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Abstract 

The cyclic voltammetry and spectroelectrochemistry of iron complexes of porphinone, porphindiones and hydroporphyrins 
with a&y1 substituents were carried out. Except for the alkyl isobacteriochlorin complexes, the half-wave potentials of the 
first (Fe”‘P/Fe”P), second (Fe”P/FeP-) and third (FeP-/FeP’-) waves were independent of the macrocycle identity. Any 
small differences were generally consistent with known substituents effects on the redox potentials. The half-wave potential 
of the s’econd and third waves of iron isobacteriochlorin, Fe(2,4-DMOEiBC), (2,4-DMOEiBC = 2,4-dimethyloctaethylisobac- 
teriochlorin), though, occurred at potentials significantly more negative than the porphyrin analogue. The second wave of 
Fe(2,4-DMOEiBC) occurred at - 1.62 V versus SCE compared to - 1.26 V for Fe(OEP). Similarly, the half-wave potential 
for the third wave was -2.15 V versus -1.83 V for Fe(OEP). This work is in contrast with previous work on iron 
tetraphenylporphyrin (FeTPP) and iron tetraphenylisobacteriochlorin (FeTPiBC), where the FeP/FeP- half-wave potential was 
independent of macrocycle identity. The voltammetry of Fe(2,4_DMOEiBC)(Cl) in the presence of substituted pyridines was 
also examined. The macrocycle identity had no measurable effect in the formation constants of Fe”(P) with pyridines, &‘I, 
while there was a systematic increase in &,“’ (Fe”‘(P)(Cl) with pyridines) with increasing saturation of the macrocycle. This 
indicates that the Lewis acidity of the ferric complex increased with macrocycle saturation. The spectroelectrochemical reduction 
of iron complexes with porphyrin, chlorin, isobacteriochlorin, porphinone and porphindione was also carried out. The formation 
of Fe(P)- from Fe”(P), where P=MOEC (methyloctaethylchlorin), led to a decrease in the molar absorptivity of the Soret 
band, as was observed for Fe(OEP)-, as well as an increase in the number of bands (355, 411 and 456 nm). Three Soret 

bands were also observed for Fe(OEPone)-, but these bands appeared as shoulders in Fe(2,4_OEPdione)- (OEPone=oc- 
taethylporphinone; OEPdione=octaethylporphindione). By contrast, the spectrum for Fe(2,4-DMOEiBC)- was quite different 
from Fe(OEP)-, and was much more similar to the analogous complex, Fe(TPiBC)- (TPiBC= tetraphenylisobacteriochlorin). 
The Soret band absorbance decreased only a small amount and no new bands in the Soret region were observed. The visible 
spectra of Fe(2,4-DMOEiBC) and Fe(2,4-DMOEiBC)- were quite similar to isobacteriochlorin complexes with nickel and 
copper. In those complexes, the changes in the visible spectra upon reduction were explained on the basis of d, to e,*-like 
backbonding. The oxidation of Fe(2,4_DMOEiBC)(Cl) caused a small decrease in the absorbance of the Soret band and a 
bleaching of the long wavelength band. The spectrum of Fe(2,4_DMOEiBC)(Cl)+ had the same features as the previously 
reported superoxidized E. coli sulfite reductase. 
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1. Introduction 

The amount of dinitrogen, nitrous oxide, ammonia, 
nitrite and nitrate on the earth is regulated by the 
nitrogen cycle [l]. One of the important steps in this 
cycle is the synthesis of ammonia from the reduction 
of nitrite, which is catalyzed by the enzyme assimilatory 
nitrite reductase. The prosthetic group in assimilatory 

nitrite reductase has been identified as an iron iso- 
bacteriochlorin, siroheme [2]. A second class of enzymes, 
called the dissimilatory nitrite reductases, which have 
either iron or copper as their prosthetic group, reduces 
nitrite to nitric or nitrous oxide. One of the iron enzymes 
contains four hemes, two hemes c and two hemes d,, 
while another iron nitrite reductase is a hexaheme c 
enzyme (product is ammonia for this enzyme) [3]. Heme 
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d,, which was also found to be an unusual porphyrin, 
has been shown to be an iron 2,4-porphindione [4]. 

