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Table VII. Resolved Rate Constants for the Reaction of Ni"(H-2L)- 
with Cyanide Ion 

const L G3-" L = Aib; 
K,, M-' >lo3 > i o 4  

kid, s-' 2.0 x 10-4 
k2, M-' 6' 5.9 
k2k3/k-2,  M-2 s-I 1.3 x 103 1.3 X 10, 
K,, M-I 17 not obsdb 

References 39 and 40. This is not observed even though [CN-] is 
a factor of 1.5-36 higher than in the G3 study. 

strength occurs, which results in the shift of the d-d band to higher 
energy. 

The crystal field stabilization energy (CFSE) for the square- 
planar ds nickel(I1) complex should be greater than that for the 
d9 copper(I1) complex. This is reflected in shorter bonds for the 
nickel complex. Recent crystal structures17 show that the average 
equatorial bond lengths are 1.83 A for Ni"(H-,Aib3)- compared 
to 1.92 A for Cd1(H-,Aib3)-. The stability constant for the 
copper(I1) complex is larger because electron-pairing energy is 
required to form the low-spin square-planar nickel(I1) complex. 
The d8 nickel(I1) system shows a greater increase in stability 
constant for the Aib,, relative to the G3 complex, as compared 
to d9 copper(I1) system. This can be attributed to the larger gain 
in CFSE for the nickel(I1) system as the donor strength of the 
ligand increases. 

The nickel(II1,II) and copper(II1,II) reduction potentials have 
been measured for the complexes of Aibj6,16 and G3.33,34 The ratios 
of the stabilities of the complexes of divalent nickel and copper 
with Aib, and G3 are now known. This information can be used 
to calculate the ratios ( R ,  eq 20-22) of the stabilities of the 

M" + G3- M"(H-,G3)- M"1(H-2G3) (20) 

MI1 + Aib3- M11(H-zAib3)- M"'(H-,Aib3) (21) 

81-21 

81-21 -c 
-2H' 

trivalent metal complexes of these two ligands. The R values 
follow the sequence Cu" ( << 
Cu"' (lo",). In other words, Ni111(H-zAib3) is over 5000 times 
more stable than Ni111(H-2G3), and Cu"'(H_,Aib3) is almost 1.6 
million times more stable than Cu11'(H-,G3). Thus, the inductive 
effect of the six methyl groups on the copper(II1) complex is 
enormous. The enhanced stability is consistent with previous 
observations of the increased thermal stability of the nickel(II1) 
and copper(II1) complexes of Aib,, relative to that of the corre- 
sponding complexes of G3.6 and the large CFSE, which is expected 

< Ni" ( 103.2) I NilI1 ( 

for a d8 trivalent metal ion with a square-planar geometry.32 
The reaction of Nin(HzAib3)- with cyanide ion is also markedly 

slower than the corresponding reaction of Ni"(H,G,)-. The values 
of the resolved rate constants for the reactions of both of these 
complexes with cyanide ion are given in Table VII. These 
complexes both rapidly form stable 1 : 1, cyanide ion mixed-ligand 
intermediates. The complexes react by a similar mechanism, with 
a rate step that depends on [CN-],, which carries the major portion 
of the reaction. The third-order rate constant for this process, 
kZk3/k+ as defined in eq 19, is -100 times smaller for the Aib, 
complex than the corresponding value for Ni"(H-,G,)-. In the 
case of the G3 complex, there is kinetic evidence for the formation 
of significant concentrations of a second intermediate, Ni"- 
(H-,G3)(CN-)>-. In the present study, there is no evidence for 
the formation of such a species, despite the use of cyanide con- 
centrations up to 36 times that used in the G3 study. The failure 
to observe a second intermediate is presumably due to the more 
rigid steric restraints. The methyl groups on the Aib, peptide 
backbone limit the flexibility of the ligand, to the extent that the 
formation of the second mixed-ligand species is unfavorable. 

The 1:l mixed-ligand intermediate is probably an equatorial 
cyanide adduct, where cyanide replaces the carboxylate oxygen 
in the coordination sphere of the nickel atom. The main evidence 
in favor of an equatorial adduct, as opposed to an axial adduct, 
is the magnitude of the association constant (K, as defined in eq 
11). Studies on axial adducts of nickel(II1)-peptide complexes14 
give association constants that are all smaller than that obtained 
for K1 in this study. I t  is expected that the nickel(I1) complexes 
would have smaller axial association constants than the nickel(II1) 
complexes, due to the smaller charge of nickel(I1) and its pref- 
erence for square-planar geometries. The rate of the opening of 
the carboxylate chelate ring has been estimated as less than 50 
s-' for C U ~ ~ ( H - ~ A ~ ~ ~ ) - . ' ~  The rate of formation of the Ni"- 
(H-2Aib3)(CN)2- intermediate is significantly faster than this, 
which suggests that the observed process is the cyanide-assisted 
displacement of the carboxylate oxygen from the nickel. 

In general, all of the observed reactions of Ni1*(HzAib3)- except 
electron transfer are significantly slower than the corresponding 
reactions of Ni11(H-2G3)-. The slowness of the reactions is a 
reflection of the enhanced stability of the Aib3 complex, as com- 
pared to that of the G3 complex. The electron-donating effect 
of the methyl groups on the Aib, backbone give rise to increased 
donor strength of the peptide nitrogens, which is effective in 
stabilizing the complexes. The stabilizing effect is even greater 
for the trivalent metal complexes than for the divalent metal 
complexes of copper and nickel. 
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Self-exchange rate constants have been measured for a series of bis(imidazo1e)iron porphyrins. The rate constants in CD2C12 at 
-21 OC for bis( 1-methylimidazo1e)-ligated tetraphenylporphyrins are as follows (M-I s-l): tetraphenylporphyrin (TPP), 8.1 X 
lo7; 3-MeTPP, 5.3 X IO7; 4-MeTPP, 9.7 X lo7; 4-OMeTPP, 6.8 X 10'; 2,4,6-Me3TPP, 1.6 X lo8. Increasing the steric bulk either 
at the heme edge or on the axial imidazole has little effect on the rate constant for electron self-exchange. However, complexes 
with axial imidazoles bearing an N-H substituent have self-exchange rate constants that are a factor of 2-3 smaller than those 
with N-alkyl substituents. The rate constants measured in this study are only slightly larger than those observed for short 
cytochromes. 'H NMR spectral assignments of the Fe"TPP(RIm), complexes are reported. 

