. An overall oxidation—reduction
mechanism is given in CH,Cl,/pyridine mixtures, and comparisons are made with ligand-binding properties of neutral

and oxidized ((TPP)Fe),N and ((TPP)Fe),0.

Introduction

Two iron porphyrins may be linked through a single bridging
atom X:

(P)Fe-X~Fe(P)

where P = porphyrin and X = O, N, or C.! Most charac-
terizations of these iron porphyrin dimers have involved u-oxo
complexes.2 However, during recent years the structural and
physicochemical properties of u-nitrido*'? and u-carbido!>-'¢
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dimers have also generated considerable interest, especially
in regard to the oxidation-state assignment of the iron center.
The formal oxidation state is +3.5 for the ((TPP)Fe),N
complex and +4 for the ((TPP)Fe),C species, but neither of
these assignments is unambiguous, given the existing spec-
troscopic data. Also, for the diamagnetic u-carbido dimer two
resonance structures are possible:!

(P)FeVY=C=Fe!Y(P) = (P)Fell«—:C:—Fel}(P)

The formalism of divalent iron best fits the solution spectro-
scopic data but does not agree with the Mossbauer spectra,
which clearly indicate Fe(IV) at 131 K.

Our own interest is in the redox properties and spectroscopic
characterization of oxidized and reduced u-oxo,%'"18 y-ni-
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Commun. 1982, 607.

(15) Battioni, J.-P.; Lexa, D.; Mansuy, D.; Savéant, J.-M. J. Am. Chem. Soc.
1983, 105, 207.

(16) English, D. R.; Hendrickson, D. N.; Suslick, K. S. Inorg. Chem. 1983,
22, 367.

(17) Kadish, K. M.; Larson, G.; Lexa, D.; Momenteau, M. J. Am. Chem.
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trido,®® and u-carbido iron porphyrin dimers. The first two
complexes may be reduced in two steps or oxidized in four
reversible, single-electron-transfer steps. For the case of the
u-carbido dimer, reduction to [((TPP)Fe),C]~ and [((TPP)-
Fe),C]* has also been shown'® but no data have yet been
presented on the multiple electrooxidation steps of this com-
plex.

In this paper we demonstrate that ((TPP)Fe),C may be
oxidized in four, single-electron-transfer steps to yield
[((TPP)Fe),C}**. These electrode processes were investigated
in six solvents including CH,Cl,/pyridine mixtures. In ad-
dition, formation constants were determined for the stepwise
binding of pyridine by the neutral form as well as the singly
and doubly oxidized forms of ((TPP)Fe),C in CH,Cl,.

Experimental Section

Materials. ((TPP)Fe),C was synthesized from (TPP)FeCl by using
a modified synthetic method of Mansuy and co-workers!? (since their
use of iron powder as a reducing agent yielded some demetalation
of the porphyrin). Typically, 500 mg of (TPP)FeCl was dissolved
in 30 mL of anaerobic CH,Cl,. A large excess (500 mg) of NaBH,
was added to this mixture under argon. Then 3 mL of anaerobic
CH;OH was added to solution, and the reduction of (TPP)FeCl to
(TPP)Fe immediately occurred, yielding a red solution to which was
added, under anaerobic conditions, 360 mg of freshly prepared CI,.!*
The reaction was then allowed to occur under constant stirring for
2 h. Afterward the solution was washed with water, dried over
Na,SO,, and evaporated, leaving dark purple crystals of crude ((T-
PP)Fe),C, which were recrystallized from toluene/hexane (350 mg,
yield ~75%). The purity of the product was ascertained by TLC
on neutral alumina, UV-visible spectroscopy, and NMR spectrometry.

All solvents were purchased as reagent grade quality. Dichloro-
methane (CH,Cl,) and benzonitrile (PhCN) were distilled from P,O;.
Tetrahydrofuran (THF) was purified via published methods?® to
remove peroxides. Pyridine (py) was distilled from KOH under inert
atmosphere. The supporting electrolytes tetra-n-butylammonium
perchlorate (TBAP) and tetra-n-butylammonium hexafluorophosphate
((TBA)PF) were obtained from Eastman Chemical Co. or Fluka
Co. These salts were recrystallized from ethanol, dried in vacuo at
40 and 100 °C, respectively, and stored in a desiccator.

