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Electrochemical and Spectroelectrochemical Characterization of 
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The electrochemical and spectroelectrochemical properties of (5,10,15,20-tetrakis( 1 -methyl-4-pyridyl)porphinato)- 
manganese(II1) chloride, [ (TMpyP)MnW1]4+(Cl-)4, were studied by conductometry, cyclic voltammetry (CV), 
rotating disk electrode voltammetry, coulometry, thin-layer UV-visible spectroelectrochemistry, and ESR spectroscopy 
in N,N-dimethylformamide (DMF). The electrochemical behavior of [ (TMpyP)Mn111C1]4+(C1-)4 is largely dependent 
on the concentration of tetra-n-butylammonium perchlorate (TBAP) and/or lithium chloride in solution, the potential 
scan rate, and the temperature. From three to five electroreduction CV peaks are observed between +0.40 and -1.40 
V vs SCE under different experimental conditions. In 0.1 M TBAP the first electroreduction occurs at = +0.11 
V and involves a quasireversible metal-centered one-electron transfer. The second electroreduction occurs at E1/2 
= -0.69 V and involves two electrons which are transferred to the conjugated porphyrin macrocycle. Three subsequent 
two-electron electroreductions, centered at the 1-methyl-4-pyridyl groups of the macrocycle, are observed between 
-0.90 and -1.1 2 V. These electroreductions are accompanied by chloride dissociation equilibria which are discussed 
in terms of a "double-box" mechanism. 

Introduction 
Positively charged [(TMpyP)M] n+ metalloporphyrins, where 

M is a central metal in oxidation state I1 or I11 and TMpyP 
represents 5,10,15,20-tetrakis( l-methyl-4-pyridyl)porphyrin, have 
been studied for several years.'-23 These metal complexes have 
also attracted recent interest because of their biological impor- 
tance. Infrared and Raman spectroscopies,'2 as well as elec- 
trochemistry,I0J3 reveal strong interactions of some of these 
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metalloporphyrins with DNA, and the zinc, manganese, and nickel 
metalloporphyrins have been utilized to probe the binding sites 
of nucleosides, nucleotides and DNA.I4JS 

All positively charged "tetrakis(N-methylpyridyl)" metal- 
loporphyrins are readily electroreducible and their electrochem- 
istry has been reported in both ~ater~J6-18 and polar organic 
solvents."+21 The Cu(II), Zn(II), and VO(1V) metalloporphyrins 
are present as monomers in N,N-dimethylformamide (DMF). 
They are reversibly electroreduced by a total of six electrons in 
three reversible two-electron transfer steps.19 The first elec- 
troreduction involves a transfer of two electrons to the conjugated 
porphyrin ring, while the two subsequent electroreductions occur 
at the four I-methyl-4-pyridyl groups of the macrocycle. Mon- 
omeric [(TMpyP)CoI4+ is also electroreduced by a total transfer 
of six electrons,20 but the first two occur in separate one-electron 
transfer steps. Dimerization has been proposed for some 
[ (TMpyP)M]#+ complexes in aqueous solutions,22 and this is also 
the case for [(TMpyP)NiIl] in DMF.21 

The electrochemistry of [ (TMpyP)Mnrl[] 5+ has been studied 
in water, but very little else is known about the electrochemistry 
of this complex in nonaqueous  solvent^.^ The Mn(III/II) 
electroreduction of [ (TMpyP)MnW104]4+(C104-)4 in DMF was 
described in a brief report in which it was also suggested that the 
second electroreduction occurred at the porphyrin ring.23 How- 
ever, detailed electrochemical investigations were not reported 
and no spectroscopic data were provided to confirm this assign- 
ment. 

The present work describes the extensive electrochemistry of 
[(TMpyP)Mn111C1]4+(C1-)4 in DMF and also provides the UV- 
visible and ESR characteristics of the first three electroreduction 
products. The second electroreduction of [(TMpyP)MnlI1]S+ in 
water is accompanied by hydrogenation of the porphyrin mac- 
rocycle,l6 and this prevented the investigation of subsequent 
electrochemical processes of this metalloporphyrin. This side 
reaction does not occur in DMF, a weakly polar aprotic solvent, 
and the further electrode reactions as well as dissociation equilibria 
of both the chloride axial ligand and the chloride counteranions 
can then be easily investigated. 