Heme proteins are ubiquitous electron-transfer agents in bio- 
logical processes. The role of the protein in controlling the rate 

or specificity of electron transfer is currently the subject of intense 
A variety of factors have been postulated to be im- 
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portant, including the arrangement of charged amino acids on 
the surface of the p r ~ t e i n , ~ ~ ~ . ' ~  the extent of exposure of the 
heme,"J2 the presence of aromatic acids close to the heme,13 
ionization of one of the heme p rop i~na te s , ' ~ J~  hydrogen bonding 
of the N ,H of the axial hi~tidine,'~.'' and the overall dipole moment 
of the protein.'* Accurate assessment of the role of the protein 
demands a knowledge of the factors that control electron transfer 
in the hemes themselves.'9-20 

This paper reports rate constants for electron self-exchange in 
a series of bis(imidazo1e)iron porphyrins: 

Shirazi et al. 

L L 

L L 

The goals of this work were twofold: to determine how changes 
in the heme and imidazole affect electron exchange in the models 
and to elucidate the role of the protein by comparing electron 
self-exchange rate constants in model hemes with those in heme 
proteins. 

The self-exchange rate constants were measured in N M R  
line-broadening experiments. There are two advantages to this 
technique. First, because the reaction is electron self-exchange, 
the rate constant does not depend on the redox potential of the 
complex. It is thus not necessary to know either the redox potential 
of the complex or the rate constants for self-exchange in any 
partner complexes, as it would be if cross-exchange reactions and 
Marcus theory were used to calculate the rate constants.20 Second, 
the measurements are easily made in nonaqueous solutions, which 
means that studies can be performed on hemes without charged 
substituents. 
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The Fe(I1) and Fe(II1) species are in fast exchange. Therefore, 
the observed chemical shift of a given resonance is the weighted 
average of the chemical shifts of the nonexchanging species. The 
line width of the resonance is the weighted average of the line 
widths of the nonexchanging species plus an additional term that 
reflects the chemical exchange:21*22 

where WDp, Wp, and WD are the peak widths at half-height for 
the exchanging peak and nonexchanging paramagnetic and dia- 
magnetic peaks, fp and fD are the fractions of paramagnetic and 
diamagnetic species, 6u is the difference in chemical shift between 
the two nonexchanging peaks, k is the rate constant for self-ex- 
change, and c is the total concentration of iron porphyrin. 

This study has utilized tetraphenylporphyrin derivatives. These 
have simple spectra, are easily synthesized with various groups 
at the heme periphery, and have less tendency to aggregate than 
do the natural hemes?3 The self-exchange rate constants for iron 
tetraphenylporphyrin derivatives are similar to those of the natural 
hemes, protoheme and deuteroheme.Igb We have measured the 
rate constants as'a function of changes in the substituent pattern 
on both the phenyl ring of the heme and the imidazole. 

R Q 
R =  H 

3- Me 
4-  Me 
4 -  OMe 

2,4,6 - M e 3  

R' R 

(5 
R' = H R = M e  

H o - e u  

Me !-0u 

Me H 

1 - e ~  H 

Experimental Section 
Porphyrins were either purchased from Midcentury Chemicals or 

synthesized by pyrrolebenzaldehyde condensation in a propionic acid 
reflux.24 Tetramesitylporphyrin (TMP) was synthesized according to 

(21) Swift, T. J. In "NMR of Paramagnetic Molecules"; La Mar, G. N., 
Horrocks, W. D., Holm, R. H., Eds.; Academic Press: New York, 

(22) Chan, M.-S.; Wahl, A. C. J.  Phys. Chem. 1978, 82, 2542-2549. 
(23) Snyder, R. V.; La Mar, G. N. J. Am. Chem. SOC. 1977, 99, 

7 178-7 184. 

1973; pp 53-83. 
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Figure 1. 'H NMR spectra of FeTPP(l-f-Bu-5-MeIm), in CD2C12 at 
-21 OC: (A) Fe(II1); (B) 14% reduced: (C) 20% reduced; (D) 25% 
reduced. 

the procedure of Groves and NemoSz5 Iron was inserted with use of 
FeC1, in DMF.26 Hemin purity was checked by TLC and by UV/vis 
and 'H NMR spectroscopy. Na2S20, (Baker), DzO (Aldrich), and 
CDzClz (MSD Isotopes) were used as received. Imidazole (Aldrich) was 
recrystallized three times from benzene. The purity of 1-MeIm (Ald- 
rich), 5-MeIm (Aldrich), and I-n-BuIm (Fluka) was checked by 'H 
NMR. 1-tert-Butyl-5-methylimidamle was prepared from the aldimine 
of tert-butylamine and acetaldehyde (CH3CH=NC(CH3)3)27 and to- 
sylmethyl isocyanide (Aldrich) by the procedure of van Leusen et al.:28 
bp 118-120 OC (20 mmHg) (lit.z8 mp 42-44 OC); 'H NMR (CDC13) 6 
1.6 (s, 9 H), 2.4 (s, 3 H), 6.7 (d, J = 1 Hz, 1 H), 7.5 (d, J = 1 Hz, 1 
H). 5-tert-Butylimidazole was prepared from pinacolone and formamide 
according to the procedure of J6nsmxB bp 155-158 OC (9 mmHg) [lkB 
bp 140-145 OC (7 mmHg)]; 'H NMR (CD30D) S 1.23 (s, 9 H), 6.67 
(s, 1 H), 7.49 (s, 1 H). 
'H NMR Spectra. Proton NMR spectra were recorded on a JEOL 

FX-100 spectrometer operating at 99.54 MHz. The spectral width was 
3-5 W z .  Typical spectra for the Fe(II1) species, or exchanging mixtures, 
had 2-8K data points, an acquisition time of 0.4-1.3 s, and 100-500 
scans. Line widths for the diamagnetic peaks were measured without any 
line broadening. Line widths for the paramagnetic peaks were measured 
with 5-10-Hz line broadening. The temperature of the probe (-21 "C) 
was measured with a methanol therm~meter .~~ 

Sample Preparation and Data Collection. The heme was dissolved in 
CD2C12 in a screw-top NMR tube (Wilmad). The tube was bubbled for 
5-10 min with nitrogen or argon. Reduction was effected by adding 
aliquots of saturated aqueous (D20) Na2S204.31 Usually 10 pL of a 
solution reduced approximately 5% of the heme, which was 3-12 mM 
in 500 pL of CD2C11. Typical runs had six to eight spectra; at least four 
were recorded in each case. Every kinetic run except that of the mesityl 
porphyrin was duplicated. The rate constants measured were inde- 
pendent of the concentration of the heme or the number of equivalents 
of the imidazole (6-20 equiv). 

CD2C12 was chosen as a solvent for these studies because it was nec- 
essary to cool the heme solutions to the point where the imidazole did 
not exchange (see Results). It was chosen in preference to CDC1, be- 
cause the latter can react with Fe(I1) CD2C12 had the addi- 

(24) Adlcr, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, 
J.; Korsakoff, L. J.  Org. Chem. 1967, 32, 476. 