Instrumentation. Cyclic voltammetry experiments, with scan rates
lower than 0.50 V /s, were carried out with either a Princeton Applied
Research Model 174 A potentiostat, a Bioanalytical Systems Model
CV-1B, or an IBM Instruments Model EC225 voltammetric analyzer.
Current-voltage curves were recorded on a Houston Instruments
Model 2000 X-Y recorder. For scan rates higher than 0.50 V/s, a
PAR Model 173 potentiostat and Model 175 universal programmer
or an IBM Instruments Model EC225 voltammetric analyzer was used,
and current-voltage traces were recorded on a Tektronix Model 5111
oscilloscope coupled with a Tektronix C5A camera. A three-electrode
system was used with a Pt-button working electrode, a Pt wire
counterelectrode, and a saturated calomel electrode (SCE) as a
reference electrode. To minimize aqueous contamination, the reference
electrode was separated from the bulk of the solution by a cracked-glass
bridge filled with the solvent plus supporting electrolyte. All solutions
were deoxygenated by passing a stream of solvent-saturated prepurified
N, for 10 min prior to recording voltammograms. All potentials
reported are referred to the SCE and are good to £10 mV.

Bulk electrolyses were carried out in a three-compartment cell. The
working electrode and counterelectrode were large Pt grids, separated
by a fritted-glass frit. Potentials were regulated by a PAR Model
173 potentiostat/galvanostat and Model 178 electrometer probe. Both
the current and the total coulombs were monitored with a PAR Model
179 plug-in coulometer. Current—time curves were recorded on a
Shimadzu Model R-12 strip chart recorder. Product appearance was
monitored with UV—-visible spectroscopy, by means of a UV-visible
cell (path length 2.0 mm) attached to the electrolysis cell. A Tracor
Northern Model 1710 holographic optical spectrometer /multichannel
analyzer was used for all UV-visible measurements. Spectra from

(18) Chang, D.; Cocolios, P.; Wu, Y. T.; Kadish, K. M. Inorg. Chem. 1984,
23, 1629.
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Figure 1. (a) Cyclic voltammogram and (b) differential-pulse volt-
ammogram of 8.0 X 10 M ((TPP)Fe),C in CH,Cl,/0.1 M TBAP
(modulation amplitude 25 mV). Scan rates: (a) 0.10 V/s; (b) 0.005
V/s.

Table I. Half-Wave Potentials for the Electron-Transfer
Reactions of ((TPP)Fe),C in Selected Nonaqueous Solvents

E, » V vs. SCE
solvent  4+/3+ 3+/2+ 2+/+ +/0 0/- —/2-
CH,Cl, +1.38 +1.17 +1.00 +0.67 -1.43 -1.82
PhCN +1.25 +1.02 +0.67 -141 -1.74
THF +0.86 -1.32 -1.56
DMF +1.19 +0.54 -1.30% -1.70¢
py +1.03 +0.52 -1.52 -1.77

¢ From ref 15.

290 to 920 nm resulted from the signal averaging of a minimum of
50 sequential spectral acquisitions. Spectral resolution was 1.2 nm.
Spectroelectrochemical experiments were also performed at an
optically transparent thin-layer gold electrode (OTTLE) that consisted
of a 100-1pi gold minigrid sandwiched between two glass slides, with
a typical width of 0.10 mm.?! Potentials were monitored with a PAR
Model 173 potentiostat/galvanostat or an IBM Instruments Model
EC225 analyzer. Scan rates were maintained below 7 mV/s. Because
of high resistances inherent to the cell design, concentrations of
supporting electrolytes were between 0.3 M in solvents of high dielectric
constant and 0.5 M in solvents of lower dielectric constant.

Results and Discussion

Electrochemistry in Nonbinding Solvents. A typical cyclic
voltammogram of ((TPP)Fe),C in CH,Cl,/0.1 M TBAP is
shown in Figure 1. Six single-electron-transfer processes were
observed between +1.60 and ~1.90 V vs, SCE. These reactions
are represented by eq 1-6, and half-wave potentials are listed
in Table I.

