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The electrochemical and spectral characterization of copper, zinc, and vanadyl meso-tetrakis( 1 -methylpyridinium-4-yl)porphyrin 
complexes were investigated in dimethylformamide containing 0.1 M tetrabutylammonium perchlorate. Dc polarography, cyclic 
voltammetry, controlled-potential electrolysis, spectroelectrochemistry, ESR spectroscopy, and variable-temperature electrochemistry 
were used to characterize the electrode reactions and the products of each electroreduction. [(TMpyP)CuI4+, [(TMpyP)Znj4+, 
and [(TMP~P)VO]~+ (where TMpyP is the porphyrin dianion) were reversibly reduced by six electrons in three well-defined 
two-electron-transfer steps, which occur between -0.50 and -1.20 V vs SCE. Two electrons were added to the porphyrin 1~ ring 
system while an additional four electrons were involved in the reduction of the four N-methylpyridiniumyl substituent groups of 
[(TMpyP)M]*+. An overall mechanism for the six-electron reductions of [(TMpyP)CuI4+, [(TMpyP)ZnI4+, and [(TMPYP)VO]~~ 
is proposed. 

Introduction 
meso-Tetra kis( 1 -methylpyridinium-4-yl)porphyrin complexes 

have been studied with respect to their importance in photo- 
chemical water splittingx3 and their interactions with nucleic acids 
and DNA.,-* The chemical and physico-chemical characteri- 
zation of free base [(TMpyP)H2I4+ (where TMpyP is the  por- 
phyrin dianion) and eleven different metalated TMpyP derivatives 
have been reported in aqueous media.”7 Kano et al.9s10 and 
Brookfield et al.” independently presented evidence for the 
stacking of free base [(TMpyP)H2I4+ in water, but Pasternack 
et al.12*13 and Hambright et aLl4 reported that [(TMpyP)H2I4+ 
and [(TMpyP)VO]4+ were monomeric in aqueous media. 
[(TMpyP)NiI4+ is also monomeric in aqueous media over the pH 
range 2-9,I2J3 as is [(TMpyP)V0]4+.13 However, this is not the 
case for these two TMpyP complexes in alkaline aqueous solutions 
where a dimerization has been shown to occur.15 It  has also been 
suggested that the anion radicals which are generated by the 
one-electron chemical reduction of [ (TMpyP)H2I4+, 
[(TMpyP)MIs+,  where M = AI(II1) or Ga(I I I ) ,  and 
[(TMpyP)MI4+, where M = Zn(I1) or Pb(II), probably dimerize 
in aqueous media and that these dimers disproportionate to give 
a neutral porphyrin complex and a phlorin.I6J7 

The N-methylpyridiniumyl substituents of the porphyrin ring 
system are electron deficient and may be electroreducible in the 
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potential range -0.2 to -1 .O V, as has been demonstrated for other 
non-porphyrin compounds with N-methylpyridiniumyl  group^.'*^'^ 
Thus, in principle, a total of six electrons may be added to the 
TMpyP porphyrin moiety, two electrons to the a ring system and 
four to the N-methylpyridiniumyl groups. However, this has never 
been demonstrated since most previous studies of TMpyP free base 
and metalated derivatives have been carried out in aqueous media. 

A recent report on the electrochemistry of (TMpyP)Ni(CIO,), 
shows a dimer-monomer equilibrium of this complex in N,N- 
dimethylformamide (DMF).m It was not clear if similar behavior 
would be observed for other metalated TMpyP derivatives in 
DMF, and this was investigated in the present work, which 
presents the first spectral and electrochemical characterization 
of [(TMpyP)CuI4+, [(TMpyP)ZnI4+, and [(TMpyP)V0l4+ in 
nonaqueous media. The  structure of [(TMpyP)MI4+, where M 
= Cu(II), Zn(II), or VO, is shown in Figure 1. As will be shown 
in this study, the three complexes exist as monomers in DMF and 
the formation of a phlorin does not occur upon electroreduction. 

