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should be the same as for Au-Cl in AuC1,- (note that Au has a 
closed (dl0) electron configuration, and any eventual d to p 
back-bonding can be neglected). Structures different from the 
centrosymmetric one for IC1,- are expected to be as unlikely as 
they are for AuCl,. However, short-lived intermediates with 
chlorine as central atom might exist among the heteronuclear 
trihalide anions. That follows directly from the similarities in 
orbital symmetry and electron population discussed earlier. 
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Appendix 

The formation of IC14- according to eq 43 is known from 
preparative polyhalogen chemi~try.”~ The reaction may possibly 

I- + 2 ~ 1 ,  - 1c4- (43) 

occur in the solutions studied here, a t  least when Ccl, is high (cf. 
Table 11, series a) and C, < 1/2Cc12, i.e. when u < ~ ~ ( 0 )  (cf. Figure 
3a). Besides eq 43, eq 2 is valid and we can write (44). The 

C1, + IC1,- s IC14- 

c,,, = [Cl,] + [C1,-] + [IC12-] + 2[1C14-] 

c, = [ICl,-] + [1C14-] 

(44) 

(45) 

(46) 
the equilibrium according to eq 44 is displaced to the right when 
u < DE~(O), then [IC12-] << [IC&-] and the relevant concentrations 
can simply be calculated from eq 47 and 48. When all added 

stoichiometry is given by (45) and (46). If it is assumed that 

[IC&-] = c, (47) 

(48) [Cl,] + [Cl,-] = CCl, - 2CI 

I- has been converted to IC14-, u = uEP(O). As discussed earlier, 

(38) Popov, A. I.; Buckles, R. E. Inorg. Synth. 1957, 5,  176. 

u = uEp(l), when all 1- has been converted to 1Cl2-. It follows 
that (49) holds true, and the measurements displayed in Figure 

UEP(0) = 1/zuEP(l) (49) 

3a show that this condition is fullfilled. The curve is based on 
series a, and the values in the appropriate volume region are given 
in Table V. It has been assumed that the emf-determining process 
is given by eq 25,  with [Cl,] calculated from eq 48 and eq 1. The 
values for E25’ (1 127.1 mV) and slope (24.1 mV) are sufficiently 
close to those calculated earlier (1 132.0 and 27.2 mV, respectively) 
to validate the assumptions made. 

In the range uEP(O) < u < uEp(1) it is assumed that ICl, reacts 
with added I- to give IC12- and that the half-cell reaction is 

IC14- + 2e- - IC1,- + 2C1- (50) 

This can be combined with eq 23 to give the total cell reaction. 
The emf, E51, is given by 

E5l = E5l’ - ( ( R T l n  10)/2F) log ([IC12-]/[IC14-]) (51) 

The concentrations can be calculated from eq 45 and 46 with [Cl,] 
= [Cl,-] = 0. The result is shown in Table V. Combining the 
two half-cell reactions (50) and (24) gives eq 44. The equilibrium 
constant K44 can be calculated from eq 52. Inserting the earier 
determined value of E25’ (1 132.0 mV) or E25’ from Table V 
results in K44 = 4.3 ( 5 )  X IO3 M-l. From this value we can 