The presence of these unique prosthetic groups in 
nitrogen metabolism has sparked considerable interest 
in recent years. Many research groups have examined 
the redox properties of isobacteriochlorin and por- 
phindione complexes in order to investigate chemical 
differences due to the structure of the macrocycle [5-111. 
The synthesis of these complexes was initially quite 
difficult due to their poor yield, stability and purity 
[12,13]. Recent advances, especially for the generation 
of porphinone and porphindione (heme d, model) from 
octaethylporphyrin by osmium tetroxide-oxidation 
[14,15], have simplified this work. The ketones groups 
on the porphinone or porphindione ligands can then 
be transformed to methyl-substituted chlorin and iso- 
bacteriochlorins (siroheme model) in high yield [16]. 
These materials do not undergo dehydrogenation, unlike 
the isobacteriochlorins which are generated by a formal 
hydrogen reduction [17,18]. The structures of the chlorin 
and isobacteriochlorin that are the focus of most of 
this work are shown in Fig. 1. The structures of other 
isobacteriochlorin and porphindione isomers are given 
in Refs. 16 and 19. 

Voltammetric studies of free-base hydrophorphyrins 
[5,20-241, free-base porphinone and porphindiones 
[8,19], their iron complexes [5,6,8,11,17,25], and other 
metals [6,19,21,23,24] have been carried out. Only four 

octaethyiporphinone 2,4-octaetbylporphindioae 

methyloctaetbylcblorin 2,4-dimetbyloctaecbyiisobacteriochloti 

Fig. 1. Molecular structures for the hydroporphyrins, porphinone 

and porphindione used in this work. 

of these reports, though, examined the electrochemistry 
of these ligands and complexes beyond the first reduction 
wave [11,19,21,25]. Low oxidation state iron porphyrins 
are unstable in the presence of alkyl halides [26], which 
makes it difficult to study these complexes in methylene 
chloride. Greater stability for the low oxidation states 
of iron porphyrins can be obtained in THF [27], and 
this fact was exploited recently in the study of iron 
tetraphenylchlorin (Fe(TPC)) and tetraphenylisobac- 
teriochlorin (Fe(TPiBC)) [ll]. Unfortunately, the te- 
traphenyl derivatives were quite unstable towards de- 
hydrogenation, especially when the complexes were 
oxidized. 

Visible spectroelectrochemistry has been shown to 
be a convenient method for investigating the stability 
and spectral properties of low oxidation state com- 
pounds. Some examples include the spectroelectro- 
chemistry of bonellin, a chlorin compound [22], pal- 
ladium [28], copper [28], nickel complexes of porphyrins 
[29], hydroporphyrins [29] and porphindione [30], and 
the oxidation of Zn(OEiBC) [21] and a number of 
metal porphyrins [31,32]. A recent report from this 
laboratory has utilized this technique for the study of 
Fe(TPC) and Fe(TPiBC) [ll]. In this work, oxidation 
of the iron hydroporphyrin complexes led to a facile 
dehydrogenation reaction and, hence, to chlorin or 
porphyrin complexes. While considerable progress was 
made studying the tetraphenyl derivatives, the poor 
stability of these hydroporphyrins has limited their 
utility. In this work, the more stable methylocta- 
ethylchlorin (MOEC) and dimethyloctaethylisobacterio- 
chlorin (DMOEiBC) will be used as the hydroporphyrin 
macrocycle. For comparison to heme d, models, por- 
phinone (OEPone) and porphindione (OEPdione) will 
also be examined. 

2. Experimental 

2.1. Equipment 

Cyclic voltammograms were obtained with an IBM 
Instrument EC/225 voltammetric analyzer with a Hew- 
lett-Packard 7045A X-Y recorder. An Ado.1 M AgNO, 
(in acetonitrile) reference electrode was used; the po- 
tentials obtained were 0.456 V negative of the values 
that would have been recorded using an SCE 

(Es,, = EAg/AgNos +0.456 V). For comparison with lit- 
erature values, this correction factor has been applied 
to all tabular data. A home-made cell with a solution 
volume of 2-4 ml was used in this work. The working 
and auxiliary electrodes were platinum. The UV-Vis 
spectra were recorded on a Hewlett-Packard 8452A 
diode array spectrophotometer or a Perkin-Elmer 320 
UV-Vis spectrophotometer (for the spectroelectro- 
chemical data). An optically transparent thin layer 
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electrochemical (OTTLE) cell was used for the spec- 
troelectrochemical experiments [33]. 