Experimental Section 
Materials. Tetra-n-butylammonium perchlorate (TBAP) was pur- 

chased from Eastman Kodak Co., recrystallized from ethyl alcohol, and 
stored in a vacuum oven at 40 OC prior to use. The supporting electrolyte 
was 0.2 M TBAP for bulk electrolysis and spectroelectrochemical mea- 
surements and 0.1 M TBAP for polarographic and voltammetric mea- 
surements. N,N-Dimethylformamide (DMF) was vacuum distilled twice 
over 4-A molecular sieves prior to use. DMF-d,, purchased from Aldrich 
Co., was used as received. 

Synthesis of meso-Tetrakis( l-methylpyridinium-4-yl)porphyrins. Free 
base [ (TMpyP)H2I4’ was synthesized according to the procedure re- 
ported in ref 12, and [(TMpyP)CuI4* and [(TMpyP)ZnI4’ were pre- 
pared as described in ref 21 and 12, respectively. (TpyP)VO was also 
prepared as described in the literature22 and was methylated by using the 
following procedure: A 1.8-g amount of (TpyP)VO and 2.94 g of methyl 
p-toluenesulfonate were refluxed in 250 mL of DMF for 4 h. The solvent 
was evaporated and the product dissolved in water and washed with 
CH2C12. The water was then evaporated and the solid product washed 
with hexane and acetone before drying under vacuum. The final product 
was recrystallized from DMF and washed with hexane. The obtained 
porphyrin was dried under vacuum and gave a yield of about 35% after 
recrystallization. 

Instrumentation and Methods. UV-visible spectra of the initial com- 
plexes were recorded on an IBM 9430 spectrophotometer. ESR spectra 
were recorded on an IBM Model ER-lOOD electron spin resonance 
system. ESR measurements of the reduced complexes were taken after 
controlled-potential electrolysis under an inert atmosphere. The reduced 
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[(TMpyP)MI4+ Complexes (M = Cu, Zn ,  VO) 

1" 
CH3 

Figure 1. Simplified structures of [(TMpyP)MI4', where M = Cu(II), 
Zn(II), or VO. 

A , r m  CL(TIJPyP)VOP'l x 10' 

Figure 2. (a) Electronic absorption spectrum of 1.0 X lo4 M 
[(TMpyP)VO]4' in DMF and (b) concentration dependence of 
[(TMpyP)VO]4t absorbance at 606 nm in DMF. 

Table I. UV-Visible Spectral Data for [(TMpyP)MI4' and Its 
Reduction Products in DMF. 0.2 M TBAP at 23 "C 

spectral product data: 
A, nm (e x 10-7 initial electrode 

compd reacn 
[(TMpyP)CuI4+ none" 424 (243) 544 (19.1) 582 (4.3) 

1st redn 484 (70.0) 
2nd redn 458 (53.0) 
3rd redn 448 (112) 

[(TMpyP)VOI4' none" 439 (222) 
1st redn 489 (65.0) 
2nd redn 440 (46.0) 
3rd redn 440 (89.0) 

[(TMpyP)ZnI4' none" 436 (288) 
1st redn 470 (73.7) 
2nd redn 452 (52.9) 
3rd redn 442 (80.0) 

Species before reduction. 

. I  

832 (74.0) 
560 (8.0) 834 (38.7) 

834 (16.0) 
564 (13.6) 606 (3.2) 

855 (37.7) 
570 (7.0) 854 (25.8) 

854 (10.0) 
562 (23.2) 604 (7.0) 

763 (76.1) 
570 (7.4) 755 (19.1) 

756 (10.0) 

samples were transferred to an ESR cell that was modified for use on a 
Schlenk line and then immediately frozen in liquid nitrogen. IH NMR 
spectra were taken on a QE-300 spectrometer with tetramethylsilane 
(TMS) as the internal standard. 