((TPP)Fe),C + ¢~ = [((TPP)Fe),C}~ (0]
[((TPP)Fe),C]™ + ¢~ = [((TPP)Fe),C]* 2
((TPP)Fe),C = [((TPP)Fe),C]* + ¢~ 3)

[((TPP)Fe),C]* = [((TPP)Fe),C]** + ¢~ 4)
[((TPP)Fe),C]** = [((TPP)Fe),C]** + ¢ &)
[((TPP)Fe),C]** = [((TPP)Fe),C1** + € (6)

Half-wave potentials for reactions 1 and 2 were also mea-
sured by classical polarography at the DME and differen-
tial-pulse voltammetry at a platinum electrode and gave results
identical with cyclic voltammetric measurements.

Analysis of reaction 1 in PhCN indicated a peak separation
of 70 mV at low scan rates, but iy, /i, ratios were lower than
0.85 at scan rates below 0.1 V/s, thus suggesting a quasi-re-
versible electron transfer followed by a chemical reaction.??
The presence of a chemical reaction following electron transfer

(21) Rhodes, R. K.; Kadish, K. M. Anal. Chem. 1981, 53, 1539,
(22) Nicholson, R. S.; Shain, 1. 4nal. Chem. 1964, 36, 706.
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Table II. Spectral Properties of Oxidized and Reduced ((TPP)Fe),C

Langon and Kadish

Amax, M (107%¢)

species solvent
((TPP)Fe),C PhCN 400 (260) 530 (20)
CH,Cl, 398 (260) 529 (19)
DMF¢ 399 (370) 525(19)
[((TPP)Fe),C]" PhCN 406 (240) 529 (18) 605 (5)
DMF*? 402 (330) 523 (28) 605 (15) 660 (sh)
((TPP)Fe),C(py) py/CH,ClL, 402 (200) 411 (sh) 527 (15) 554 (sh)
((TPP)Fe),Clpy), py 414 (230) 530 (15) 557(12)
b py/benzene 418 (300) 532 (12) 560 (11)

@ Taken from ref 15, Figure 9. b The species is identified in ref 13 as a new complex produced by addition of py to ((TPP)Fe),C in
benzene. On the basis of the data in this study, it appears that the bis(pyridine) complex has been produced.

was confirmed by thin-layer spectroelectrochemistry. Attempts
to generate the [((TPP)Fe),C]™ monoanion at a thin-layer
electrode greatly depended on the supporting electrolyte uti-
lized. With TBAP the electrogenerated [((TPP)Fe),C]~ was
stable for electrolysis times shorter than 25 s and then yielded
monomeric [(TPP)Fe]™ after cleavage of the dimer and ad-
dition of a second electron (reaction 7). The stability of the

((TPP)Fe),C == [((TPP)Fe),C]" — 2[(TPP)Fe]-  (7)

singly reduced dimer in PhCN /0.3 M TBA(PFy) is illustrated
by the thin-layer cyclic voltammogram shown in Figure 2a.
The peak current ratio, i,/ is 1.0, and the reversibility of
the reaction was confirmed by thin-layer controlled potential
electrolysis. Furthermore, spectral monitoring of this elec-
tron-transfer process is illustrated in Figure 2b, and indicates
that [((TPP)Fe),C]™ does not decompose in PhCN /0.3 M
TBA(PF;) for times as long as 90 s. Finally, reoxidation of
[((TPP)Fe),C]™ at —1.00 V quantitatively regenerated the
initial spectrum. Maximum absorption wavelengths for this
complex are summarized in Table II. Both the Soret and
visible bands are very similar to those of the neutral ((TP-
P)Fe),C complex and no absorption is indicated above 650
nm. This suggests a strong charge localization within the
Fe~C-Fe moiety.

The second reduction of ((TPP)Fe),C has been described
in DMF as a quasi-reversible electron-transfer reaction fol-
lowed by a very fast chemical step.!® In this study, analyses
of polarograms at a dropping-mercury electrode (in CH,Cl,)
or cyclic voltammograms at a Pt electrode (in PhCN) yield
similar conclusions. At a thin-layer electrode, in PA\CN/0.3
M (TBA)PF;, applying a potential of 2.0 V resulted in the
irreversible appearance of a radical anion. This complex was
oxidized by multiple waves on the reverse scan and has not
been further identified.