0 1993 American Chemical Society 



[ (TM py P) MnW1]4+ ( C1-)4 in DM F 

Experimental Section 
Chemicals. [(TMpyP)Mnii'CII4+(CI-)4 (Midcentury Chemical Co., 

Posen, IL) was used without further purification. Anhydrous, argon- 
packed N,N-dimethylformamide, DMF, (Aldrich Chemical Co., Mil- 
waukee, WI) and methyl alcohol (Mallinckrodt, Paris, KY) were used 
as received. Tetra-n-butylammonium perchlorate, TBAP (Fluka Chemic 
AG, Buchs, Switzerland), was twice recrystallized from absolute ethanol 
and dried in vacuum at 40 OC prior to use. 

Instrumentation. Conductivity measurements were performed with a 
Model 31 Conductivity Bridge (Yellow Springs Instrument Co., Inc., 
Yellow Springs, OH) equipped with a conductivity cell with a 0.1 cm-I 
cell constant. 

Cyclicvoltammetry (CV), controlled potential coulometry, and rotating 
disk electrode (RDE) voltammetry were carried out in a conventional 
three-electrode cell with a Model 173 potentiostat/galvanostat equipped 
with a Model 173 digitalcoulometer (EGBG Princeton Applied Research 
Corp., Princeton, NJ) or a Model EC225 2A voltammetric analyzer 
(IBM Instruments, Danbury, CT). Platinum gauze was used as the 
working electrode for controlled-potential coulometry while either a 0.07 1 
cmz area GC-30 glassy-carbon disk (Tokai Carbon, Inc., Japan) or a 
0.008 cm2 area platinum disk were used as the working electrodes for CV. 
A platinum wire served as the counter electrode. The reference electrode 
was a homemade saturated calomel electrode (SCE). It was separated 
from the bulk solution with a fritted glass bridge containing the solvent/ 
supporting electrolyte mixture. RDE voltammetry was performed with 
a MSR Speed Control Unit (Pine Instrument Co., Grove City, PA). A 
0.198 cm2 area platinum RDE was purchased from Pine Instrument Co. 
All potentials are referenced to the SCE. A 0.2 M TBAP solution was 
used as the supporting electrolyte for bulk electrolyses and spectroelec- 
trochemical measurements, while 0.1 M TBAP was used for voltammetric 
measurements. 

UV-visible spectra of the initial metalloporphyrin complex were 
recorded with a Model 9430 UV-visible spectrophotometer (IBM 
Instruments Inc., Danbury, CT) at f l - n m  resolution while in situ thin- 
layer UV-visible spectra of both the initial metalloporphyrin and its 
electroreduced products were recorded with a Model TN-6500 rapid 
scan spectrophotometer/multichannel analyzer (Tracor Northern, Mid- 
dleton, WI) at fO.6-nm resolution. A large area platinum grid served 
as the working electrode in the utilized thin-layer spectroelectrochemical 
~e11.2~ 

ESR spectra were recorded with a Model ER lOOE Spectrometer 
(Briiker, Billerica, MA). The g values were calculated with respect to 
diphenylpicrylhydrazide (DPPH), g = 2.0037 f 0.0002.25 Low- 
temperature measurements were performed with a stream of nitrogen 
passing through a heat exchanger immersed in liquid nitrogen. 

Results and Discussion 

Characterization of Initial Metalloporphyrin, [(TMpyP)- 
M O W I ~ + ( C I - ) ~  in DMF. The structural formula of the initial 
metalloporphyrin with four dissociated equatorial chloride coun- 
teranions, [ (TMpyP)MnW1I4+, is presented in structure I. 
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Figure 1. Electronic absorption spectra of DMF solutions containing (a) 
1.9 X M (0.5 cm cuvette) 
{ [ (TMpyP)Mni1iC1]4+(C1-),)]4-n. 

M (0.1 cm cuvette) and (b) 1.9 X 

Results of conductivity measurements in DMF (not shown) 
indicate that the metalloporphyrin is partially dissociated, but 
the number of chloride counteranions released could not be 
precisely determined due to difficulties with calibration of the 
system vs chlorides. Therefore, the initial metalloporphyrin 
species in solution is denoted as { [(TMpyP)Mn111C1]4+(Cl-),,)+n, 
where 2 I n I 4. Three chloride anions at most are dissociated 
upon electroreduction as discussed in later sections. 