2.2. Chemicals 

Octaethylporphyrin (H,OEP) was purchased from 
Aldrich Chemical Co. The hydroporphyrin, porphinone 
and porphindione ligands were synthesized by literature 
procedures [ 14-161 with slight modification. Porphinone, 
and 2,3-, 2,4- and 2,6-octaethylporphindione 
(H,(OEPdione)) ligands were synthesized by osmium 
tetroxide oxidation [14,15]. In our hands, the purification 
of the crude products was not effective on silica gel, 
but pure products were obtained by separation of their 
respective zinc complexes on an alumina column. The 
iron complexes were made by reacting ferrous acetate 
with the appropriate macrocycle in acetic acid [17]. 
The methylated hydroporphyrins (methyloctaethyl- 
chlorin (H,MOEC), dimethyloctaethylisobacterio- 
chlorin (H,DMOEiBC) and dimethyloctaethylbacterio- 
chlorin (H,DMOEBC) were synthesized from their 
respective porphinone or porphindione using literature 
procedures [16]. The iron complexes were synthesized 
in the same manner as the porphinone or porphindione 
complexes. Under these conditions, the ferric bacte- 
riochlorin complex was not formed. The visible spectral 
data are summarized in Table 1. 

The formation constants for the bis(pyridine)iron(II) 
complexes, &I*, were obtained from the shift in the 
potential of the second wave, as measured by differential 
pulse polarography, using Eq. (1) [34] 

log p,” = (AE,/O.O59)/M,,2 (1) 

where AE, = E,, - Epo A&,, is the bulk concentration 
of pyridine, and E,, and E,, are the differential pulse 
polarographic peak potentials of the second reduction 
wave in the absence and presence of the substituted 
pyridines, respectively. The log j3;’ values were cal- 
culated over a range of pyridine concentrations in order 
to verify that Fe(P)- did not complex with pyridine. 
Tlr; 

P 2 7 

r;;i; vrf the formation constants for Fe(P)(py),‘, 
2 can be determined from the E,,2 value of 

the first wave, as measured by cyclic voltammetry, using 

Eq. (2) 

log (j3;“//32”) = L&,/o.059 (2) 

where hEIn= E1,2,u -E,R,o and E,,,,” and E1,2,c are the 
half-wave potentials of the iron(III)/iron(II) wave with- 
out and with pyridine present, respectively. The for- 
mation constants, p,“’ and pzn, refer to reactions (3) 
and (4) 

Fe”‘(P)(Cl) + 2py e Fe”‘(P)(py),+ + Cl- (3) 

Fe”(P) + 2py e Fe”(P)(py)2 (4) 

2.3. Procedures 

3. Results and discussion 
All solutions were deoxygenated by deaerating the 

solution for 15 min with prepurified dinitrogen. The 
dinitrogen was pre-saturated with the solvent in order 
to prevent evaporation. The spectroelectrochemical data 
were obtained after the current had decayed to the 
background. 

3.1. Cyclic voltammetry of iron hydroporphytins, 
porphinone and porphindiones 

The cyclic voltammetry of iron complexes with por- 
phyrin, hydroporphyrins, porphinone and porphindiones 

Table 1 

Visible spectral data for ferric hydroporphyrin, porphinone and porphindione complexes ’ 

Complex Solvent Soret band” (nm) Other visible bands (nm) 

(e (cm-’ M-‘~10-~)) 

Fe(OEPone)(CI) THF 386 (66) 482 (8.3), 546 (6.6), 596 (14), 658 
(3.5), 730 (3.6) 

CH&I, 390 (68) 482 (12), 508s, 5.50 (9.7), 600 (16), 
662 (5.7), 742 (6.0) 

Fe(2,3_OEPdione)(Cl) THF 408 (39) 582 (7.7), 640 (ll), 734 (6.8) 

Fe(2,4-OEPdione)(Cl) THF 376 (47), 418 (48) 524 (13), 568 (13), 600 (14), 668 
(5.7), 722 (5.8) 

CH,CI, 378 (69), 402s 526 (16), 574 (16), 612 (20), 676s, 
756 (4.4) 

Fe(MOEC)(CI) THF 376 (146) 472 (19), 508 (15), 558 (16), 602 
(44), 672 (8), 754 (10) 

Fe(2,3_DMOEiBC)(CI) THF 378 478, 508, 546, 598, 682, 752 

Fe(2,4_DMOEiBC)(CI) THF 378 (102) 482 (20), 516 (20), 552 (21), 600 
(39), 684 (5.1), 754 (4.8) 

‘(E, cm-’ M-lx 1O-3). 
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Table 2 
Half-wave potentials for the oxidation and reduction of iron porphyrins, hydroporphyrins, porphinones and porphindiones 

Complex 

Fe(OEP)(Cl) 

Fe(OEC)(CI) 

Fe(MOEC)(Cl) 

Fe(OEiBC)(Cl) 
Fe(2,4_DMOEiBC)(CI) 