Analysis of the current—voltage curves for the first oxidation
(reaction 3) showed that the half-wave potential was inde-
pendent of scan rate in a scan range of 0.010~1.0 V /s, while
the anodic peak current was proportional to the square root
of the scan rate. The ratio of the peak currents, iy /i,,, was
smaller than unity at scan rates between 0.02 ancfc 0.10V/s
but approached a limit of 1.0 at all higher values of sweep
rates. These data indicate that the first oxidation of ((TP-
P)Fe),C is electrochemically reversible but that the generated
[((TPP)Fe),C]* cation undergoes a rapid chemical reaction.
This reaction appears to involve a combination of dimer
cleavage and carbon migration similar to that reported for
((TPP)Fe(C=C(p-CIC¢H,),).?** Detailed studies of this
reaction are still in progress, and for this present paper, we
will limit our discussions to oxidative voltammograms obtained
at scan rates greater than 0.10 V/s. Under these conditions

(23) Latos-Grazynski, L.; Cheng, R.-J.; La Mar, G. N.; Balch, A. L. J. Am.
Chem. Soc. 1981, 103, 4270.

(24) Mansuy, D.; Morgenstern-Badarau, I.; Lange, M.; Gans, P. Inorg.
Chem. 1982, 21, 1427.
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Figure 2. (a) Thin-layer cyclic voltammogram illustrating the re-
duction of 5.0 X 10~ M ((TPP)Fe),C in PhCN/0.3 M (TBA)PF,
(scan rate 3 mV/s). (b) Time-resolved electronic absorption spectra,
taken at an OTTLE during the reduction of 5.0 X 10~ M ((TPP)Fe),C
in PhCN/0.3 M (TBA)PF;.

minimal “interference” is observed due to the chemical reaction
following charge transfer.

Current-voltage curves were analyzed for reactions 4—6 and
indicated diffusion-controlled single-electron transfers. The
currents for these reactions were partially overlapped by cyclic
voltammetry (E,;,, = 1.00, 1.17, and 1.38 V) but gave better
resoltuion by differential-pulse voltammetry (see Figure 1b).
Half-wave potentials (by cyclic voltammetry) were found to
be independent of scan rate, and peak separations (E, — E,)
were 60-70 mV at 0.10 V/s. In addition, all currents were
proportional to the square root of scan rate above 0.10 V/s.
These analyses are consistent with reversible to quasi-reversible
electron transfers.??

Electrochemistry in py/CH,Cl, Mixtures. A typical series
of cyclic voltammograms in py/CH,Cl,/0.1 M TBAP is shown
in Figure 3. Only the first reduction (reaction I) and the first
two oxidations (reactions II and III) were monitored since
pyridine is oxidized at potentials more positive than 1.0 V in
CH,Cl,. As seen in Figure 3b, addition of 6.2 X 107 M py
(10 equiv of py) to CH,Cl, solutions produces a significant
(200 mV) shift of E, /, for reaction II. This is consistent with
a large stabilization of the singly oxidized complex by pyridine
binding and also suggests a large formation constant for this
reaction.?2® At 6.2 X 107> M py, half-wave potentials for
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III
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Figure 3. Cyclic voltammograms of 6.3 X 10~ M ((TPP)Fe),C in
py/CH,Cl, mixed solvents, containing 0.1 M TBAP (scan rate 0.10
V/s). Pyridine concentrations: (a) 0; (b) 6.2 X 107 M; (c) 9.8 %
102 M; (d) 0.35 M; (e) 1.41 M.
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Figure 4. E,/; dependence on [py] for reactions I-III in Figure 3.

reactions I and III were identical with those in neat CH,Cl,.
However, further increases in [py] produced negative shifts

(25) Kadish, K. M.; Bottomley, L. A. Inorg. Chem. 1980, 19, 832.
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(a)
(PFe),C o= (PFe),C(Py) i= (PFe),C(Py),
[ ~ |
[
[PFe),CI* =ol= [(PFe),ClPY)I* +=t [(PFe),C(Py),1*
I |

[(PFe),CT*? == [(PFe),C(Py)}2 —Py-———' [(PFe),C(Py),]+2

®)

(PFe),C = (PFe),C(Py) == (PFe),C(Py),

- < |
[(PFe),Cl- == [(FFe),CPY)I- —l=t [(PFe),C(Py)1"

Figure 5. Schematic illustrations of electron-transfer and ligand-
addition reactions of (a) oxidized and (b) reduced ((TPP)Fe),C.

in all three waves as seen by the cyclic voltammograms of
Figure 3c—e and, more clearly, by the plot of E, ;, vs. log [py]
shown in Figure 4. This latter plot is divided into three regions
that are defined on the basis of the slopes of E, ;; vs. log [py].