UV-visible spectra of the initial metalloporphyrin at two 
different concentrations in DMF are presented in Figure 1. The 
spectrumofthe moreconcentrated, 1.9 X 10-4 M, solutiondisplays 
a split Soret band composed of broad overlapping peaks at 369 
and 392 nm, a charge-transfer band at 470 nm, and two visible 
bands located at 580 and 614 nm (Figure la). The spectrum of 
the more dilute, 1.9 X M, solution is slightly different. 
Namely, the Soret band is broader and its two overlapping peaks 
are almost completely merged (Figure lb). Also, the charge- 
transfer band is blue shifted to 464 nm and the second visible 
band is red shifted to 629 nm. Only the position of the band at 
581 nm is virtually the same at the two concentrations. 

The concentration-dependent changes in the visible spectrum 
of { [ (TM~~P)M~I~~~C~]~+(CI-),,)~-~ are further depicted in Figure 
2 in which spectra are presented for three different metallopor- 
phyrin concentrations such that theconcentration times theoptical 
path length was constant. As described above, the position and 
molar absorptivity of the band at 580-581 nm is concentration 
independent, but the molar absorptivity of the other visible band 
markedly increases with a decrease of the metalloporphyrin 
concentration. Beer's law is obeyed for the visible band at 580 
nm, but not for the band at 614-630 nm. Straight log A vs log 
Clines are obtained for both bands (Figure 3). The slope of the 
line for the 580-nm band is equal to 1.07 and is close to the 
theoretical value of 1 .O, while that for the 630-nm band is much 
lower and is q u a l  to 0.75. This spectral analysis is indicative of 
some chemical transformation of { [ (TMpyP)Mn111C1]4+(C1-),)4-n 
over the investigated concentration range. Moreover, the spec- 
trum of 2.0 X 10-4 M ([(TMpyP)MnW1]4+(Cl-),,JCn in DMF 
under argon is different than that in DMF which was exposed 
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Figure 2. Electronic absorption spectra for different concentrations of 
([(TMpyP)Mn111C1]4+(C1-)n)4-n in DMF. The concentration times the 
optical length was kept constant and equal to 1.2 X M cm. 
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Figure 3. Logarithmic dependence of absorbance on concentration of 
(I(TMpyP)Mn1'1C1]4+(Cl-)n)4-n in DMF at 580 (0) and 630 nm (0). 

to air for a few days before the measurements. The spectrum 
obtained in DMF which had been in contact with air resembles 
the one observed at lower metalloporphyrin concentrations while 
the one in fresh, anhydrous, argon-packed DMF is similar to 
the spectrum obtained at the higher porphyrin concentrations. 
This may suggest that dimethylamine, which is produced in DMF 
when exposed to air,26 binds to the manganese(II1) center of the 
metalloporphyrin, causing the observed spectral changes. This 
hypothesis was confirmed by deliberate addition of diethylamine 
to fairlyconcentrated, 6 X 10-4M,([(TMpyP)Mn111C1]4+(C1-)n)4-n 
in fresh DMF. The addition of 240 equiv of diethylamine results 
in a spectrum which is similar to the one observed at the lowest 
metalloporphyrin concentration. It is well-known that ligands 
such as pytidines,z7 imidazoles,28 and alcohols29 axially bind to 
manganese(II1) porphyrins, and it is therefore not surprising that 
the observed concentration-dependent changes would be due to 
formation of a dimethylamine-ligated manganese(II1) porphyrin. 
Therefore, only fresh, anhydrous, argon-packed DMF was used 

~~ 
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Figure 4. Electronic absorption spectra of 3.0 X M ([(TMpyP)- 
Mn1"C1]4+(CI-)n)4-n in DMFcontaining different concentrationsof TBAP. 