(25) Groves, J. T.; Nemo, T. E. J.  Am. Chem. Soc. 1983,205,6243-6248. 
(26) Adler, A. D.; Longo, F. R.; Varadi, V. Inorg. Synrh. 1976, 26, 

21 3-220. 
(27) Kanig, K.-H.; Reitel, C.; Mangold, D.; Feuerherd, K.-H.; h e r ,  H.-G. 

Angew. Chem., Int. Ed. Engl. 1979, 18, 319. 
(28) van Leusen, A. M.; Wildeman, J.; Oldenziel, 0. H. J.  Org. Chem. 

1977,42, 1153-1159. 
(29) Jansson. A. Acta Chem. Scand. 1954,8, 1389-1393. 
(30) Van Geet, A. L. Anal. Chem. 1968, 40, 2227-2229. 
(31) (a) Brault, D., Rougee, M. Biochemistry 1974, 13,4591-4597. (b) 

Brault, D.; Rougee, M.; Momenteau, M. J.  Chim. Phys. Phys. Chim. 
Bid.  1971, 68, 1621-1629. 

(32) La Mar, G. N.; Walker, F. A. In ref 3, VoI. 4, pp 61-157. 
(33) Eaton, S. S.; Eaton, G. R. J. Am. Chem. SOC. 1975, 97, 3660-3666. 

Table I. Electron Self-Exchange Rate Constants for 
Bis(imidazo1e)iron Tetraphenylporphyrin Complexes 
(CDzClZ, -21 "C) 

porphyrin ligands rate const, lo7 M-l s-l 
TPP 1-MeIm 8.1 f 0.7 
3-MeTPP 
4-MeTPP 
4-OMeTPP 
2,4,6-Me3TPP 
TPP 

3 - MeTPP 

1-n-BuIm 
1-t-Bu-5-MeIm 
5-MeIm 
5-t-BuIm 

N B 
3 2  

5.3 f 0.6 
9.7 f 0.8 
6.8 f 0.6 

7.0 f 0.9 
6.8 f 0.4 
2.3 0.3 
1.6 f 0.2 

16 f 5 

IO 8 6 4 2 0 
PPM 

Figure 2. 'H NMR spectrum of Fe*1(4-OMeTPP)(l-MeIm)z in CD2C12 
at -21 OC. 

tional advantage that much of the work on Fe(II1) equilibrium and rate 
constants for binding of imidazoles has been done in CHC13 (see below) 
and the values should be similar in the two solvents. 

Results 
Electron-Transfer Rates. Partial reduction of a solution of 

Fe111TPP(RIm)2Cl in CDzClz with aqueous Na2S204 led to a 
mixture of the Fe(II1) and Fe(I1) species, which showed a single 
set of resonances, as described above. An example is given in 
Figure 1, where the shifting and broadening of both the pyrrole 
and bound 5-Me peaks can be seen easily. The self-exchange rate 
constants measured from the line broadening in these experiments 
are given in Table I. The reported values were measured on the 
pyrrole resonance, but in some instances these were checked by 
measuring the line broadening of the methyl resonances in the 
bound imidazoles. The rate constants did not depend on which 
signal was used for the calculation. 

Assignment of Spectra. Most 'H N M R  studies of iron por- 
phyrins have examined Fe(II1) paramagnetic complexes. For this 
work, however, it was necessary to assign the resonances of the 
diamagnetic Fe(I1) species as well (Table IT). To make the FeI1L2 
species, it was generally necessary to add a solution saturated in 
both Na2S204 and the imidazole to the Fe(II1) hemin. Figure 
2 shows the 'H NMR spectrum of the FeI1(4-OMeTPP)(1- 
MeIm)2 complex. The N-alkylimidazole Fe(II1) complexes were 
fully reduced in 10-15 min. The N-H imidazole complexes, 
however, reduced more slowly, and it was necessary to let the tube 
sit for 1-2 h to achieve complete reduction. 

Table I11 gives the imidazole resonances for various diamagnetic 
metalloporphyrins bearing either one or two imidazoles as axial 
ligands. Three points are noteworthy. First, the chemical shifts 
of the bound imidazole resonan- depend on both the metal atom 
and the macrocycle, although the total span for a given resonance 
is generally < 1 ppm. Second, there is essentially no dependence 
of chemical shift on temperature. Goff has investigated the 
Co(II1) porphyrins and found less than a 0.03 ppm difference in 
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Table II. Chemical Shifts of Heme Resonances in Diamagnetic Tetraphenylporphyrin Complexes 
heme ligand" 8-H 0-H m-H R-H 

Fe"TPP 1-MeIm 8.33 8.02b 7.64b 7.64b 
Fe"( 3-MeTPP) 1-MeIm 8.41 7.83 7.53 (H) 7.46 

Fe"(4- MeTPP) 
Fe"(4-OMeTPP) 
Fe"(2,4,6-Me3TPP) 
Fe"TPP 
Fe"TPP 
Fe"( 3-MeTPP) 

Fe"(3-MeTPP) 
Fe"( 3-MeTPP) 
NilE( 3-MeTPP)d 

Zn11(3-MeTPP)d 

In"'( 4-i-PrTPP)Cle 
Ti0(4-i-PrTPP)e 
Co"'TPP(C1)f 
free base. 3-MeTPPd 

1-MeIm 
1-MeIm 
1 -MeIm 
1-n-BuIm 
1-t-Bu-5-MeIm 
5-MeIm 

Im 
5-t-BuIm 

1-MeIm 

8.41 
8.44 
8.08 
8.40 
8.37 
8.32 

8.38 
8.36 
8.55 

8.75 

9.13 
9.23 
9.09 
8.66 

7.92 (d, J = 7.6 Hz) 
7.95 (d, J = 8 Hz) 

8.01 
8.00b 
7.77 

7.79 
7.80 
7.65 

1.84 (CH3) 

7.86 

8.18b 
8.26b 
8.03 
7.87 

2.53 (CH,) 
7.496 
7.17 (d, J = 8 Hz) 
7.17 
7.64 
7.67b 
7.58 (H) 
2.51 (CH,) 
7.52 
7.45 
7.39 (H) 
2.56 (CH,) 
7.39 (H) 
2.59 (CH,) 
7.63b 
7.68b 
7.78 
7.42 (H) 
2.56 (CH,) 

2.61 (CH,) 
4.01 (CH3) 
2.51 (CH3) 
7.64 
7.67b 
7.51 

7.46 
7.45 
7.39 

7.39 

7.78 
7.42 

'Two equivalent axial ligands. bCenter of multiplet. cPresumably a doublet with upfield half under 2-H of free 1-MeIm. dReference 32. 
'Reference 33. /Reference 34. 