( ( R T l n  10)/2F) log Kd4 = E25’ - E510 (52) 
conclude that the concentration of IC1c never exceeds 6 X lo4 
M when u < uEP(O). However, it means that eq 47 and 48 are 
only approximately valide. If a correction for IC1; is applied to 
the calculated values of [Cl,] in Table V, E25’ increases to 1129.1 
mV and the slope to 25.3 mV. This is closer to the corresponding 
quantities in Table I1 than the original ones in Table V. 
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The Fe(III)/Fe(II) reduction potentials for [Fe(porphyrin)(imidaz~le)~]X (porphyrin = TPP, PPIXDME; imidazole = HIm, 
N-MeIm; X = C1-, SbF;) have been measured by cyclic voltammetry in a variety of solvents. The addition of excess imidazole 
or 1,lO-phenanthroline (phen) to Fe(p~rphyrin)(HIm)~+ cause a cathodic shift of ca. 60 mV in the reduction potential, and this 
shift is assigned to a hydrogen-bonding interaction between the coordinated imidazole N-H and free imidazole or phen. In support 
of this, excess phen was found to have 1.0 effect on Ell2  for Fe(p~rphyrin)(N-MeIm)~+. The values measured relative to the 
ferrocene/ferrocenium couple correlate well with the solvent dielectric constant and donor number, although a simple interpretation 
of this correlation is not possible. Experiments were done with tetra-n-butylammonium perchlorate (TBAP) and tetra-n-butyl- 
ammonium tetraphenylborate ((TBA)BPh,) as the supporting electrolyte, and these show that Clod- from TBAP also can hydrogen 
bond to coordinated imidazole. A discussion is given of these hydrogen-bonding interactions, as well as ion-pairing effects. The 
studies show that the redox potential changes due to hydrogen bonding from coordinated imidazole in Fe(porphyrin)(HIm),* is 
of sufficient magnitude to be considered seriously as a mechanism of redox potential regulation in heme proteins. The E I l 2  for 
Ru(TPP)(CO)(HIm) oxidation was found not to be influenced by phen, and it is concluded that hydrogen-bonding effects are 
only important when the redox change is metal centered, as with Fe(III)/Fe(II), instead of porphyrin ring centered as with 
Ru(TPP)(CO)(HIm) oxidation, which gives a Ru(I1) cation radical. 

Introduction 
Variations in reactivity of the iron center in heme proteins are 

determined primarily by the axial ligands, the most common of 
which is imidazole (HIm) from a “proximal” histidine residue. 

Perhaps the best known example of reactivity modulation is the 
trigger mechanism for hemoglobin cooperativity, in which 
movement of the iron atom toward the porphyrin plane is re- 
strained by virtue of the imidazole ring ~rientation.~ This restraint 
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[Fe(porphyrir~)(HIm)~.Cl are greatly enhanced compared to the 
corresponding N-methylimidazole complexes because the coor- 
dinated imidazole N-H hydrogen bonds to the chloride anion or 
free imidazole in solution.25 The nonnucleophilic base, 1,lO- 
phenanthroline was shown to associate with the N-H groups in 
bis(imidazole)metalloporphyrins, thereby affecting stability 
constants and N M R  spectraaZ6 Several groups have prepared 
and characterized Fe(porphyrin)(Im), complexes, which contain 
deprotonated imidazole  ligand^.^^-^^ Hydrogen bonding is re- 
ported to affect the resonance Raman iron-imidazole vibration 
in Fe(I1) porphyrinsI9 but is claimedg0 to have little influence on 
CO binding; the effect on 0, binding to model systems is unknown. 
However, CO affinity is substantially reduced when the coordi- 
nated imidazole is deprotonated to give anionic iron(I1) porphyrin 
c o m p l e x e ~ . ' ~ ~ ~ ~  Furthermore, deprotonation greatly reduces the 
CO association rate constant while hydrogen bonding of the N-H 
link to 1,lO-phenanthroline leads to a modest decrease in the rate 
constant .20 

Fe(III)/Fe(II) reduction potentials for oxygen-carrying heme 
proteins can be shifted 100 mV or more as a result of the specific 
interaction of the heme and apoprotein.*~~~ This is even more 
clearly shown by a comparison of cytochrome c peroxidase and 
myoglobin. The axial ligand environments of the protoheme are 
the sameI2 (histidine and water ligands in the ferric protein) yet 
the reduction potentials are -194 and +SO mV, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~ * ~ ~  
It has been suggested that hydrogen bonding by the proximal 
histidine in cytochrome c peroxidase is stronger and more easily 
varied, thereby providing a mechanism for redox potential regu- 
lation during the catalytic cycle.'3 