3.0 x 10-4 M ([(TMpyP)MnlllCl]4+(CI-)n}~.n 

2.0 i 

I I 

400 500 600 700 

Wavelmth (nm) 
Figure 5. Electronic absorption spectra of 3.0 X M ([(TMpyP)- 
Mn111C1]4+(CI-),)4-n in DMF (-) and in CH,OH/DMF, 30/70 (v/v) 
(- - -). 

throughout all electrochemical and spectroelectrochemicaical studies. 
Also, the metalloporphyrin concentrations in electrochemical 
experiments were of the order of 1 mM, and this was sufficiently 
high to ensure that the fraction of metalloporphyrin ligated by 
the dimethylamine impurity was negligible. 

The  UV-visible spectral  features of ( [  (TMpyP)-  
Mn111C1]4+(C1-)n)4-n also depend on the ionic strength of the 
solution. An increase of the TBAPconcentration is accompanied 
by a decrease of all absorption bands and also by a blue shift of 
both the charge-transfer and visible bands (Figure 4). The 
spectrum of ( [(TMpyP)Mn111C1]4+(C1-)n)4-n in DMF containing 
1 .O M TBAP is similar to the spectrum of [(TMpyP)Mn111]5+ in 
water30 where the counteranions of the metalloporphyrin are 
assumed to be completely di~sociated.~ 

Figure 5 shows the spectrum of {[(TMpyP)Mn11C1]4+(Cl-)n)4-n 
in DMF and also in a 30/70 (v/v), CHjOH/DMF mixture. The 
addition of CH3OH to a DMF solution of {[(TMpyP)- 
Mn111C1]4+(C1-)n)4-n results in a blue shift of both the charge- 
transfer and visible bands, as is the case for addition of CH30H 
to a 1 ,Zdichloroethane solution of (TPP)Mn111C1.29 Thespectrum 
in the CH30H/DMF mixture (Figure 5 )  resembles the one 
obtained in watersJ0 as well as the spectrum in DMF containing 
1.0 M TBAP (Figure 4). This suggests that, under all three 

(30) The UV-visible spectrum of ([(TMpyP)MnlllCl]4+(Cl-)n)4-n in H20 
displays absorption bands at 377, 398, 462, and 559 nm. 
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The number of electrons transferred to ([(TMpyP)- 
Mn111C1]4+(CI-),)4-n was determined upon exhaustive electrore- 
duction at potentials more negative than processes I, 11, and V. 
Both bulk controlled-potential and thin-layer coulometry result 
in the transfer of 0.8 f 0.1 electron at -0.30 V (process I) while 
3.0 * 0.2 electrons are transferred at -0.80 V (processes I and 
11) by both coulometric techniques. Thin-layer coulometry at 
-1.40 V, a potential more negative than process V, resulted in an 
overall 5.0 f 0.2 electrons transferred, while bulk controlled- 
potential coulometry, unexpectedly, resulted in only 4.1 f 0.2 
electrons. One may speculate that this rather low value is due 
to some chemical transformation in solution which manifests itself 
on a longer, bulk coulometry, time scale. However, it should be 
noted that the same number of electrons was recovered for each 
electroreduction upon electrooxidation at a potential more positive 
than the first electroreduction. 

Electronic absorption spectra obtained during thin-layer 
controlled potential electroreduction of ( [  (TMpyP)- 
Mn111C1]4+(C1-),)4-n at potentials more negative than processes 
1-111 are shown in Figure 7. During the first electroreduction, 
the split Soret banddisappears, theintensity ofthecharge-transfer 
band increases and the visible bands shift toward longer 
wavelengths (Figure 7a). The final spectrum is typical of a 
manganese(I1) p o r ~ h y r i n . ~ ~ . ~ ~  There are no absorption bands 
between 650 and 750 nm in this spectrum, and this suggests that 
a metalloporphyrin vanion radical is absent. Figure 8a presents 
the frozen solution ESR spectrum recorded at 136 K for the 
product of the first electroduction. There is a low-field six-line 
55Mn pattern (8-mT splitting) in this spectrum and the gvalues 
(gl = 5.914 and gH = 1.981) are characteristic of a high spin (s 
= 5 / 2 )  manganese(I1) porphyrin.35J6 