Table III. Chemical Shifts (6) of Imidazoles Bound to Diamagnetic Metalloporphyrins 
imidazole position line width, Hz 

complex 1 2 4 5 1 2 4 5  conditions 
Fe"TPP( 1 -MeIm)z 
Fe"TPP( l -n -B~Im)~  
Fe"TPP( l-t-Bu-5-MeIm), 
Fe"( 3-MeTPP) ( 5-MeIm)2 
Fe"( 3-MeTPP) ( Im)z 
Fe11(3-MeTPP)( 1 -MeIm)z 
Fe"( 3-MeTPP)( 5 - t -B~Im)~  
FeI1(4-MeTPP)( l-MeIm)z 
FeI1(4-OMeTPP)( 1 -MeIm)2 
Fe"( 2,4,6-Me3TPP) (1 -MeIm)2 
Fe"PPDME(CO)( l-MeIm)e 
Ru"MPDME(CO)(Im)f 
Co"'TPP( 1 -MeIm)2Cl#-h 

2.13 (CH,) 
2.38 (a-CHZ) 
0.39 (t-Bu) 

2.14 (CHo) 

2.12 (CH3) 
2.13 (CH,) 
2.05 (CH3) 
1.99 (CH,) 

2.13 (CH,) 

1.65 1.29 
1.66 1.36 
a 1.15 
1.57 1.02 
1.82 1.28 
1.65 1.27 
1.74 0.99 
1.63 1.26 
1.62 1.24 
d 1.55 
1.05 0.36 
0.67 0.25 
0.65 0.14 

4.72 
4.73 
0.91 (CHJ 
O.7Ob (CH,) 
4.8 1 
4.73 
0.15 (CH3) 
4.70 
4.71 
4.64 
4.86 
3.91 
8.40 

3.2 3.6 3.6 4.0 CDzClz 
J = 5.5 Hz, t 4.0 CDZC12 

3.2 2.8 CD2Cl2 
6.0 8.4 13.2 CDzCl2 
5.2 4.0 10.3 CD2C12, -62 "C 

4.7 4.1 4.1 5.3 CDZC12 
2.9 c 4.4 CDzCl2 

2.9 4.1 4.1 4.1 CDzCl2 
2.5 4.4 5.9 4.4 CDZCIZ 
2.6 4.1 4.1 CD2C12 

Me2S0 
CDCl-,, 4 OC 
CDCI,, -22 OC 

"Only one of 2-H and 4-H seen; presumably 2-H is under free t-Bu peak at 1.58. bCenter of multiplet. 'Shoulder of free t-Bu signal. dOnly one 
of 2-H and 4-H seen; presumably 2-H is under CH1 at 1.84. eReference 35. /Reference 36. #Reference 34. "Chemical shifts at 26 OC differ by 
no more than *0.03. 

chemical shift between -22 and +26 0C.34 We have observed 
less than 0.06 ppm difference for the shifts of Fen(3-MeTPP)(Im)2 
between -62 and -21 O C .  The peaks are slightly broader for the 
bound Im resonances of this complex at the higher temperature 
(e.g. 5.2-7.3 Hz for the resonance at 1.82 ppm and 4.0-6.5 Hz 
for the resonance at 1.28 ppm). This continued narrowing of the 
lines below -20 OC was not observed for complexes with substituted 
imidazoles. 

Finally, the complexes Fe11(3-CH3TPP)(5-MeIm)z and Fe"- 
(3-CH3TPP)(h& show multiple resonances for 5-CH3 and the 
5-H, respectively (Figure 3). In the former case the bound 5-Me 
group had three major peaks (relative height 1.2:lS:l) with a 
separation of -5.3 Hz (Avl12(total) = 13.2 Hz). In the latter 
case the 5-H proton was a broad multiplet with at least five peaks 
( A Y I ~  = 10.3 Hz). This phenomenon of multiple resonances was 
seen only with 3-MeTPP Fe(I1) complexes of imidazoles bearing 
N-H groups. Thus, in FeII(TPP)(Im), the bound 5-H proton was 
a narrow singlet, indicating that the 3-Me substituent plays a role 
in the multiple resonances. On the other hand, the complex of 
Fe"(3-CH3TPP) with two 1-MeIm ligands showed a singlet for 
the bound Me (AvIl2 = 4.0 Hz) and narrower peaks for the 2-H 

(34) Goff, H. M. J .  Am. Chem. SOC. 1981, 103, 3714-3722 and supple- 
mentary material. 

(35) Berzinis, A. P. Ph.D. Thesis, University of California, San Diego, 
1979. 

(36) Faller, J. W.; Sibert, J. W. J .  Organomet. Chem. 1971, 31, C5C8. 

and 4-H resonances [4.1 and 4.1 vs. 6.0 and 8.4 H z  for Fe"(3- 
MeTPP)(5-MeIm)z]. This indicates that the N-H substituent 
also plays a role in the observation of multiple resonances. 

We ascribe these multiple resonances to complexes arising from 
restricted rotation of the phenyl groups of the heme.37 This has 
been studied in a variety of  system^.^^.^^ For metalloporphyrins 
with one ortho or one meta substituent on each ring (all rings the 
same) there are four atropisomers. In the case of ortho sub- 
stituents, the isomers often show different NMR resonances. 
Fewer studies have been made on the meta-substituted metallo- 
porphyrins; whether or not splitting is observed depends on the 
s y ~ t e m . ~ ~ ? ' ~  The fact that splitting is more commonly observed 
in the ortho-substituted porphyrins probably reflects larger dif- 
ferences in chemical shifts of the isomers due to  the proximity 
of the substituents. It may be a function of slower rates of rotation 
as well. However, even when the phenyl group itself is symmetrical 
with respect to rotation (unsubstituted or parasubstituted), re- 
stricted rotation has been observed to give splitting of the phenyl 

(37) (a) The multiplets are not due to J coupling. In general, the coupling 
constants of imidazoles arc J2 Y 1 Hz, J4 Y 1 Hz, and J2 S-Me 
Y 0,36*37b For the 5-methyl group in Fex1(j-CH3TPP)(5-MeIm)2 to 
appear as a triplet, it would have to be that J 4 + ~  = J z ~ M ~  = 5 Hz. 
In addition, the 2-H and 4-H peaks appear as singlets and, at least 
in the former case, are too narrow (Av,,? = 6.0 Hz) to have been split 
with a 5-Hz coupling constant. (b) Ala, M.; Morgan, L. 0.; Wage- 
man, W. E.: Whaley, T. W. J. Am. Chem. Soc. 1980,102,2881-2887. 