Cyclic voltammetry, polarography, and bulk controlled-potential 
coulometry were carried out on a BAS 100 electrochemical analyzer or 
a Princeton Applied Research, EG&G, Model 174A/175 polarographic 
analyzer/ptentiastat coupled with an Omnigraphic Houston 9002A X-Y 
recorder. The working and counter electrodes were platinum. A plati- 
num minigrid electrode was used for the thin-layer spectroelectrochemical 
cell. The design of this cell is given in the l i t e r a t ~ r e . ~ ~  Potentials were 
measured and reported versus a saturated calomel electrode (SCE), 
which was separated from the bulk solution by means of a fritted-glass 
disk junction. Thin-layer spectroelectrochemical measurements were 
made with an IBM EC 225 voltammetric analyzer, which was coupled 
with a Tracor Northern 6500 rapid-scan spectrometer/multichannel 
analyzer. 
Results and Discussion 

Electronic Absorption Spectra of [(TMpyP)MI4+. Electronic 
absorption spectra of the three investigated compounds in D M F  
are summarized in Table I .  Each complex has a Soret band in 
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Table 11. IH NMR Chemical Shifts of [(TMpyP)ZnI4+ at Different 
Concentrations in DMF-d," 

types of protons porphyrin 
concn, M N-CHIb o-Hb m-Hb B-pyrrolic 
7.0 X lo4 4.96 (s) 9.13 (d) 9.70 (d) 9.22 (s) 
2.2 X 4.96 (s) 9.12 (d) 9.69 (d) 9.22 (s) 
6.4 X 4.97 (s) 9.10 (d) 9.69 (d) 9.22 (s) 

"s = singlet, d = doublet; shifts in ppm. bProtons of N-methyl- 
pyridiniumyl substituent. 

Table 111. Half-Wave Potentials (V vs SCE) and Peak Potential 
Differences between E, and E, (Up, mV) for Reduction of 
[(TMpyP)MI4' in DMF, 0.1 M TBAP at 23 OC (Scan Rate 0.1 
VISI 

metal 
induction Ell2 ( U p )  

metal center param" Ib I Ib IIIb 
Zn" 1.5 -0.65 (40) -1.03 (35) -1.14 (35) 
CU" 1.9 -0.61 (35) -0.89 (35) -1.02 (35) 
VI10 3.0 -0.52 (33) -0.85 (33) -1.01 (35) 

" See ref 34. 
trated in Figure 5.  

1-111 correspond to the two-electron reductions illus- 

FQh4 

Figure 3. 'H NMR spectrum of [(TMpyP)ZnI4+ in deuterated DMF at 
T = 23 OC. The extra peaks are due to (V) DMF and (0) the p -  
toluenesulfonate counterions. Similar spectra were obtained over the 
concentration range of lo4 to 6 X lo-) M (see Table I1 and text). 

the range 424-439 nm and two visible bands in the range 544-606 
nm. A representative spectrum of [(TMpyP)MI4+ where M is 
VO is shown in Figure 2a. , 

All three compounds follow Beer's law behavior in D M F  be- 
tween concentrations of 5 X lo-' and 5 X 10-4 M, and this suggests 
that only one form of the porphyrin is present in solution. A Beer's 
law plot for [(TMpyP)VO]4' in the concentration range 2 X 
to 5 X lo4 M is shown in Figure 2b. The plot in this figure was 
constructed from absorptions at  606 nm. Similar plots were also 
obtained at 439 and 564 nm and also extrapolate to zero. 