At low pyridine concentrations (region A), E, , for reactions
IT and III shift by 59 £ 1 mV per tenfold increase in [py] while
the half-wave potential for reaction I remains constant at E
= -1.45 V. This dependence of E, , on [py] is consistent with
nonligated ((TPP)Fe),C and [((TPP)Fe),C]~ (eq 1) but
suggests that one py ligand is bound to [((TPP)Fe),C]*, while
two py ligands are bound to [((TPP)Fe),C]?*. In this case
the electrode reactions in region A (and Figure 3c) are rep-
resented by eq 8.

((TPP)Fe)zC = [((TPP)Fe),C(py)]* ==

[((TPP)I‘“e)zC(IJY)z]2+ (®)

In region B, the half-wave potential for reaction III remains
constant at E,,, = +0.92 V, while the measured E,,, for
reactions I and II shifts cathodically by 60 and 35 mV, re-
spectively, per tenfold increase in [py]. These shifts suggest
the electrode reactions (9) and (10). Finally, in region C,

[((TPP)Fe)2C (py)]"
py Py
((TPP)Fe),Clpy) == t =
[((TPP)Fe),Clpy)a]™

[(TPP)Fe),Clpy)2 12" (9)
((TPP)Fe),C(py) === [((TPP)Fe),CI"  (10)

the half-wave potentials for reactions II and III remain con-
stant at £y, = +0.42 V and E; , = +0.92 V, respectively. On
the other hand, the half-wave potentlal for reaction I shifts

(26) Walker, F. A.; Barry, J. A,; Balke, V. L; McDermott, G. A.; Wu, M.
Z.; Linde, P. F. Adv. Chem. Ser. 1981, No. 201, 377.

27) Kadlsh K. M.; Bottomley, L. A.; Bercnz, D. Inorg. Chem. 1978, 17,
1124.

(28) Kadish, K. M. In “Iron Porphyrins™; Lever, A. B. P., Gray, H. B, Eds;
Addison Wesley: Reading, MA, 1982 Part 2, pp 161-249.
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Table IIl. Formation Constants for py Addition to Oxidized and Reduced ((TPP)Fe),C Complexes in py/PhCN Mixtures®

formn const [((TPP)Fe),C]** [((TPP)Fe),C]* ((TPP)Fe),C [((TPP)Fe),C]"
log X, 54 +0.2 23+£0.2 0.3+0.3
1.9 £ 0.2°
log X, 1.0+0.2 0.3 0.2 <107?
log 8, 7.7 £0.4 6.4 £0.4 2.6 £+ 04

@ Except where indicated, values were calculated from electrochemical titration data. b Calculated from spectrophotometric titration

data.

cathodically by less than 40 mV. This can be represented by
eq 11 and 12. Combination of eq 1, 3, and 4 in CH,Cl, with

((TPP)Fe),C(py), == [((TPP)Fe),C(py).]* =
[((TPP)Fe),C(py),]** (11)

T((TPP)Fe),Clpy)]
((TPP)Fe)a(py)2 -p—'y—— Q (12)
[((TPP)Fe),Clpy)a) "

eq 8-12 in py/CH,Cl, mixtures thus leads to the overall ox-
idation-reduction mechanism shown in Figure 5. This scheme
is internally consistent with the observed electrochemical be-
havior and leads to an easy calculation of formation constants
for ligand binding by the oxidized and reduced ((TPP)Fe),C
complexes.

Formation Constants for py Addition to ((TPP)Fe),C. The
addition of a single py ligand to ((TPP)Fe),C has been de-
scribed in benzene!® and a formation constant of log K° = 1.88
calculated for reaction 13. We have confirmed this reaction

0

((TPP)Fe),C + py == (TPP)Fe),C(py)  (13)

in CH,Cl,/0.1 M TBAP but also see evidence for addition of
a second ligand as shown by eq 14. This is illustrated in

0

((TPP)Fe),C(py) + py === ((TPP)Fe),C(py); (14)