The UV-visible spectral changes observed during the second 
electroreduction, i.e, upon the potential step from -0.30 to -0.80 
V (process 11) are shown in Figure 7b. The charge-transfer band 
decreases substantially and shifts slightly from 463 to 468 nm. 
Also, an isosbestic point appears at 480 nm and there is a new 
broad band at 768 nm which resembles a band previously reported 
for the product of the two-electron electroreduction of [(TMpy- 
P)MI4+ (M = Zn, Cu, or VO)I9 at the porphyrin macrocycle. 
The ESR spectrum obtained at 136 K after bulk electrolysis of 
([(TMpyP)Mn111C1I4+(C1-),)4-nat -0.80 V is shown in Figure 8b. 
There are signals at gll = 2 and gl = 6 but, in contrast to the 
spectrum in Figure 8a, twelve rather than six hyperfine lines can 
be distinguished at the higher g value. Similar spectra were 
reported previously for protein-bound manganese(I1) protopor- 
p h y r i n ~ . ~ ~  The change of the apoprotein from protoporphyrin 
IX to cytochrome c peroxidase resulted in an increase of the 
number of hyperfine lines from six to twelve for the signal at 811 
= 6. These hyperfine lines were attributed toa rhombicdistortion 
of the axial ligand field around the manganese ion, induced by 
binding to the apoprotein. This distortion pushes the manganese- 
(11) ion out of the plane of the porphyrin macrocycle. Similarly, 
the hyperfine structure of the spectrum shown in Figure 8b could 
also arise from such a rhombic distortion resulting from the charge 
increase on the conjugated porphyrin macrocycle. Thus, both 
the ESR and UV-visible spectroelectrochemicl results point to 
a manganese(I1) porphyrin which is reduced by two electrons at 
the conjugated porphyrin macrocycle. 

A subsequent transfer of two electrons at 4 . 9 5  V (process 111) 
gives rise to the UV-visible spectral changes shown in Figure 7c. 
During this electroreduction, the 468-nm band shifts to 424 nm, 
and there is a well-defined isosbestic point at 455 nm. The 
intensity of the band at 768 nm decreases, and the peakmaximum 

I J 

+0.40 0.00 -0.40 -0.80 -1.20 

Potential (V vs. SCE) 
Figure 6. (a) Cyclic voltammogram (0.071 cm2 glassy-carbon disk, scan 
rate 0.10 V s-I) and (b) rotating disk electrode voltammogram (0.198 
cm2  a rea  P t  disk,  1600 rpm) of 7.4 X M {[ (TMpyP) -  
Mn111C1]4+(CI-),)4-n in DMF containing 0.1 M TBAP. 

experimental conditions, the axial chloride ligand is dissociated 
from the metalloporphyrin. 
Electrode Processes. The electroreduction of j [(TMpyP)- 

Mn111C1]4+(C1-),)4-n was investigated by CV in the 0.05-0.50 V 
s-I range of potential scan rate, u, and by RDE voltammetry at 
1600 rpm. Thin-layer spectroelectrochemicl and bulk coulom- 
etry measurements were also performed. 

Five electroreductions are observed in the cyclic voltammogram 
of 0.74 mM ([(TMpyP)Mn111C1]4+(C1-),)"n in DMF containing 
0.1 M TBAP (Figure 6a). They are labeled as processes I-V. 
The first two electroreductions are well-defined in the RDE 
voltammogram, but the last three (processes 111-V) form an 
overlapped single step whose overall limiting current is slightly 
larger than that of process I1 (Figure 6b). 

Theseparation between theanodicand cathodic peakpotentials, 
AE, = Fpa - E J ,  for process I increases from 130 to 230 mV 
with increase of scan rate from 0.05 to 0.50 V s-l. A plot of the 
cathodic peak current, i,, versus the square root of scan rate is 
linear, and its intercept is close to zero (not shown). Also a plot 
of log i, vs. log u is linear with a slope of 0.5 (not shown). 
Moreover, the ratio of the cathodic-to-anodic peak currents by 
CV is close to unity. All of these CV criteria are consistent with 
a quasireversible, diffusion-controlled electrode process. If one 
assumes that the diffusion coefficients of the reduced and oxidized 
forms of the metalloporphyrin are the same (values of D = (2.0 
f 0.3) X lod cmz s-l were calculated for the oxidized form) and 
that one electron is transferred (see below), then the standard 
rate constant of electron transfer is calculated as k, = (1.3 f 0.2) 
X 10-3 cm s-I with the method of Nich0lson.3~ This value agrees 
well with the one obtained in water.' 