ESR and electrochemical data (see later sections) also suggest 
the presence of monomeric rather than dimeric [(TMpyP)MI4+ 
in DMF. This is consistent with the fact that any coordinated 
DMF molecules would prohibit the closeness of approach required 
for the formation of  dimer^.^^^^^ 

IH NMR Spectroscopy of Diamagnetic [(TMpyP)ZnI4+. 'H 
N M R  chemical shifts of [(TMpyP)ZnI4+ at different concen- 
trations in deuterated D M F  are summarized in Table 11, and the 
'H N M R  spectrum of this porphyrin at 2.2 X M is illustrated 
in Figure 3. Unlike spectra of tetraphenylporphyrins,26 the m-H 

(23) Lin, X. Q.; Kadish, K. M. Anal. Chem. 1985, 57, 1498. 
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Figure 4. Dc polarograms illustrating the room-temperature reduction 
of [(TMpyP)V0l4+ at two concentrations in DMF, 0.1 M TBAP. 

peaks of the N-methylpyridiniumyl group are shifted downfield 
by 0.47 ppm from the 6-H pyrollic peaks. Such a result can be 
attributed to the proximity of these protons to the positively 
charged N-methyl groups of the substituents. No variation in 
chemical shifts are observed with changes in porphyrin concen- 
tration (see Table 11), which suggests the presence of only one 
form of the porphyrin in DMF, Le., a monomer. In addition, the 
'H N M R  spectra of [(TMpyP)ZnI4+ over the concentration range 
shown in Table I1 are different from the reported spectra of 
[ (TMpyP)NiI4+, which exists in a monomer-dimer 

Electroreduction of [(TMpyP)MI4+. Figure 4 shows dc po- 
larogram for the reduction of 1.50 and 0.26 mM [(TMpyP)VO]'+ 
in D M F  containing 0.1 M TBAP. The reductions occur at  
= -0.53, -0.87, and -1.02 V and are labeled as reactions I, 11, 
and 111, respectively. Each value is independent of the bulk 
concentration between 3 X lo4 and 2.5 X M. The limiting 
currents, which are equal for each of the reductions over this 
concentration range, are also directly proportional to the bulk 
concentration of the porphyrin and increase linearly with the 
square root of the mercury height. Wave analysis gives slopes 
that range between 30 and 35 mV, thus implying the overall 
diffusion-controlled addition of two electrons in each of the three 
electron-transfer steps. 

Figure 5 illustrates cyclic voltammograms for the reduction of 
[(TMP~P)VO]~' ,  [(TMpyP)CuI4+, and [(TMpyP)ZnI4+ in DMF. 
All three voltammograms are qualitatively similar, and the 
half-wave potentials for reduction processes I, 11, and I11 by cyclic 
voltammetry are listed in Table 111. The peak currents for each 
reduction in Figure 5 increase linearly with the square root of scan 
rate and half-wave potentials for each process are independent 
of scan rate, thus indicating uncomplicated diffusion-controlled 
two-electron-transfer processes for the electroreduction at  room 
temperature. 

The results from thin-layer coulometric reduction of 
[ ( TMpyP)V0I4+, [ (TMpyP)Zn] 4+, and [ (TMpyP)CuI4+ are 
consistent with the room-temperature cyclic voltammetric and 
polarographic data in  that processes I, 11, and 111 involve two 
electrons in each reduction step. A thin-layer controlled-potential 
electrolysis carried out at  -1.2 V also shows the global addition 
of six electrons for the three complexes, and a coulometric value 
of two electrons is obtained by controlled-potential reduction of 
each compound a t  -0.7 V .  However, bulk controlled-potential 
coulometry invariably gave less than two electrons transferred in 
the second and third reduction steps. This difference between the 
stepwise bulk electrolysis results, and electrochemical data from 
the other voltammetric techniques may be attributed either to an 

I I I I 

POTENTIAL, Volt vs SCE 

O -0.3 -0.6 -0.9 -1.2 -' 

Figure 5. Cyclic voltammograms illustrating the room-temperature re- 
duction of the [(TMpyP)MI4+ complexes in DMF, 0.1 M TBAP (scan 
rate 0.1 V/s). 

adsorption of the species electrogenerated after the first con- 
trolled-potential electrolysis2' or to a protonation reaction,28 which 
might occur only on the slower bulk electrolysis time scale. 