Figure 6, which shows the UV-visible spectra at various py
concentrations, and in Figure 7 by a plot of log [(4. — A)/(A4
— Ag)]. As can be seen in Figure 6, two series of isosbestic
points define two successive equilibria corresponding to re-
actions 13 and 14. Benesi—Hildebrand plots using the spectra
of the initial two species gave slopes of 1.0 (Figure 7) and a
formation constant of log K;° = 1.9 &+ 0.2. This is in agree-
ment with literature data in benzene!® and, as will be seen in
the following section, also agrees with a value calculated from
the half-wave potential dependence on [py]. No calculations
could be performed for K,° (reaction 14) since this second
ligand addition reaction was not complete even at 6.0 M py.
Formation Constants for py Addition to Oxidized and Re-
duced ((TPP)Fe),C. Stepwise complexation of py is repre-
sented by eq 13 and 14 for the neutral ((TPP)Fe),C complex
and by eq 15-17 for the oxidized and reduced complexes of
K* Kt

[((TPP)Fe),C]* + py === [((TPP)Fe),C(py)]* ==

[((TPP)Fe),C(py)a]™ (15)

2 2+

== [((TPP)Fe),C(py)]** ===
((TPRIFE).CMI™ (19

[((TPP)Fe),C]** + py —

[((TPP)Fe),C]~ +py = [((TPP)Fe),C(py)]- =

[((TPP)Fe),C(py),]~ (17)

((TPP)Fe),C. A value of K,° for reaction 13 was calculated
from the spectrophotometric titrations (see above section) and
was also determined from the shift of half-wave potentials for
reaction II in region A. This method of calculation has been
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Figure 6. Electronic absorption spectra of ((TPP)Fe),C during a
titration by py, in CH,Cl,/0.1 M TBAP. For the Soret region,
[((TPP)Fe),C] = 2.6 X 10 M and [py] = (1) 0, (2) 1.2 X 107> M,
(3)9.1 X 107 M, (4) 4.8 X 1072 M, and (5) 0.29 M. For the visible
region, [((TPP)Fe),C] = 4.9 x 1075 M and [py] = (1)) 0, (2) 1.0
X 102 M, (3) 5.0 X 102 M, (4) 0.5 M, and (5) 11.9 M.
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Figure 7. Log-log plot used in the calculation of X,° for addition of
py to ((TPP)Fe),C according to reaction 13. The data for this plot
were taken from Figure 6.

described in the literature?>2® and utilizes the type of data
illustrated in Figure 4.

Calculation of the first py addition to ((TPP)Fe),C ac-
cording to reaction 13 gave log K,° = 2.3 + 0.2 by electro-
chemical techniques. This value is within experimental error
of that calculated by the spectrophotometric titration (log K;°
= 1.9 £ 0.2), further confirming the validity of this value. This
stability constant was then utilized to calculate the remainder
of the formation constants given by eq 15-17 and illustrated
in Figure 5. These values are presented in Table III, which
summarizes all of the measured formation constants for
pyridine addition. For the case of [((TPP)Fe),C]**, only log
B,%* could be calculated, suggesting that K;2* >> K,**. This
was not true for the other three oxidation states of the com-
plexes where K, << K. For the specific case of ((TPP)Fe),C,
log K;° = 0.3 % 0.2 (reaction 14) was calculated while for
[((TPP)Fe),CJ", log K, (reaction 17) was less than 1072
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As seen from Table III, the total ligation ability (log 8,)
of the u-carbido dimer decreases along the following sequence:
dication > cation > neutral > anion. This trend is not
unexpected and is followed for-a large number of other iron
porphyrins.?® This trend also predicts that there should be no
interaction of py with [((TPP)Fe),C]%". This dianionic com-
plex is isoelectronic with ((TPP)Fe),0O, which does not bind
py under any conditions.

Great care must be taken in making comparisons between
ligand binding properties of the u-oxo, u-nitrido, and u-carbido
dimers. One notable difference in these complexes (in addition
to the overall oxidation state) is the out-of-plane distance of
the iron atom. ((TPP)Fe),O has the most out-of-plane iron
atom (0.50 A),?® while ((TPP)Fe),C has the smallest out-

(29) Hoffman, A. B.; Collins, D. M.; Day, V. W.; Fleischer, E. B.; Srivastava,
T. S.; Hoard, J. L. J. Am. Chem. Soc. 1972, 94, 3620.

of-plane iron distance (0.26 A).!* ((TPP)Fe),N has the iron
atom removed by 0.32 A from the mean porphyrin plane,’
which is closer to that of ((TPP)Fe),C than that of ((TPP)-
Fe),0. However, it is clear that changes in iron out-of-plane
distances will also occur upon the stepwise binding of the two
axial pyridine ligands. Structural studies of mono- and bis-
(pyridine) adducts, when available, should help to clarify the
magnitude of formation constants obtained in this study and
might explain the reason for the favoring of a single ligand-
binding reaction by ((TPP)Fe),C.