Attempts to understand the role of hydrogen bonding in redox 
potential modulation in proteins have recently been made by 
investigating the redox chemistry of simple iron porphyrin model 
systems. In the first study to be published,34 we showed that 
hydrogen bonding from coordinated imidazole in [Fe(TPP)- 
(HIm)2]Cl (TPP = dianion of mesetetraphenylporphyrin) causes 
a significant negative shift of the Fe(III)/Fe(II) reduction po- 
tential, in agreement with the views given above concerning 
peroxidases. Negative potential shifts induced by proximal type 
hydrogen bonding have recently been reported for several other 
simple bis(imidazole)iron(III)  porphyrin^?^*'^ Hydrogen bonding 
to an axially coordinated ligand also represents a significant 
interaction in heme proteins.36 With the oxygen carriers, the distal 
histidine can stabilize bound oxygen by this mechanism. Model 
systems show that hydrogen bonding of the distal type induces 
positive potential shifts37 and has a large effect on the axial ligand 
reactivity.3840 

Herein we report electrochemical results showing the influence 
of proximal type hydrogen bonding on the redox potentials of 

L 
I 

'H.. . . .Base 

Figure 1. Proximal type hydrogen bonding from a coordinated imidazole 
N-H to an external base. 

is relaxed when the protein conformation changes from the T state 
to the R state. 

Another way the proximal histidine can influence heme re- 
activity is via hydrogen bonding or deprotonation of the imidazole 
N-H proton (Figure 1). As the level of hydrogen-bonding in- 
creases, the donor ability of the imidazole imine nitrogen also 
increases, resulting in a stronger Fe-N bond and more electron 
density on the iron. Of course, the limit of strong hydrogen 
bonding corresponds to deprotonation, and it is known that co- 
ordination to the metal increases the acidity of the imidazole N-H 
proton by ca. 4 pK, units in metmy~globin~.~  and inorganic com- 
plexes such as (H3N)5Co(HIm)3+ and (NC)5Fe(HIm)z-.6!7 

Resonance Raman and N M R  studies*-" of horseradish and 
turnip peroxidases suggest that the proximal histidine is strongly 
bonded or even deprotonated. X-ray structural and N M R  data 
indicate similar results for cytochrome c peroxida~e. '~* '~ EPR 
spectra show that the level of proximal histidine hydrogen bonding 
varies in a series of cytochrome c enzymes.I4 Strong proximal 
hydrogen bonding should favor higher oxidation states and may 
account for the ease with which peroxidases are oxidized compared 
to the oxygen carriers hemoglobin and myoglobin, in which the 
hydrogen bonding is ~ e a k e r . * * " * I ~ * ' ~  Variations in the proximal 
hydrogen-bond strength has been suggested to influence or be 
coupled to the thermodynamics and kinetics of ligand binding, 
protein conformational changes, the cooperative of hemoglobin, 
the Oz/CO affinity ratio of hemoglobin, and redox potential 
modulation in heme  protein^.'^-^^ 

Hydrogen-bonding effects have been observed with simple 
metalloporphyrin model systems. The formation constants for 
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Redox of [Fe(p~rphyrin)(imidazole)~]X 

several metalloporphyrins. In particular, the dependence on the 
solvent, metal, and porphyrin ring substituents are addressed. It 
is concluded that such hydrogen bonding can substantially affect 
oxidation state stabilities and, accordingly, should be considered 
along with other structural features (imidazole ring orientation, 
Fe-imidazole bond stretch, heme ruffling, etc.) as a mechanism 
for redox potential modulation in heme proteins. 
Experimental Section 