The electronic absorption spectrum of [ (TMpyP)VO] 2+ ob- 
tained after controlled-potential reduction by two electrons is 
shown in Figure 6a, and thin-layer spectra of the species produced 
in processes I1 and I11 are illustrated in Figure 6b,c, respectively. 
A spectrum similar to the one illustrated in Figure 6a has been 
presented for the species generated after a two-electron reduction 
of [(TMpyP)A1I5+. However, in this latter case, there is a single 
protonation a t  the meso position of the porphyrin.16 This type 
of reaction does not occur for the investigated compounds in DMF, 
and the spectrum of the species generated after electrolysis of 
[ (TMPYP)VO]~+ at  -0.70 V (see Figure 6a) is assigned as due 
to [(TMpyP)V0l2'. 

The spectrum obtained after controlled-potential reduction of 
[(TMpyP)VO]*+ a t  -0.95 V (Figure 6b) is assigned to a four- 
electron-reduced product, (TMpyP)VO. A broad absorption band 
is centered a t  570 nm and is close to the wavelength where 
one-electron-reduced methyl viologen type anions generally ab- 
sorbi9 (between 600 and 610 nm). The UV-visible spectrum of 
the six-electron-reduced product, [(TMpyP)V0l2-, has decreased 
absorption bands at 853 and 570 nm and a moderately strong band 
at 440 nm (see Figure 6c). Similar spectral changes are observed 
for [(TMpyP)CuI4+ and [(TMpyP)ZnI4+, and these thin-layer 
spectroelectrochemical data are summarized in Table I along with 
those for [(TMpyP)V0l4+. 

Cyclic voltammograms of [(TMpyP)CuI4+ and [(TMpyP)ZnJ4+ 
a t  three temperatures are shown in Figure 7 .  A similar tem- 
perature-dependent voltammogram was also obtained for 
[(TMpyP)V0l4'. As the temperature is decreased from 23 to 
-55 OC, the first reduction becomes irreversible while processes 
I1 and I11 remain unchanged. The low-temperature data suggests 
the occurrence of a chemical reaction following the first reduction 

(27) The Pt electrode was coated with a dark layer of porphyrin, indicating 
either strong adsorption or precipitation of the porphyrin. 
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Table IV. ESR Data for Copper and Vanadyl Complexes in DMF, 0.1 M TBAP at -100 OC" 
compd gll g,  MA^, x 1046 MA, x 104 N A ~ ~  x 104 NA, x 104 

' 

[(TMpyP)CuI4' 

[(TMpyP)Cu] *' 
(TMpyP)Cue 
[(TMpyP)Cu]*-f 

[(TMpyP)V0]2+d 
(TMpyP)VOC 

[(TMpyP)CuI4' 

[(TMPYP)V0l4+ 

[(TMPYP)VO~-/ 

2.170 
2.192 
2.174 
2.156 
2.159 
1.985 
1.974 
1.972 
1.968 

2.056 
2.062 
2.052 
2.043 
2.05 1 
2.010 
2.001 
2.013 
2.014 

182 
194 
214 
219 
23 1 
159 
171 
182 
184 

31 13 15 
27 14 13 
32 16 16 
33 16 16 
31 17 14 
54 
56 
59 
60 

'All coupling constants A are expressed in units of cm-I. Where M = Cu(I1) or VO. Error limits are i0.002 for g values and *5% for A values. 
CSolvent = pyridine. dAfter electrolysis at -0.70 V. eAfter electrolysis at -0.95 V. /After electrolysis at -1.20 V. 

I 
(b) E = 4.95 V 

I t  t 

0.75 
(c) E = -1.20 V 
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I \  
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A own) 
Figure 6. (a) Time-resolved electronic absorption spectra obtained during 
thin-layer controlled-potential electrolysis of 1.75 X lo4 M [(TMpyP)- 
V0l4' in DMF, 0.2 M TBAP at (a) -0.70 V, (b) -0.95 V, and (c) -1.20 
V. 

process, but the low-temperature spectra of the products generated 
by processes I (as well as those of I1 and 111) were almost in- 
distinguishable from the room-temperature spectra that are shown 
in Figure 6 for [(TMpyP)V0I4+. 