The cathodic peak current of process I1 also fulfills the CV 
criteria for a diffusion controlled process as described above, but 
the current is more than twice as high as that of process I. The 
AE, separation for this process is scan rate independent and equal 
to 35 mV. Hence, process I1 is consistent with two closely-spaced 
diffusion-controlled reversible one-electron transferse3* 

Because processes 111-V areoverlapped, the number of electrons 
transferred in each electroreduction could not be determined by 
either RDE voltammetry or by CV. Thin-layer and bulk 
controlled-potential coulometry measurements were therefore 
performed to determine theoverall number of electrons transferred 
in all five processes. 

(31) Nicholson, R. S. Anal. Chem. 1965, 37, 1351. 
(32) Polcyn, D. S.; Shain, 1. Anal. Chem. 1966, 38, 370. 
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(34) Perree-Fauvet, M.; Gaudemer, A.; Bonvoisin, J.; Girerd, J. J.; Boucly- 

Gocster, C.; Boucly, P. Inorg. Chem. 1989, 28, 3533. 
(35) Yonetani, T.; Drott, H. R.; Leigh, J. S.; Reed, G. H.; Waterman, M. 

R.; Asakura, T. J. Biol. Chem. 1970, 245, 2998. 
(36) Hoffman, B. M.; Weschler, C. J.; Basolo, F. J .  Am. Chem. Soc. 1976, 

98, 5413. 
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Figure 7. Time-resolved thin-layer electronic absorption spectra of 2.4 
X loJ M I[(TMpyP)MnWl]4+(Cl-).)4-n in DMF containing 0.2 M 
TBAP upon a potential step from (a) +0.40 to-0.30 V, (b) -0.30 to-0.80 
V, and (c) -0.80 to -0.95 V. The three steps are indicated by arrows in 
the inset voltammogram (platinum grid electrode, scan rate 0.020 V s-l). 
eventually shifts to 754 nm. The final spectrum is similar to the 
spectrum reported for the product of the third electroreduction 
of [(TMpyP)Co"I4+ in DMF.*O The latter reduction is centered 
at the I-methyl-4-pyridyl groups of the porphyrin and leads to 
[(TMpyP)CoIl]O. By analogy, we conclude that the process I11 
of the studied compound also involves an electroreduction of these 
groups. 

The spectral changes recorded upon a potential step from -0.80 
V to values more negative than process IV or V are the same as 
these presented in Figure 7c. We therefore conclude that processes 
111-V all involve electroreductions of the 1-methyl-Cpyridyl 
groups. Moreover, the fact that only twoelectronsare transferred 
in three discrete electrode processes between -0.80 and -1 -40 V 
implies that there are three different forms of the triply-reduced 
metalloporphyrin in solution and that they are involved in 

E=-0.30V 

t w  
H 
40 mT i 

Figure 8. ESR spectra at 136 K of the product of exhaustive 
electroreduction ~f([(TMpyP)Mn~~~Cl]~+(Cl-),)~-~at (a)-0).30V (proccss 
I) and (b) -0.80 V (process 11). 

electrochemical equilibria. These three different forms of the 
metalloporphyrin are electroreduced via processes 111-V as 
discussed in the following section. 

~ori&MetaUoporphyrin Electrochemical Equilibria. CV 
curves of 8 X 10-4 M ([(TMpyP)Mn111Cl]4+(C1-)n)4-n in DMF 
containing 0.1 M TBAP at different scan rates and temperatures 
are presented in Figure 9. The relative heights and positions of 
the electroreduction peaks of processes I, 11, and V are essentially 
independent of temperature (from -30 to +23 "C) and scan rate 
(from 0.05 to 0.50 V s-l), but this is not the case for processes 
I11 and IV. The relative peak currents of process I11 decrease 
with either an increase of scan rate or a decrease of temperature, 
and this contrasts with the relative peak currents for process IV, 
which increase with increase of scan rate or decrease of 
temperature. Such behavior is typical of chemical equilibria 
accompanying the electrode processes. One such equilibrium 
might involve an exchange of the ClO4-/Cl- counteranions on the 
1 -methyl-Cpyridyl groupsof TMpyP. This postulate was verified 
by CV in solutions containing either different concentrations of 
TBAP or different TBAP/LiCl ratios at a constant ionic strength. 