Materials. Nitromethane and acetone were dried over molecular 
sieves and distilled; MezSO was vacuum distilled and dried over sieves; 
dimethylacetamide (DMA), acetonitrile, methylene chloride, and 1,2- 
dichloroethane (DCE) were distilled from calcium hydride. Imidazole 
was purified by sublimation, N-methylimidazole (N-MeIm) was vacuum 
distilled from KOH, and anhydrous 1,lO-phenanthroline (phen) was 
vacuum dried for 12 h. Hemin chloride (Fe(PP1X)CI) and Fe(TPP)Cl 
were purchased and checked for purity by optical spectroscopy. Hemin 
chloride was esterified to the dimethyl ester (Fe(PP1XDME)CI) ac- 
cording to a published p r ~ c e d u r e . ~ ~  [Fe(TPP)]SbF6$2 [Fe(TPP)- 
(Rh&]SbF6 (R = H, N-Me),35 Ru(TPP)CO$~ and Ru(TPP)(HIm)- 
COer were synethesized by literature methods. Tetra-n-butylammonium 
tetraphenylborate ((TBA)BPh4) was made by mixing equal volumes of 
dilute aqueous solutions of tetra-n-butylammonium bromide and sodium 
tetraphenylborate. The resulting fine precipitate of (TBA)BPh4 was 
recrystallized from 1:l MeOH-H20 and vacuum dried. 

Electrochemishy. Cyclic voltammograms were obtained at 25 "C with 
a PAR Model 362 scanning potentiostat and a Houston 2000 X-Y re- 
corder or Tektronix Model 5 1  15 storage oscilloscope.. A standard 
three-electrode system was used. The counter electrode was a Pt wire, 
and the working electrode was a F't disk. For all solvents except acetone 
the reference electrode was Ag/AgCl, which was placed in a salt bridge 
containing 0.1 M tetrabutylammonium perchlorate (TBAP) in the sol- 
vent in use. The 0.1 M TBAP salt bridge was also used for experiments 
in which the bulk solution was 0.05 M in (TBA)BPh4. With acetone as 
the solvent the reference electrode consisted of Ag/AgCl in acetone 
saturated with LiC1; no salt bridge was used in this case. All solutions 
were deoxygenated with nitrogen presaturated with the appropriate 
solvent and blanketed with nitrogen during the experiment. With [Fe- 
(TPP)(RIm)2]SbF6 it was necessary to frequently clean the working 
electrode to maintain reproducible traces; this was done by dipping the 
electrode in Me2S0 for ca. 8 min, wiping with a soft tissue, and rinsing 
with the solvent in use. 

Cyclic voltammograms of the Fe(III)/Fe(II) and "Ru(II)/Ru(III)" 
couples were recorded at scan rates of 20, 50, 100, and 200 mV s-l. At 
20 mV s-I the cathodic and anodic peak separations (Up) were 60-80 
mV. These increased slightly with scan rate, e.&, 70-90 mV at 50 mV 
s-I, with the higher values obtaining in the less polar solvents. This 
modest deviation of AE, from the reversible value of 60 mV may be due 
to either uncompensated resistance ( iR drop) or quasi-reversibility. Most 
likely i R  drop is responsible because the ferrocenium/ferrocene couple 
showed similar behavior, and AE, values for all couples studied were 
sensitive to electrode placement. Half-wave potentials were calculated 
as the average of the anodic and cathodic peak potentials and were 
independent of the scan rate. In principle, quasi-reversible behavior 
should give El l z  values that depend on AEp (hence scan rate) and the 
deviation of the transfer coefficient (CY) from 0.5. However, the depen- 
dence in the present work would be barely discernible because the AE,'s 
are not extremely large, and the transfer coefficient was judged to be near 
0.5 because of symmetrical anodic and cathodic wave shapes. It follows, 
therefore, that the measured Ell;s need no correction and thatfor the 
purpose ofthis study it is irrelevant whether iR  drop or quasi-reversibility 
(or both) is responsible for peak separations greater than 60 mV. 