A room-temperature dimerization of [ (TMpyP)M]("')+, where 
M = AI(II1) (n = 5)  or Zn(I1) (n = 4), has been invoked by 
pulse-radiolysis studies of [(TMpyP)M]"+,16 and a dimerization 
of the [(TMpyP)MI2+ complexes could be invoked in this present 
study to explain the irreversibility of process I at  low temperature. 
However, no spectral evidence was obtained that could support 

/ I , , , ,  
00 -0.3 -0.6 -0.8 -1.2 -1.5 

t(TMp~P1Znl" 
n 

I L 8 4 I l  
0.0 -0.3 -0.6 -0.9 -1.2 -1.5 

POTENTIAL, Volt vs. SCE 

Figure 7. Cyclic voltammograms illustrating the reduction of 
[(TMpyP)CuI4+ and [(TMpyP)ZnI4+ in DMF, 0.1 M TBAP at variable 
temperature (scan rate 0.1 V/s). 

the formation of a dimer. In addition, processes I1 and I11 should 
be affected by a dimerization of the complex after the first re- 
duction and no changes in the current-voltage curves consistent 
with this assignment were obtained. 

A more likely explanation for the temperature dependence of 
the voltammograms in Figure 7 is that the TMpyP complexes 
undergo a change in coordination after the first two-electron 
reduction. It is known that the first reductions of (P)VO, where 
P = TpyP, TPPS and TPP, are accompanied by a loss of solvent 
ligand,29 and a similar loss of solvent is postulated to occur after 
reduction of [ (TMpyP)VO]4+,  [ (TMpyP)ZnI4+,  and  
[(TMpyP)CuI4+. Under these conditions the overall reduction 
mechanism for process I would be as follows, where M = Cu(II), 
Zn(I1) or VO: 

[ (TMpyP)M(DMF)I4+ [ (TMPYP)M(DMF)]~+ 3 + 2 2  

[(TMpyP)MI2' + D M F  (1) 

At -55 OC, the reassociation rate of DMF with [(TMpyP)MI2+ 
would be slowed down, thus preventing a reformation of 
[ ( T M ~ Y P ) M ( D M F ) ] ~ +  before reoxidation to give the initial 
[(TMpyP)M(DMF)I4+. The unsolvated [(TMpyP)MI2+ should 
be harder to oxidize than solvated [(TMpyP)M(DMF)I2', and 
if the ligation rate of the reduced complex is slow prior to reox- 
idation, an apparent irreversibility (an electrochemical C E  type 
mechanism) could be observed in the reoxidation. This irreversibly 
would not occur at  23 "C, where the rate of DMF association with 
[ (TMpyP)MI2+ would be considerably higher. 

ESR Spectroscopy of [ (TMpyP)CuI4+ and [ (TMpyP)V0I4+ 
before and after Electroreduction. ESR spectra of [(TMpyP)CuI4+ 
were recorded a t  both room and low temperature. An isotropic 
spectrum is obtained at  23 O C ,  and the spectrum is axially sym- 

(29) Kadish, K. M.; Sazou, D.; Araullo, C.; Liu, Y. M.; Saoiabi, A,; Ferhat, 
M.; Guilard, R. Inorg. Chem. 1988, 27, 2313. 
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[(TMpyP)Cu]*+ in DMF, 0.2 M TBAP at -100 OC. 

metric at  -1 00 OC. Spin-Hamiltonian parameters calculated for 
[(TMpyP)CuI4+ in D M F  and py are similar to values for mo- 
nomeric [(TPPS)CuI4- in the same solvent,30 and are listed in 
Table IV. A change in the concentration of [(TMpyP)CuI4+ from 
1 X to 5 X M did not influence the ESR parameters 
at  either high or low temperatures, thus indicating an absence of 
aggregation for this Cu(I1) complex. 