(38) Parmcly, R. C.; Goff, H. M. J .  Inorg. Biochem. 1980,12,269-280. 
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3. 'H NMR spectra of (A) Fe11(3-MeTPP)(5-MeIm)2 in CDC12 
at  -21 OC and (B) F C I * ( ~ - M ~ T P P ) ( I ~ ) ~  in CD2Cl2 at -21 OC. 

resonances for metalloporphyrins with two different axial ligands. 
AG* for phenyl rotation in p-alkyl-substituted Ru(CO)(L), InCl, 
and T i 0  porphyrins is 15-18 kcal 

The difference between the N-H and N-alkyl imidazoles in 
these Fe(I1) hemes may be due to hydrogen bonding of the N-H 
group either to another imidazole or to water.39 This would serve 
to make the ligand effectively bulkier and thus more likely to 
interact with the meta substituent. Although the equilibrium 
constant for this hydrogen bonding is probably low (vide infra), 
the large excess of water and imidazole necessary to make the 
Fe"(Im), species would drive the equilibrium toward the hydro- 
gen-bonded form. 

Imidazole Exchange. Equilibrium constants for binding of 
imidazoles to Fe"'TPP+ derivatives are high enough (binding of 
two Im (B2)  ?lo4 M-, a t  room t e m p e r a t ~ r e ~ ~ ~ )  that 16 equiv 
of base gives a low-spin, hexacoordinate Fe111TPP(L)2+X- species. 
However, to calculate rates of electron exchange, it was important 
to ensure that none of the line broadening was due to ligand 

PPM 

(39) Stein, P.; Mitchell, M.; Spiro, T. G. J.  Am. Chem. SOC. 1980, 102, 

(40) (a) Walker, F. A,; Lo, M.-W.; Ree, M. T. J .  Am. Chem. SOC. 1976, 
98, 5552-5560. (b) Walker, F. A.; Barry, J. A,; Balke, V. L.; 
McDermott, G. A,; Wu, M. 2.; Linde, P. F. Adv. Chem. Ser. 1982, 
No. 201, 311-416. 

(41) (a) Doeff, M. M.; Sweigart, D. A. Inorg. Chem. 1982,21,3699-3105. 
(b) Tondreau, G. A.; Sweigart, D. A. Inorg. Chem. 1984, 23, 
1060-1065. 

(42) Ciaccio, P. R.; Ellis, J. V.; Munson, M. E.; Kedderis, G. L.; McCon- 
ville, F. X.; Duclos, J. M. J.  Inorg. Nucl. Chem. 1976,38, 1885-1889. 

(43) Coyle, C. L.; Rafson, P. A.; Abbott, E. H. Inorg. Chem. 1973, 12, 
2001-2010. 

(44) Duclos, J. M .  Bioinorg. Chem. 1973,2, 263-214. 
(45) Pastemack, R. F.; Gillies, B. S.; Stahlbush, J. R. J .  Am. Chem. SOC. 

1195-1191. 

1978, 100, 2613-2619. 
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exchange. Imidazoles exchange on the N M R  time scale a t  am- 
bient temperatures, but for most of the complexes cooling solutions 
to <O OC slows the rate enough that no line broadening due to 
ligand exchange is seen. The preexchange lifetimes for the 1- 
MeIm and 5-MeIm complexes of Fe"'TPP(C1) in CDC13 at  -21 
OC are 9 and 70 s, r e~pec t ive ly .~~  

The Fe(I1) system is similar in many respects. At room tem- 
perature the off rate of imidazole from hexacoordinate bis(im- 
idazole) hemes is -1500 s-' in toluene or ben~ene.~ ' .~* For 
Fe"TPP and 1-MeIm, imidazole exchange was fast on the N M R  
time scale a t  room temperture but slowed as the temperature was 
lowered. Separate signals were seen below 0 OC, and no further 
line narrowing of the bound signal was seen below --15 OC. 
Similar results were found for the other imidazoles substituted 
at  either nitrogen or carbon. The parent imidazole itself was an 
exception; the line widths a t  -62 OC were somewhat narrower than 
those at  -22 OC. In addition, complexes of imidazole itself with 
FelIITPP+ derivatives tended to have more than one pyrrole signal, 
and no electron-exchange studies were done on this system. 
Discussion 

Table I shows that the self-exchange rate constants do not vary 
in a regular fashion with steric hindrance on the heme periphery. 
The total span of rate constants was less than a factor of 2. The 
observation that changes in steric hindrance at the heme periphery 
have almost no effect on the rate of electron transfer has also been 
found in Fe111/11TPP(CN)2-/2- derivatives.lgb 

The situation is similar for substitution at the N 1  position on 
the imidazole ring. Thus, the complexes with 1-MeIm, 1-n-BuIm, 
and 1-t-Bu-5-MeIm ligands all transfer electrons at approximately 
the same rate, showing that there is no steric effect on the rate 
constant for electron transfer in these systems. 

The complexes with 5-MeIm and 5-t-BuIm, however, have 
slower self-exchange rate constants. In addition, the N-H com- 
plexes also reduced noticeably more slowly in the presence of 
aqueous dithionite than did the N-alkyl complexes. The obser- 
vation that the rate constant for electron exchange is somewhat 
smaller in complexes involving substituted imidazoles indicates 
that the N-H bond may play a role in controlling electron transfer. 
We ascribe this difference to stronger hydrogen bonding of the 
N-H in the Fe(II1) as compared with that in the Fe(I1) species. 
This implies a necessity to rearrange the hydrogen-bound species 
as the oxidation state of the metal changes. This is an increase 
in the outer-sphere reorganization en erg^,^^,^^ which leads to a 
decrease in rate. 

The difference between imidazoles bearing an N-H and those 
bearing an N-alkyl group is seen in the ligation of Fe(II1) por- 
phyrins by i m i d a ~ o l e s . ~ ~  For most imidazoles, the equilibrium 
constant for binding the second imidazole, K2, is larger than that 
for binding the first, K1, and only the overall reaction, with p2 
= KlK2, is ~ e e . n . ~ * ~ l  The ratio @z(Im)//32(1-MeIm) decreases from 
lo00 to 5 as the solvent is changed from CHC13 to Me2S0.m*41*45 
The effect is presumably due to the hydrogen bonding of the 
counterion to the N-H of the coordinated imidazole in the less 
polar CHC13, resulting in charge delocalization and increased 
stability of the N-H imidazole complex as compared with that 
of the N-R complex. Aromatic solvents are anomalous in that 
the equilibrium for imidazole itself involves not two, but four 
imidazoles. The structure of the complex has been postulated to 
consist of two bound imidazoles, each hydrogen bonded to another 
i m i d a ~ o l e . ~ ? ~ '  

The binding constants of ferrous porphyrins are not as sensitive 
to the presence of an N-H in the imidazole as the ferric porphyrins 

Satterlee. J. D.; La Mar, G. N.; Bold, T. J. J .  Am. Chem. SOC. 
99, 1088-1093. 
White, D. K.; Cannon, J. B.; Traylor, T. G. J.  Am. Chem. SOC. 
101, 2443-2454. 
Lavalette, D.; Tetreau, C.; Momenteau, M. J .  Am. Chem. SOC. 
101, 5395-5401. 
Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155-196. 
Sutin, M. Prog. Inorg. Chem. 1983, 30, 441-498. 
Satterlee, J. D.; La Mar, G. N.; Frye, J. S. J .  Am. Chem. SOC. 
98,1215-1282. 