Acknowledgment. The support of the National Institutes
of Health is gratefully acknowledged (Grant GM 25172). We
also acknowledge helpful discussions with Dr. Larry A. Bot-
tomley.

Registry No. ((TPP)Fe),C, 75249-87-5; [((TPP)Fe),C(py),]*",
92054-65-4; [((TPP)Fe),C(py),]**, 92054-66-5; [((TPP)Fe),C],
83928-16-9; py, 110-86-1.

Contribution from the Department of Chemistry, University of Houston, Houston, Texas 77004,

Laboratoires de Chimie, LA au CNRS No. 321, Département de Recherche Fondamentale, Centre d’Etudes Nucléaires de Grenoble,
F.38041 Grenoble Cedex, France, and Laboratoire d’Electrochimie et de Chimie Physique,

ERA au CNRS No. 468, Université Louis Pasteur, F.67000 Strasbourg, France

Electrochemistry of Oxo- and Peroxotitanium(IV) Porphyrins. Mechanism of the
Two-Electron Reduction of a n?-Coordinated Peroxo Ligand

TADEUSZ MALINSKI,'*¢ DANE CHANG,'* JEAN-MARC LATOUR,'® JEAN-CLAUDE MARCHON,*'
MAURICE GROSS,'®* ALAIN GIRAUDEAU,!¢ and KARL M. KADISH*!*

Received April 26, 1984

The oxidation and reduction reactions of oxotitanium(IV) tetraphenylporphyrin, TIO(TPP), peroxotitanium(IV) tetra-
phenylporphyrin, Ti(O,)(TPP), and peroxotitanium(IV) octaethylporphyrin, Ti(O,)(OEP), in dichloromethane were investigated
by electrochemical and spectroscopic techniques. Two one-electron oxidations and two one-electron reductions of the porphyrin
ring were observed for TIO(TPP). Similar oxidations were found for Ti(O,)(TPP) and Ti(O,)(OEP). In addition, the
peroxo complexes showed three reduction steps. The first reduction gives a porphyrin anion radical complex, which undergoes
protonation by trace water followed by internal electron transfer to give a hydroperoxotitanium(III) porphyrin complex.
The latter is then reduced at the porphyrin-ring system. Finally, internal transfer of two electrons cleaves the oxygen—oxygen
bond of the coordinated hydroperoxide to give the oxotitanium(IV) porphyrin complex and hydroxide ion. The overall
reaction is a two-electron reduction of the peroxo ligand in an ECEC mechanism. The oxotitanium(IV) complex that is
obtained can be further reduced to the anion radical and the dianion of the porphyrin ring. Possible competing processes,
which result in a substoichiometric reduction of the peroxo ligand, are surveyed.

Introduction

Studies of dioxygen complexes of transition-metal porphyrins
are of intrinsic importance in providing a better understanding
of the bonding and reactivity of the dioxygen ligand in bio-
logical systems.>* The properties of synthetic cobalt(II)*~7
and iron(I1)®° porphyrin oxygen carriers have been intensively
investigated. Among first-row transition-metal complexes,
dioxygen adducts have also been obtained with chromium(II),!
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manganese(I1),'!2 and titanium(III) porphyrins.'?
Recently, some of the present investigators (University of
Houston) reported electrochemical studies of the diperoxo-
molybdenum(VI) porphyrin complex, Mo"(O,),(TmTP)!*
(where TmTP is 5,10,15,20-tetra-m-tolylporphinato). It was
shown that reduction occurred at the central metal and not
at the porphyrin ring. This provided the first example where
a peroxo-bound metalloporphyrin could be reduced at the
central metal without affecting the nature of the metal-oxygen
bond. This inertness was not observed by some of the present
authors (C.E.N. Grenoble) in preliminary studies of the
peroxotitanium(IV) porphyrin complex, Ti™V(O,)(TPP) (where
TPP is 5,10,15,20-tetraphenylporphinato). It was reported!?
that Ti(O,)(TPP) is electrochemically reduced in a two-
electron irreversible process to the corresponding oxo complex,
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