ESR spectra of [ (TMpyP)CuI4+ and electrogenerated 
[(TMpyP)CuI2+ in D M F  at -100 O C  are shown in Figure 8. As 
expected, the FSR spectrum of I(TMpyP)CuJZ+ is almost identical 
with the spectra of (TMpyP)Cu and [(TMpyP)Cu]*- that are 
generated after the second and third two-electron reductions at  
-0.95 and -1.20 V, respectively (see Table IV). No ESR signals 
were observed a t  the half-field region (g - 4) in these spectra. 

Measured g,, and g, values for the reduced Cu(I1) and VO 
porphyrins are relatively smaller than for the unreduced complexes. 
However, the CUA,I value is increased for the reduced porphyrins 
compared to corresponding values for the neutral forms of the 
complex (see Figure 8 and Table IV). This is not surprising since 
the added two electrons would alter the charge distribution on 
the macrocycle and consequently the electronic structure of the 
metal center. 

ESR spectra obtained after the two-, four-, and six-electron 
reductions of [(TMpyP)VO]4+ are similar, and this spectral data 
is listed in Table IV. The similarities in ESR spectral parameters 
for the neutral and reduced forms of both the Cu and VO por- 
phyrins and the absence of a signal in the g = 4 region for the 
Cu(I1) complexes strongly suggest that these complexes do not 

(30) DeBolfo, J. A.; Smith, T. D.; Boas, J. F.; Pilbrow, J. R. J.  Chem. Soc., 
Dalton Trans. 1975, 1523. 
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INDUCTION PARAMETER 
Figure 9. Plots of E l j 2  vs induction parameter of the metal (see ref 34) 
for the porphyrin r-ringcentered reductions of (0) (TPP)M and (W) 
[(TMpyP)MI4+ in DMF, 0.1 M TBAP. The former compounds are 
reduced in two one-electron-transfer steps while the latter reaction occurs 
via a single two-electron-transfer process. 

exist as axial dimers.3' The ESR data also suggests the absence 
of metal-centered reductions of Cu(I1) or VO occurs under the 
present experimental conditions. 

Site of Electron Transfer. The voltammetric, spectroelectro- 
chemical, and ESR results for the reduction of [(TMpyP)MI4+, 
where M = Cu(II), Zn(II), and VO are all self-consistent and 
suggest the following sequence of electron-transfer steps, where 
L = D M F  and n = 1 or 2. 

[(TMpyP)M(L)J4+ + 2e- e [(TMpyP)MI2+ + nL (2) 

(3) 

(4) 

Reactions 3 and 4 have not been previously reported, but the 
two-electron reduction described in eq 2 is consistent with data 
in the l i t e r a t ~ r e ~ ~ , ~ ~  for electroreduction of both [(TMpyP)H2I4+ 
and [ (TMpyP)Mn] 5+. Hambright and Williams" reported the 
simultaneous addition of two electrons for the electroreduction 
of [(TMpyP)H2I4+ in DMF, and the same authors also report that 
a simultaneous two-electron-reduction process occurs for 
[(TMpyP)MnIS+ subsequent to the Mn(III)/Mn(II)  electron 
transfer in the same solvent. [(TMpyP)HJ4+ is also reduced by 

[(TMpyP)MIz+ + 2e- F? (TMpyP)M 

(TMpyP)M + 2e- * [(TMpyP)MIz- 

(3 1 )  Subramanian, J .  In Porphyrins and Metalloporphyrins; Smith, K. M., 
Ed.; Elsevier: Amsterdam, 1975; Chapter 13. 

(32) Hambright, P.; Williams, R. F. In Porphyrin Chemistry Aduances; 
Longo, F. R., Ed.; Ann .4rbor Sciences: Ann Arbor, MI, 1979; pp 
284-292. 