Solvent 

THF 
CH,Q 
CH,CI, 

THF 
CH,CIZ 
CH,CIZ 

CH& 

FeP(Cl)+/FeP(CI) 

Em,, (V) 

1.19” 

1.01 
0.72 

0.85” 

0.43 
0.44 

Fe”‘P/Fe”P 

&,I (V) 

- 0.45” 

- 0.52 
- 0.44 

- 0.41” 
- 0.40 

- 0.45 
- 0.4 

FeP/FeP- 
E I/2.? W) 

- 1.26” 

- 1.26” 
- 1.25”~’ 

FeP-lFeP’- 

EKU 0’) 

- 1.83” 

- 1.83” 

Ref. 

twb 

P71 
1171 
tw 
tw 

1171 
PI 

Fe(2,3-DMOEiBC(C1) 

Fe(OEPone)(CI) 

Fe(2,3_OEPdione)(Cl) 
Fe(2,4_OEPdione)(CI) 

CH&& 0.47” - 0.43” - 1.49”s’ tw 

THF 0.56” - 0.42” - 1.62” - 2.15”*’ tw 

THF 0.57” - 0.45” - 1.68 tw 

CH,Cl, 0.95 - 0.34 181 
THF 1.02” - 0.35” - 1.23” - 1.83” tw 

THF 0.93” - 0.13” - 1.02” - 1.63” tw 

THF 0.96” -0.16” - 1.15” - 1.55” tw 

CH,CIZ 0.98” - 0.09” - 0.91”,’ tw 

CH,CI, 0.84 - 0.24 PI 

‘Data were obtained vs. Ag/AgNOX reference electrode. For comparison to literature values, 0.456 V were subtracted from the data to 
obtain the values versus SCE- All data in Table 2 are versus SCE. 

%v = this work. 

‘Irreversible wave, E, value used. 

is summarized in Table 2. In the absence of excess 
chloride, the first reduction wave was quasi-reversible 
to irreversible. The wave was reversible in the presence 
of a small amount of chloride ion due to the acceleration 
of the complexation reaction, as had been reported 
earlier [35]. All potentials in Table 2 were measured 
under conditions so that the reversible potentials could 
be obtained, except as noted. As had been previously 
observed, there were no significant differences between 
the half-wave potentials of the first reduction wave, 
E lR,l, of Fe(OEP)(Cl) (-0.45 V) and Fe(OEiBC)(Cl) 
(-0.42 V) [5]. The E,,,,, values of Fe(OEPone)(Cl) 
and Fe(2,4_OEPdione)(Cl) were 100 and 300 mV pos- 
itive of Fe(OEP)(CI), respectively. The first oxidation 

wave, E1,2.0, was also consistent with previous work, 
though the oxidations in THF were more difficult than 
in methylene chloride. As expected, the E1,20 values 
shifted in the negative direction as the porpdine ring 
became more saturated. Unlike the tetraphenyl deriv- 
atives, there was no evidence of macrocycle oxidation 
on the voltammetric timescale (i.e. the second wave 
for Fe(MOEC)(Cl) did not correspond to the first wave 
of Fe(OEP)(CI)) [ll]. 

Unlike the E,,2,, values, the half-wave potential for 
the second and third reduction (E1,2,2 and E1,2,3, re- 
spectively) did depend upon the identity of the ma- 
crocycle (Fig. 2). For the isobacteriochlorin complexes, 
the half-wave potentials shifted to more negative po- 
tentials compared to the iron porphyrin complex, while 
the shift was slightly positive for the iron porphinones 
and porphindiones [8]. For example, the half-wave 
potential for the second wave of Fe(2,4_DMOEiBC)(CI) 

so 

60- 

40- 

< “-’ 
3 / 

1 
20- 

1”: \ i 

o__--JI /Y---q /-+ 

r--J 
v 

-20 I 
-5 -Ib -b -;o -25 0 

E. V VI Ag/AgNO, *IO-’ 

Fig. 2. Cyclic voltammetry of Fe(OEP)(Cl) (solid line) and Fe(2,4- 
DMOEiBC)(CI) (dotted line) in THF at 100 mV/s. Working electrode: 

mercury; auxiliary electrode: platinum; reference electrode: Ag/ 
AgNO, (0.1 M in acetonitrile); supporting electrolyte: 0.10 M TBAP. 

occurred in THF at - 1.62 V, compared to -1.26 V 
for Fe(OEP)(Cl), while the same wave for Fe(2,4- 
OEPdione)(Cl) occurred at - 1.15 V. These results are 
in contrast with the iron tetraphenylporphyrin and 
hydroporphyrin voltammetry [ll]. In this case, the 
second reduction wave did not depend upon the degree 
of saturation of the macrocycle. The irreversibility of 
the second wave in methylene chloride is probably due 
to the reaction of iron(I) with the solvent [26]. The 
same variation in half-wave potential (Ep values for 
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the irreversible waves) was observed for the third 
reduction wave. The third wave, while irreversible at 
slow scan rates for Fe(2,4_DMOEiBC)(Cl), became 
more reversible at higher scan rates, with the appearance 
of an anodic peak. This indicated that a slow irreversible 
reaction following the electron transfer occurred, and 
that, at the scan rates used, the E, value was not far 
removed from its reversible position. 