Results and Discussion 
Experiments in Acetone. The addition of HIm to an acetone 

solution of Fe(TPP)Cl causes the Fe(III)/Fe(II) reduction po- 
tential to become more positive as [Fe(TPP)(HIm)2]C1 is formed. 
Figure 2, which gives Ell2 values referenced to the ferrocene/ 
ferrocenium couple (EII2(Fc), vide infra), shows that the shift 
ceases and a plateau region is reached at a HIm concentration 
of ca. 0.01 M. This occurs because Fe(TPP)Cl is completely 
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Figure 2. Potential changes of the Fe(III)/Fe(II) couple in acetone with 
0.1 M TBAP (A) 5 X lo4 M Fe(TPP)CI plus indicated HIm concen- 
tration; (B) 5 X lo4 M [Fe(TPP)(HIm)2]C1 with [HIm] = 0.02 M and 
phen concentration as shown. 
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Figure 4. Solvent dependence of Ellz for reduction of [Fe(TPP)- 
(RIm)z]C1 (5 X lo4 M) relative to ElI2(Fc) .  Supporting electrolyte is 
0.1 M TBAP. Key: 0,  [Fe(TPP)(N-MeIm)Z]C1 with 0.16 M N-MeIm; 
X, [Fe(TPP)(HIm)&!I with 0.02 M HIm; ., [Fe(TPP)(HIm)z]CI with 
1.0 M HIm (0.30 M phen instead of 1.0 M HIm gave almost identical 
results). 

couple is ferrocenium/ferrocene. The quantity El12 - El12(Fc) 
is then used when the solvent dependence of couple E, is to be 
discussed. This approach has been used in studies o! metallo- 
porphyrins.@-% The variation with solvent of EIIz(Fc) measured 
with respect to SCE@ or our aqueous Ag/AgCl reference electrode 
agrees nicely (Figure 3) but does not correlate with either dielectric 
constant or solvent donor number (DN).51 The lack of a cor- 
relation to these common solvent parameters may, of course, reflect 
changing junction potentials. 

The solvent dependence of El12 - El12(Fc) was determined for 
[Fe(TPP)(RIm)2]C1 in the presence of phen and excess HIm. 
Figure 4 shows the correlation to solvent dielectric constant; a 
qualitatively similar correlation is obtained for a fit to solvent donor 
number. With [Fe(TPP)(HIm)2]Cl it was necessary in all ex- 
periments to have 0.02 M excess HIm present to prevent disso- 
ciation to Fe(TPP)CI. For the same reason, excess N-MeIm at  
0.16 M was present when [Fe(TPP)(N-MeIm)2]C1 was studied. 
In fact, the N-MeIm concentration could be any value greater 
than 0.16 M without affecting the observed potential. Similarly, 
Figure 2 shows that the HIm concentration needs to be consid- 
erably greater than 0.02 M before the potential is significantly 
affected by hydrogen bonding. 

The formation constant of [Fe(TPP)(RIm)z]SbF, is much 
greater than that for [Fe(TPP)(RIm)2]C1, and excess RIm is in 
principle not required with the SbF6- salt to prevent RIm disso- 
ciation. In practice we found that excess RIm at  ca. M 
sharpened the anodic wave and improved the reversibility. The 
cathodic wave was unaffected by excess RIm at  M. The 
improved reversibility in the presence of small amounts of RIm 
is probably due to inhibition of RIm dissociation from Fe”- 
(TPP)(RIm),, which apparently occurs to a small extent in the 
absence of excess RIm. The important point to note, however, 
is that the Fe(III)/Fe(II) reduction wave is not influenced by these 
effects. Figure 5 gives the solvent dependence of E,l2 - El/2(Fc) 
for [ Fe(TPP)(RIm)2]SbF6. 

Figures 4 and 5 show that the Fe(III)/Fe(II) reduction becomes 
easier as the solvent dielectric constant increases. A very similar 
correlation has been reported for the reduction of Mn(TPP)X (X 
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Figure 5. Solvent dependence of Ellz  for reduction of [Fe(TPP)- 
(RIm)z]SbF6 ( 5  X lo4 M) relative to El12(Fc). Supporting electrolyte 
is 0.05 M (TBA)BPh4. Key: 0, [Fe(TPP)(N-MeIm),]SbF, with lo-’ 
M N-MeIm; X, [Fe(TPP)(HIm)#bF6 with lo-’ M HIm; M, [Fe- 
(TPP)(HIm)&3bF6 with 1.0 M HIm. 