1977, 

1979, 

1979, 

1976, 
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Table IV. Electron Self-Exchange Rate Constants of Cytochromes 
no. of charge 
amino on Fe(II1) methionine temp, kNMR,d 

cvtochrome class’ acids proteinb orientationC DD buffer “C M-I s-l ref 
Paracoccus denitrificans c-550 L 134 -6 R 7.5 10 mM phosphate + 25 1.6 X lo‘ 70 

Rhodospirillum rubrum c2 L 112 1 R 6.9 30 slowc 71 
Saccharomyces cerevisiae c I M 108 10 R 7.0 0.1 M phosphate 30 104 72,73 

100 mM NaCl 

Crithidia oncopelti c-557 112 4 R 7.3 26 sloHc 74 
Candida krusei c M 109 4 R 7 0.1-1 M salt 40 102-103 73,75 
horse heart c M 104 7.5 R 6.6 0.1 M phosphate + -25 5 X 10‘ 76a 

0.1 M KCI 
7 <0.05 M HEPES- 30 3 X 10’-1 X 76b 

0.4 M salt 104 
Euglena gracilis c-552 S* 87 -8 R 7.0 50 mM phosphate 29 5 X lo6 77 

Desulfovibrio desulfuricans c-553 86 -2 S 7.7 8 sloweJ 79 
Chlorobium thiosulfatophilum c-555 86 7 7.0 13 sloweJ 78 

Alcaligenes faecalis c-554 -86 8 lOmMphosphate+ 40 -3 X lo8 80 
100 mM NaCl 

Rhodopseudomonas gelatinosa 0551 I S 85 5 S 7.4 8 lo5 81 
2 S 6.2 12 SlOWCJ 79 

S 7.0 50 mM phosphate 42 1.2 X lo7 82 
Desulfovibrio vulgaris c-553 82 . 
Pseudomonas aeruginosa c-55 1 S 82 -2 
Pseudomonas mendocina c-55 1 S 82 -1 S 6.2 CD,OD/D20 -6 106-107 71 
Pseudomonas stutzeri c-55 1 S 82 -2 S 6.8 30 4 X lo6 71 
cyt c undecapeptide 11 10.1 0.5 M cyanide 57 1.3 X 10’ 83 
cyt c octapeptide 8 >2 equiv of pyridine > i o 5  84 

“Reference 88. bCalculated from sequence except for R .  rubrum, C .  krusei, and horse.85 CFe(II) proteins, see ref 79. dFrom NMR saturation 
transfer, TI, and line shape measurements. Self-exchange rate constants k,, calculated from the rates of cross reactions with organometallic reagents 
are as follows: C. krusei c, 2.2 X lO”2.2 X lo5 M-I S - I ; ~ ~  horse heart c, 6.2 - 2.4 X lo5 M-’ s-l;s5*s6 E. gracilis 0552, 2.1 X 10’-1.3 X lo4 M-’ 
Ps. aeruginosa c-551, 2.0-1.4 X 10’ M-l s-1.85v86 ‘Both the Fe(I1) and Fe(II1) oxidation states can be seen in a mixture of the two. /Subambient 
temperature was presumably used to slow electron exchange and thereby prevent excessive line broadening. The value of k N M R  is probably >lo5 M-’ 
S-1. 

are. For example, B2 is 7 X lo8 M-2 for imidazole (benzene)52 
and 8.4 X lo9 M-* for 1-MeIm (toluene).48 For Fe”’TPP(C1) the 
B2 values are 4.6 X 104 M-2 (imidazole in benzene, fl4lI2) and 5.8 
M-2 (1-MeIm in toluene).& Thus, equilibrium studies in models 
indicate that hydrogen bonding to N-H imidazoles bound to 
Fe(II1) porphyrins is greater than that to imidazoles bound to 
Fe(I1) porphyrins. 

It must be remembered that the rate constants reported in this 
work are those for electron self-exchange and thus that any 
changes in rate constant with changes in the structure of the 
complex are not due to differences in the redox potential of the 
complexes. In any cross-exchange reactions, such as those of 
importance in biological electron transfer, the rate constant for 
electron transfer will be affected by changes in redox potential 
of the heme. Hydrogen bonding of the axial imidazole is expected 
to alter the redox potential of a heme. This has been shown 
recently in model systems by Sweigart and co-workers.” Hy- 
drogen bonding of Fe111TPP(Im)2+ with imidazole in solution 
increased the redox potential by 60 mV; that with phenanthroline 
increased it by 100 mV. 

Hydrogen Bonding and Deprotonation of the Axial Histidine 
in Heme Proteins. One of the many factors proposed to control 
heme protein reactivity is hydrogen bonding of the axial imidazole 
N-H.l6,l7 Many heme protein X-ray structures indicate that the 
proximal imidazole N-H is hydrogen bonded to a residue in the 
amino acid chain. In addition, studies on a number of heme 
proteins have shown that complete deprotonation of the imidazole 
to give the imidazolate form is possible under physiological con- 
ditions. 

In models and in hemoglobin and myoglobin the pK, of the axial 
imidazole N-H proton is 9-10.5, more acidic than imidazole itself 
by 4-5 pK, ~ n i t s . ~ ~ - ~ ~  Exogenous imidazole bound to leg- 

(52) Brault, D.; Rougee, M. Biochem. Biophys. Res. Commun. 1974,57, 
654-659. 

(53) (a) Mohr, P.; Scheler, W.; Schumann, H.; MOllef, K. Eur. J .  Biochem. 
1967, 3, 158-163. (b) Mohr, P.; Scheler, W.; Frank, K. Naturwis- 
senschaften 1967, 54, 227-228. 

(54) George, P.; Hanania, G. I. H.; Irvine, D. H.; Abu-Issa, I. J. Chem. 

( 5 5 )  Morishima, I.; Neya, S.; Yonezawa, T. Biochim. Biophys. Acta 1980, 
SOC. 1964, 5689-5694. 