A series of CV experiments were performed with a DMF 
solution of 1.30 X le3 M ([(TMpyP)Mn111CI]4+(C1-),)4-n con- 
taining concentrations of TBAP between 0.02 and 1 .O M. Cyclic 
voltammograms at three different concentrations of TBAP are 
shown in Figure loa. As the concentration of TBAP increases, 
the relative electroreduction peak currents of process I11 increase, 
those of processes IV and V decrease and those of process I1 
remain unchanged. 

The electroreduction peak currents of processes I, 111, IV, and 
V also depend on the LiCl concentration. An increase of the 
LiCl concentration at a constant ionic strength equal to 0.20 M 
(TBAP) results in a cathodic shift of the half-wave potential of 
process I (Figure lob). A plot of E112 vs log[CI-] for this process 
(not shown) is linear and its slope is -52 mV. This value may 
be compared to a theoretical slope of -59 mV if one chloride 
anion of the initial complex is released in process I. We believe 
that the dissociating chloride anion is the one bound to the central 
manganese(II1) cation and that the proposed electroreduction 
product of process I is {[(TMpyP)Mn11]4+(C1-)n]6n as shown in 
eq 1. Obviously, the chloride dissociation which accompanies 

( [(TMpyP)Mn"1C1]4+(C1-)n]4-n F? 
I e- 

{[(TMpyP)Mn"]4'(Cl-),)"" + C1- (1) 

electron transfer in q 1 is detected only in the presence of excess 
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Figure 9. Cyclic voltammograms of 8.0 X lW4 M ([(TMpyP)Mn111CI]4+(C1-),)en in DMF, 0.1 M TBAP at (a) room temperature for scan ra ta  of 
0.05, 0.20, and 0.50 V s-I and (b) a scan rate of 0.10 V s-l and temperatures of +20, 0, and -30 O C .  

scbeme I 

chloride in solution. If no C1- is added to the solution, the 
dissociation equilibrium of the initial metalloporphyrin most likely 
is largely shifted toward ([(TMpyP)Mn111]5+(C1-),)5-*. No E112 
dependence on CI- concentration is observed for the second 
reduction, and this process is proposed to occur as shown in eq 
2. 

2e- 
( [(TMpyP)Mn"]4+(C1-),)4-" e 

{ [ (TMpyP)Mn"] 2'(Cl-),)2-" (2) 

Changes of the Cl-/CI04- ratio do not affect the electrore- 
duction peak currents of process 11, but those of process I11 
decrease with increase of the ratio such that the peak is totally 
gone in DMF containing 0.20 M LiCl (Figure lob). At lower 
LiCl concentrations, theelectroreduction peak currents of process 
I11 become scan rate independent (kinetic controlled) for u 1 
0.10 V s-I and, at these scan rates, the log i ,  versus log [Cl-] plot 
(not shown) is linear and its slope is q u a l  to -1.1 * 0.1. This 
indicates that a dissociation of one chloride ion precedes the 

electron transfer. 

+2e- I t  Recess 

The electroreduction peak current of process 
IV initially increases and then decreases with increase- of the 
chloride concentration in solution while the currents of process 
V increase monotonically. Hence, it is plausible that a dissociation 
of one chloride counteranion precedes the electroreduction of 
process IV and that the product of process I11 is the electroactive 
species of process V. However, a detailed kinetic analysis could 
not be performed for the last two processes because of the 
proximity of these peaks to each other. 

The CV results for ([(TMpyP)MnW1]4+(C1-),)4-n in DMF 
containing different concentrations of TBAP or different Cl-/C104- 
ratios are consistent with the results obtained in DMF containing 
0.1 M TBAP as well as those at different scan rates and different 
temperatures. They suggest that process I1 leads to three forms 
of the metalloporphyrin which are in equilibrium. Therefore, it 
is proposed that a different number of chloride counteranions are 
associated with each form of the metalloporphyrin and that 
processes 111-V correspond to the electroreduction of each of 
them. Spectroelectrochemical data further confirm that the last 
three electroreduction processes involve the 1 -methylJ-pyridyl 
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0.02 M TBAP 

0.20 M TBAP 

1.00 M TBAP n / A  

1 I I I * I l I l , ,  

+0.40 0.00 -0.40 -0.80 -1.20 -1.60 

(b) 
0.20 M TBA? 