= N), C104-)49 and Fe(TPP)X (X = N3-, F, Br-),50 and the 
positive slope in the plot of EI12 - El12(Fc) vs. dielectric constant 
in these cases was rationalized as being due to solvation of the 
charged reduction product. However, this explanation does not 
apply to the reduction of Fe(TPP)(RIm)2+ since it predicts a 
negative slope in Figures 4 and 5. This is so because the reduction 
product is neutral, and hence increasing solvent polarity should 
preferentially stabilize the cationic species and lead to a decrease 
in Ell> The observed positive slope cannot be due to any specific 
hydrogen-bonding effects with C1-, SbF6-, or electrolyte anion 
because El12 - EIj2(Fc) for Fe(TPP)(N-MeIm)2+ follows the same 
trend seen with the HIm analogue. Ion pairing between the cation 
and C1-, SbF6-, or electrolyte anion would be expected to lower 
the potential and be more pronounced in the less polar solvents 
and could, therefore, be responsible for the positive slope. How- 
ever, this seems unlikely because changing the anion X- in [Fe- 
(TPP)(N-MeIm),]X from SbF; to C1- and/or the electrolyte from 
(TBA)BPh4 to TBAP causes little or no change in Ell2 - El/2(Fc). 
Were ion pairing important, the change to C1- and TBAP should 
produce a large effect. When interpreting a correlation of EIj2 
- EII2(Fc) to a solvent parameter, there is an important factor 
that IS usually ignored, namely the solvent dependence of El12(Fc). 
It is usually implicitly or explicitly assumed that EII,(Fc) is solvent 
i n d e ~ e n d e n t , ~ ~  and indeed this may be a goode assumption when 
the couple being investigated shows large potential changes with 
solvent. However, in many cases relatively small variations are 
involved, and a plot like those in Figures 4 or 5 only shows how 
El12 changes relative to any variation in El12(Fc). Ion-pairing 
and solvation effects are likely to influence both Ell2 and E,p(Fc), 
and in fact it is very difficult to determine how E L l z  depends on 
solvent without using a variety of reference couples. 

Concerning hydrogen-bonding effects, several factors merit 
discussion. As observed in acetone (vide supra), the E l l 2  for 
[Fe(TPP)(N-Me1m)JX in all solvents remained absolutely con- 
stant as the concentration of excess N-MeIm or of phen was varied, 
showing that the effects observed with [Fe(TPP)(HIm),]X are 
indeed due to hydrogen bonding. Table I lists some data illus- 
trating the potential shifts due to hydrogen bonding to the co- 
ordinated HIm. The cathodic shifts upon addition of 1 .O M HIm 
or 0.30 M phen are similar, suggesting that the hydrogen-bond 
interactions are comparable. The data in Table I allow some other 

( 5 2 )  Bauer, D.; Breant, M. Electroanal. Chem. Interfacial Electrochem. 
1975, 8,  282.  
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to a lesser degree other anions present) in order to hydrogen bond. 
Accordingly, the full effect of hydrogen bonding can be assessed 
by comparing the potential shift between Fe(TPP)(N-MeIm)2+ 
and Fe(TPP)(HIm),+ in the presence of a large excess HIm or 
phen. This gives an average value of 80 mV for the shift. Taken 
together, the more polar solvents show an average shift of 40 mV, 
although in some cases the hydrogen bonding may not be complete 
under the conditions used, possibly due to competition from the 
solvent. 

Experiments with Ru(TPP)(CO)(HIm). Unlike the case with 
Fe11(TPP)(RIm)2, the oxidation of Ru(TPP)(CO)(HIm) involves 
the porphyrin ring and produces a Ru(I1) cation In 
CH2C12 (0.10 M TBAP) we found that the first oxidation of 
Ru(TPP)(CO)(HIm) occurs a t  +805 mV with respect to Ag/ 
AgCl or +290 mV referenced to Fc/Fc+. The addition of phen 
up to 0.22 M did not affect the potential. This shows that oxi- 
dation of Ru(TPP)(CO)(HIm) does not alter the degree of hy- 
drogen bonding to the coordinated imidazole N-H or that no 
hydrogen bonding occurs in either the reduced or oxidized complex. 
In either case the reasonable conclusion is reached that redox 
potential modulation via hydrogen bonding is only important when 
the redox change is metal centered, thereby directly affecting the 
metal-imidazole link. 