621. 218-226. 

hemoglobin has an even lower pK,, -7.56,57 In addition, the 
proton lost in cytochrome c’at p H  7-9 is thought to come from 
the axial i m i d a ~ o l e . ~ * * ~ ~  

The rate of exchange of the proximal N-H proton with solvent 
has k e n  studied in NMR experiments.57d4 The N-H exchange 
rates in heme proteins vary greatly, from too slow to measure (k 
< h-l) to too fast to measure (k > 104 s-l). La Mar and co-workers 
have shown that the exchange is base catalyzed and therefore 
involves deprotonation and not the following sequence: cleavage 
of the N-Fe bond, protonation of N3, deprotonation of N1,  re- 
protonation of N1, deprotonation of N3, and reformation of the 
N-Fe bond.6163 Thus, both the equilibrium and kinetic mea- 
surements indicate that the axial imidazole can be found as the 
imidazolate in biological systems. The role of the hydrogen-bonded 
imidazole or imidazolate species in electron transfer in heme 
proteins is not yet clear. It is possible that a decrease in hydrogen 
bonding of an Fe(II1) heme or increase in hydrogen bonding of 
an Fe(1I) heme would promote electron transfer between the two 
species. 

Electron Self-Exchange in Heme Proteins. It is generally 
thought that electron transfer occurs through the exposed heme 
edge. Many studies of cytochrome c have shown that modification 
of lysines near the heme edge produces a larger change in the 

(a) Gadsby, P. M. A,; Thomson, A. J. FEBS Leu. 1982,150, 59-63. 
(b) Sievers, G.; Gadsby, P. M. A.; Peterson, J.; Thomson, A. J. Bio- 
chim. Biophys. Acta 1983, 742, 637-647. 
Kong, S. B.; Cutnell, J. D.; La Mar, G. N. J. Biol. Chem. 1983, 258, 
3843-3849. 
Jackson, J. T.; La Mar, G. N.; Bartsch, R. G. J .  Biol. Chem. 1983, 
258, 1799-1805. 
Weber, P. C. Biochemistry 1982, 21, 5116-5119. 
Cutnell, J. D.; La Mar, G. N.; Kong, S. B. J .  Am. Chem. SOC. 1981, 
103, 3567-3572. 
La Mar, G. N.: Cutnell, J. D.; Konn, S. B. Bioohvs. J. 1981, 34, - . .  
217-226. 
La Mar, G. N.; Krishnamoorthi, R. Biophys. J. 1983, 44, 177-183. 
(a) La Mar, G. N.; de Ropp, J. S.; Chacko, V. P.; Satterlee, J. D.; 
Erman, J. E. Biochim. Biophys. Acra 1982, 708, 317-325. (b) La 
Mar, G. N.; de Ropp, J. S.; Smith, K. M.; Langry, K. C. J .  Biol. 
Chem. 1980,255,6646-6652. 
Satterlee, J. D.; Erman, J. E. Biochim. Biophys. Acta 1983, 743, 
149-154. 
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electron-transfer rate constant than modification of lysines a t  a 
distance from the exposed heme edge.7*’0 C r ~ s s - l i n k i n g ~ ~  and 
derivatizationa experiments have provided further support for this 
hypothesis. Computer graphics simulations of complex formation 
between cytochromes c and b5,6’ cytochrome c and cytochrome 
c peroxidase,” and cytochrome b5 and methemoglobin68 have 
produced good fits between the charged surfaces when the proteins 
are oriented heme edge to heme edge with the hemes parallel. 

If heme electron transfer does occur through the heme edge, 
then in the simplest picture the rate constant for electron transfer 
in the proteins will be substantially smaller (a factor of 10-3-104) 
than that in the model hemes, because most of the heme is in- 
accessible in the protein.11*’2 Protein self-exchange rate constants 
from the literature are given in Table IV. They were obtained 
in two ways. The first involved direct measurement by NMR.  
The second involved calculation of the self-exchange rate constants 
from measurements of the rates of cross reaction between the heme 
protein and organometallic or inorganic reagentss5 These latter 
rate constants span a wide range, thought to reflect different 
mechanisms and distances for electron transfer from different 
reagents.87 Comparing self-exchange rate constants measured 
by N M R  for the hemes in Table I with those of the proteins 
measured by N M R  in Table IV shows that the m g e l  compounds 
have rate constants only approximately 10-fold larger than those 
of the small (80 to 90 amino acids) cytochromes. 

Table IV also shows that the self-exchange rate constants 
measured to date for proteins by N M R  range from - 102 to - lo8 
M-I s-l. Dickerson has divided the C-type cytochromes into four 
classes based on the following sequences: long, medium, short, 
and short*.88 The rates of electron self-exchange generally 
correlate with these classes; fast rates are found in the S and S* 
classes and slow rates in the M and L classes. 

Assessing the basis of this correlation is difficult, because, of 
the cytochromes listed in Table IV, X-ray structures have been 
reported only for Paracoccus denitrijkam ~-550:~ Rhodospirillum 
rubrum c2,90 horse heart cytochrome Chlorobiuq thio- 
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sulfatophilum c - S S S , ~ ~  and Pseudomonas aeruginosa c-SS1?3 It  
appears that heme exposure is not the major determining factor. 
For example, for horse heart cytochrome c, 4, the fraction of the 
surface area of the protein that is heme, is 0.6%12 and the exchange 
rate constant is lo3-5 X lo4 M-’ s-l. For P. aeruginosa c-551, 

is 3%94 and the rate constant is 1.2 X lo7 M-I s-l. Thus, these 
two proteins differ by a factor of 5 in heme exposure but - lo4 
in the rate constant for electron transfer. Heme exposure cal- 
culations have utilized the crystal structure coordinates.I2 In 
solution there will be more motion of the amino acid backbone, 
but experiments indicate that the heme is still almost completely 
b ~ r i e d . ~ ~ , ~ ~  

If the steric (heme exposure) effect is indeed 103-104 in favor 
of the models, then one or more factors serve to either decrease 
the rate of electron transfer in models or increase the rate in the 
small proteins, because the observed difference between the two 
is only approximately a factor of 10. Electron self-exchange 
measurements on the models and proteins thus raise two questions: 
why do the models transfer electrons only approximately 10 times 
more rapidly than the small cytochromes, and why do the cyto- 
chromes show such a wide range of electron self-exchange rate 
constants? Controlling factors for electron transfer include in- 
ner-sphere reorganization, outer-sphere reorganization, electro- 
static interactions, and, for the proteins, heme exposure, complex 
formation, and sequence-specific effects. 