0.15 M T W  + 0.05 M LiCl 

0.20 M LiCl 

+0.40 0.00 -0.40 -0.80 -1.20 

Potential (V vs. SCE) Potential (V vs SCE) 
Figure 10. Cyclic voltammograms of (a) 1.3 X 
X 

M ([(TMpyP)Mn”’Cl]4+(Cl-)n]4-n in DMF containing 0.02,0.20, and 1.00 M TBAP and (b) 3.0 
M ([(TMpyP)Mn’iiC1]4+(Cl-)n~4-n in DMF containing different concentrations of LiCl at a constant ionic strength of 0.20 M (TBAP). 

groups. Hence, the ligand dissociation equilibria most likely 
involve counteranions of these groups. 

A proposed overall “double-box” mechanism of the electro- 
chemical equilibria involving the last three processes is given in 
Scheme I. The equilibria in Scheme I are shifted to the right at 
higher chlorideconcentrations; i.e., processes IV and V are favored 
over process I11 while an opposite effect prevails at higher C104- 
concentrations (Figure 10). The most favorable conditions for 
process I11 are as follows: low scan rate, high temperature, high 
TBAP, and/or low chloride concentrations (Figures 9 and 10). 
Such a behavior is in accord with what is generally expected for 
a reversible electrochemical reduction of complex compounds in 
equilibrium; i.e., the electroreduction of ([(TMpyP)- 
Mn11]2+(CI-)n-2(C104-)2}2-fl should be easier (proceed at more 
positive potentials) than the electroreduction of ([(TMpyP)- 
Mn11]2+(C1-)n}2-n, the metalloporphyrin with the larger number 
of chloride counteranions. 

The high scan rate or low-temperature cyclic voltammograms 
(Figure 9 )  as well as the voltammograms obtained in DMF at 
low TBAPor high chlorideconcentrations (Figure 10) all indicate 
that ([(TMpyP)MnlI]2+(C1-)n-2(C104-)2}2-n is not the product 
formed after the total three-electron transfer to the initial 
metalloporphyrin in processes I and 11. Under these conditions 
the equilibria are shifted toward the complex which is more rich 
in chlorides so that the electroreduction peak of process I11 is 
gone while that of process IV is enhanced. This suggests that 
{ [ (TMpyP)MnlI] z+(CI-),l (C104-)}2-n is the predominant product 
of the three-electron transfer under our extreme experimental 
conditions, i.e., either at room temperature for a scan rate of 0.5 

V~-~,at-30~CforascanrateofO.I Vs-I,orat room temperature 
for solutions containing 0.20 M LiCI. Notably, a chloride 
metalloporphyrin equilibria might also be present in solutions of 
the initial metalloporphyrin. Unfortunately, neither process I 
nor process I1 is sensitive to such equilibria and only processes 
111-V, which involve the 1-methyl-4-pyridyl substituents, provide 
evidence for these equilibria. Therefore, it is impossible to 
determine with the techniques utilized whether the loss of C1- 
occurs before or after the electron transfer in processes 111-V. 
Summary 

Three sequential electroreduction processes of ([(TMpyP)- 
Mn11]4+(C1-),}4-n are observed in DMF. They involve a total 
transfer of five electrons. Electrochemical, spectroelectrochem- 
ical, and ESR results indicate that the first process is a metal- 
centered one-electron transfer. Two electrons are transferred to 
the conjugated porphyrin ring in the second process. The third 
process involves chemical equilibria between three different 
chloride complexes of the manganese(I1) porphyrin, all of which 
have been electroreduced by two electrons at the l-methyl-4- 
pyridyl substituents of the TMpyP macrocycle. Finally, to our 
knowledge, the ESR spectrum of the electroreduction product of 
process 11 is the first reported of a manganese(I1) porphyrin which 
has been reduced by two electrons at the conjugated porphyrin 
macrocycle. 
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