(33) Neri, B.; Wilson, G. Anal. Chem. 1972, 44, 1002. 



[ (TMpyP)MI4+ Complexes ( M  = Cu, Zn,  VO)  

a single two-electron-transfer step in HzO, but in this case, the 
electrode reaction is irreversible and involves the formation of a 
h y d r ~ p o r p h y r i n . ~ ~  

The formation of porphyrin K anion radicals and dianions in 
the reduction of (P)M, where P = OEP, occurs at  E l p  values that 
can be correlated to the electronegativity of the metal ion.34 Plots 
of El lz  vs an electronegativity parameter for the reduction of OEP 
complexes are linear,34 and this is also the case for the reduction 
of TPP and TMpyP metal complexes, as shown in Figure 9. As 
seen in this figure, a similar qualitative trend is observed by using 
the E l / z  of process I for [(TMpyP)MI4+ reduction. This two- 
electron reduction of [(TMpyP)CuI4+, [(TMpyP)ZnI4+, and 
[(TMpyP)V0I4+ occurs at  the porphyrin K ring and generates 
[(TMpyP)MI2+ as shown in eq 2. 

Figure 9 also shows plots of El lz  for the first and second re- 
ductions of the T P P  complexes as described in eq 5 and 6. As 

(5) 

(6) 

(TPP)M + e- s [(TPP)M]- 

[(TPP)M]- + e- s [(TPP)MI2- 

shown in this figure, all three plots are linear and the reduction 
of [(TMpyP)MI4+ occurs at  E I I Z  values that are shifted positively 
by as much as 420-1 150 mV relative to those of the corresponding 
(TPP)M species. In addition, the difference in potential between 
E l / 1  for the two successive one-electron additions to (TPP)M 
ranges from -400 to -500 mV while a value of 0 mV is obtained 
for the two-electron reduction of [ (TMpyP)MI4+. Interestingly, 
the slope of the plots for the one-electron-transfer reactions of 
(TPP)M are higher than the slope for the corresponding plot 
involving [(TMpyP)MI4+, which undergoes a simultaneous ad- 
dition of two electrons. 

The values of El lz  for processes I1 and I11 are given in Table 
111 and do not show a linear correlation with the induction pa- 
rameter of the central metal ion. In addition, processes I1 and 
111 are insensitive to changes in temperature and occur in a similar 
potential range for all monomeric TMpyP c o m p l e x e ~ . ~ ~ ~ ~ ~  They 
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are therefore assigned to an overall four-electron reduction of the 
four N-methylpyridiniumyl substituents. A reduction of the 
N-methylpyridiniumyl substituents was not observed for the case 
of (TMpyP)Ni(C104)4.z0 However, this porphyrin exists in a 
dimer-monomer equilibrium and the dimerization of the com- 
pound may shift the N-methylpyridiniumyl reductions beyond the 
solvent limit. Finally, the similar electrochemical behavior for 
processes I1 and 111 at high and low temperatures is consistent 
with a lack of solvent binding to the oxidized or reduced forms 
of the complex. 

Conclusion. A comparison of the electrochemistry for (TPP)M 
and [(TMpyP)MI4+, where M = Cu(II), Zn(I1) and VO, shows 
that the presence of the positively charged N-methylpyridiniumyl 
substituents shift the porphyrin ring reduction potential positively 
by as much as 420-1 150 mV with respect to a (TPP)M complex 
with the same metal. In addition, two electrons are simultaneously 
added to the porphyrin ring of the [(TMpyP)MI4+ complexes while 
(TPP)M is similar to other (P)M complexes in that the electro- 
reduction a t  the porphyrin K ring system occurs in two well- 
separated one-electron-transfer steps. Finally, a reduction of the 
N-methylpyridiniumyl groups occurs in the potential range -0.8 
V to -1.1 V, which results in a total of six electrons added to these 
complexes. 
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