The difference in the inner-sphere reorganization e n e r g i e ~ ~ ~ - ~ ~  
between proteins and models is very small, because both bond 
lengths and force constants are very similar in the t ~ o . ~ ~ * ~ ~  
Outer-sphere reorganization en erg^‘'^.^ in the models is significant, 
a contribution of 2-3 kcal to AG*.19 In the Marcus theory for- 
malbm outer-sphere reorganization energy is proportional to 1 /DT 
- l/Ds, where Dap is the optical dielectric constant (refractive index 
squared, -1.8) and D, is the static dielectric constant. The 
internal dielectric constant of the protein ( e  usually taken as 2-4) 
is similar to that of methylene chloride (e = 9). Thus, the out- 
er-sphere reorganization energy of the protein should be ap- 
proximately half that found in methylene chloride if the protein 
is taken as a dielectric continuum. However, changes in the 
geometry of specific amino acids may contribute to the outer- 
sphere reorganization energy. Churg et al. have recently pointed 
out that one of the catalytic advantages of a heme protein com- 
pared to a free heme in water may be a low reorganization energy 
in the protein.99 

Electrostatic interactions are not important in the bis(imidazo1e) 
model hemes because one of the reactants, the Fe(I1) species, is 
uncharged. For the proteins, however, electrostatic interactions 
may be very important. Cytochrome c may orient itself in the 
electric field of its redox partner as the two approach.18 This 
orientation presumably would produce a favorable geometry for 
electron transfer. For self-exchange, where the heme proteins are 
not natural partners, orientation could just as well produce ge- 
ometries unfavorable for electron transfer. Electrostatic inter- 
actions may also govern the rate constant for electron self-exchange 
in cytochromes by influencing the distance between the two hemes. 
The X-ray structures of tuna cytochrome cIoo and P. aeruginosa 
cytochrome ~ - 5 5 1 ~ ~  show that there are more positively charged 
lysines closer to the exposed heme edge in the former protein. This 
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may cause the two heme edges to be further away in cytochrome 
c than in 12-551, even when the orientation is correct for electron 
transfer. The greater the distance between the two hemes, the 
slower the rate of electron transfer, consistent with the larger 
self-exchange rate constant in c-55 1. A similar effect has been 
invoked to explain the observation that cytochrome b5 reconstituted 
with protohemin dimethyl ester has a large self-exchange rate 
constant than the native protein (7.6 X lo2 and 11 M-' s-I, re- 
spectively).I0' The esterified hemin has neutral, rather than 
negatively charged, propionate side chains. 

The discussion above has assumed that electron transfer takes 
place only through the exposed heme edge. However, electron 
transfer has been shown to occur through the protein in some 
instances. For example, electron transfer between cytochrome 
c peroxidase and cytochrome c occurs with a second-order rate 
constant of - los M-' s-'. A computer-graphics-generated model 
for the electron-transfer complex shows that the two hemes are 
parallel, with an edge separation of - 17 A. This is the closest 
possible approach due to the location of the peroxidase heme in 
the interior of the protein. Thus, in this case an electron is 
transferred rapidly over a long distance.I3 

Electron transfer through the protein has also been demon- 
strated in a number of studies on derivatized heme proteins. 
GrayIo2 and I ~ i e d ~ . ' ~ ~  and their co-workers have investigated ru- 
thenium derivatives of cytochrome c and shown that intramolecular 
electron transfer takes place over - 12 A (k = 30-50 s-', AGO 
N -4.5 kcal mol-'). Hoffman and co-workers have replaced one 
of the hemes in hemoglobin with a zinc porphyrin and shown that 
electron transfer occurs between the Zn and Fe centers (pho- 
toexcitation of ZnP, k = 60 s-l, AE' = 0.6 V, heme edge-to-edge 
distance -20 A).'" Simolo et al. have shown intramolecular 

(101) Reid, L. S.; Mauk, M. R.; Mauk, A. G. J .  Am. Chem. SOC. 1984,106, 

(102) Nocera, D. G.; Winkler, J. R.; Yocom, K. M.; Bordignon, E.; Gray, 
H. B. J.  Am. Chem. Soc. 1984, 106, 5145-5150. 

(103) Isied, S. S.; Kuehn, C.; Worosila, G. J. Am. Chem. SOC. 1984, 106, 

2 1 82-2 1 85. 
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electron transfer within the (~~~"~~~~"'~~~~/ferricytochrome b5 
complex (k = 8 X lo3 s-l, heme edgeto-edge distance -7 A) and 
Zn(cytochrome c)/cytochrome b5 complex (k = 4 X lo5 s-I, heme 
edge-to-edge distance -8 A).105 Direct comparison with the 
self-exchange studies is difficult, because AGO # 0 in these 
systems. However, the observation that electron transfer can occur 
through the protein may in part explain the observation that 
electron exchange in model hemes is only approximately 10-fold 
faster than that in the small cytochromes. 

Conclusions 
Bis(imidazo1e)iron prophyrins have self-exchange rate constants 

that do not depend on variations in steric bulk on either the heme 
periphery or axial imidazole. The rate constants are smaller for 
complexes with imidazoles bearing an N-H, rather than an N- 
alkyl, substituent. Hydrogen bonding or complete deprotonation 
of the axial imidazole nitrogen atom may play a role in controlling 
electron transfer in heme proteins. The rate constants for model 
hemes (lo7-lo8 M-' s-l) are only approximately a factor of 10 
larger than those found in the small cytochromes. This obser- 
vation, together with data on the proteins themselves, argues that 
heme exposure is not the major determinant in controlling the 
rate constant for electron self-exchange in cytochromes. 
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(Tetrabenzoporphinat0)iron chloride (ClFeTBP) was characterized by cyclic voltammetry, by EPR, optical absorption, and 
magnetic circular dichroism (MCD) spectroscopy, and by conductance measurements. ClFeTBP is a pentacoordinated iron(II1) 
high-spin-state complex. However, the extent of dissociation of the Fe-CI bond is larger than that in (meso-tetraphenyl- 
porphinato)iron(III) chloride (C1Fe'"TPP). As with other iron(II1) porphyrins, electrochemical or chemical reduction of CIFeII'TBP 
seems to produce stepwise iron(I1) and iron(1) complexes and chemical oxidation gives the Fe"'TBP T cation radical. Unlike most 
porphyrins, optically pure and stable mono- and bis(imidazo1e) complexes are obtained; they are both iron(II1) low-spin-state 
complexes. EPR data suggest ClFeTBP in pyridine exists as a mixture of iron(II1) high- and intermediate-spin complexes. The 
results are examined in comparison with those for iron porphyrins and hemes previously studied and are of interest since tetra- 
benzoporphyrins are structurally intermediary between general porphyrins and phthalocyanines. 

Introduction 
Iron porphyrins (FePor's) and phthalocyanines (FePc's) have 

been the subjects of extensive studies. However, there is little 
inf~rmationl-~ on FeTBP, a structural intermediate of FePor's 
and FePc's, because of the difficulty in its ~yn thes i s .~  Even the 
oxidation and spin states of the central iron have not been clarified. 
Since FePor's generally favor the iron(II1) state and FePc's the 
iron(I1) state under air,5 such studies of FeTBP are of fundamental 
importance. Other thermodynamic and spectroscopic properties 
have also been expected to be between those of normal FePor's 
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and FePck6 As will be described below, Fe"'TBP exhibited, in 
many respects, properties intermediate between those of normal 
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