Conclusions. Hydrogen bonding from an external base to co- 
ordinated imidazole in an iron porphyrin significantly affects the 
Fe(III)/Fe(II) redox potential such that the Fe(II1) state is 
stabilized by ca. 60 mV. This potential shift is of sufficient 
magnitude to be seriously considered as a mechanism of redox 
potential modulation in heme proteins. The magnitude of the 
potential shift is moderately solvent dependent but does not seem 
to depend markedly on the porphyrin ring substituents since 
Fe(TPP)(HIm)2+ and Fe(PPIXDME)(HIm)2+ behave similarly. 
When the redox change is porphyrin ring centered, as with the 
oxidation of Ru(TPP)(CO)(HIm), hydrogen-bonding effects Seem 
not to be significant. 
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supporting N- 
X solvent electrolytea MeImb phend 

~ 

Cl- CH,Cl, TBAP -630 -705 -730 -735 
Cl- CH,C1, TBAPe -625 -695 -745 
C1- CH,CI, (TBA)BPh, -620 -640 -690 
SbF,- CH,Cl, (TBA)BPh, -630 -645 -700 
Cl- acetone TBAP -600 -600 -650 -650 

CT DCE TBAP -640 -690 -720 -715 
SbF,- DCE (TBA)BPh, -650 -660 -705 
C1- DMA TBAP -555 -565 -585 -585 
SbF; DMA (TBA)BPh, -565 -565 -600 
C1- Me,SO TBAP -525 -510 -550 

Cl- MeCN TBAP -570 -580 -610 -615 
C1- MeNO, TBAP -555 -560 -585 -585 
C t  THF TBAP -625 -640 -670 -670 

SbF,- acetone (TBA)BPh, -600 -600 -660 

SbF,- Me,SO (TBA)BPh, -525 -520 -560 

TBAP at 0.10 M and (TBA)BPh, at 0.05 M, unless stated 
otherwise. 
M for X' = SbF;. 
excess HIm at 0.02 M (X- = Cl-) and 
second potential is with [HIm] = 1.0 M. 
at 0.02 M, with [phen] = 0.30 M. e TBAP = 0.01 M. 

interesting conclusions. As stated above, ion pairing by the 
electrolyte to [Fe(TPP)(N-MeIm)2]X is not large since changing 
from 0.10 M TBAP to 0.05 M (TBA)BPh4 has little effect on 
the potential. Similarly, changing X- from C1- to SbF6- has little 
effect. It has been suggested that hydrogen bonding by Clod- 
to [Fe(TPP)(HIm)2jX in CH2C12 can be ~ u b s t a n t i a l . ~ ~  Table I 
shows clearly that ClO, associates in this way in the solvents of 
low dielectric constant and donor number. Thus, in CHzC12 and 
DCE the potential of [Fe(TPP)(HIm)2]X is 50-75 mV negative 
of that for [Fe(TPP)(N-MeIm)2]X, whereas in the other more 
polar solvents the difference is small or zero. As predicted, re- 
placing C10, by BPh4- reduces the difference in CH2C12 and DCE 
to a much smaller value (10-20 mV). Similarly, Table 1 shows 
that the X- anions are not hydrogen bonded to coordinated HIm 
in the more polar solvents (e.g., acetone) and are a t  least not 
strongly associated in CH2C12 and DCE. 

The hydrogen-bonding interaction between Fe(TPP)(HIm)*+ 
and external H I m  and phen can be assessed a number of ways. 
In CH2C12 and DCE, the HIm or phen must displace C10, (and 

RIm is N-MeIm at 0 4 6  M for X- = CT and ca. 1 O - j  
RIm is HIm; the first potential listed is with 

Refers to RIm = HIm 
M (X- = SbF;); the 