3.2. Spectroelectrochemistry of the iron complexes 

The variation in the El,* values as a function of 
macrocycle identity for a variety of metals has been 
summarized in Table 3. For those processes that have 
been shown to be clearly porphine-centered (Fe”‘-n; 
cation radical/Fe”‘, Zn(II) and Pd(I1) reduction), the 
half-wave potential of the metal complex could be 
predicted quite reasonably from the variation in the 
porphine potential (see Table 3). For those processes 
that were clearly metal centered, the E,, values did 
not depend upon the identity of the macrocycle (Fe(III)/ 
Fe(II), Fe”(N0) reduction). The structure of the com- 
plex formed by the reduction of N?‘(P) [29,37] and 
Cu”(P) [28,38,39] has been shown in the literature to 
depend upon the identity of the macrocycle. In both 
these cases, the porphyrin and chlorin complexes are 
M(P‘-), while the isobacteriochlorin complex is M’(P)-. 
For the iron complex, the E,,,, and E,n,s did depend 
upon the identity of the macrocycle, yet it is known 
that this reduction is already metal-centered when 
P = porphyrin [40]. These results indicate, though, that 
the isobacteriochlorin ligand is not able to stabilize the 
‘iron(I)’ and ‘iron(O)’ complexes as well as the porphyrin 
and chlorin macrocycles. 

The first two reduction steps of Fe(OEP)(Cl), 
Fe(MOEC)(Cl), Fe(2,4_DMOEiBC)(Cl), Fe(OEPone)- 
(Cl) and Fe(2,COEPdione)(Cl) were monitored by 
visible spectroelectrochemistry in order to characterize 
the redox products. Isosbestic points were obtained 
during both reductions for all the complexes. The spectra 
of Fe(P) and Fe(P)-, where P=MOEC and 2,4- 
DMOEiBC, are shown in Figs. 3 and 4, respectively, 
and the spectral data for all the complexes are sum- 
marized in Table 4. The chemical reversibility for the 
first two reductions was confirmed by returning the 
potential to the initial potential, where the ferric complex 
was stable. In all cases, the visible spectra showed the 
complete regeneration of the starting compounds. The 
addition of the first electron to the Fe(P)(Cl) complex 
led to a red shift (18-35 nm) in the Soret band, as 
well as an increase in absorbance, which are charac- 
teristic of the formation of an Fe(I1) complex in THF. 
Only a single Soret band was observed for Fe(OEP) 
and Fe(MOEC), while a shoulder at shorter wavelengths 
was present for Fe(EOPone). For Fe(2,4-DMOEiBC) 
and Fe(2,COEPdione) the Soret bands were split. 
Where comparisons could be made, the results were 
consistent with previous work [43]. 

The spectral changes caused by the addition of a 
second electron into the complex depended upon the 
identity of the macrocycle. The formation of Fe(OEP)-, 
Fe(MOEC)- (Fig. 3), and, to a lesser extent, the 
Fe(OEPone)- or Fe(OEPdione)- complexes, led to a 
significant attenuation and splitting of the Soret band, 

Table 3 
Variation in half-wave potentials as a function of macrocycle structure 

61 

Complex 
(oxidized form) 

Macrocycle Solvent E,, values (V) Ref. 

Porphyrin Chlorin BC iBC 

Hz-n-cation 

HZ 
H,-r-anion 

Fe”‘-P-cation 
Fe”’ 

Fe” 
Fe” 

Fe’ 
Fe”(N0) 
CU” 
Zn” 
Pd” 
Ni” 

OEP 
OEP 
OEP 

OEP 
OEP 
OEP 

TPP 

OEP 
TPP 
OEP 
TPP 

OEP 
OEP 

THF 
THF 
THF 

THF 
THF 
THF 
THF 

THF 
THF 

1.05” 
- 1.34” 
- 1.70” 

1.19” 
- 0.45” 
- 1.26” 

- 1.07 
- 1.83” 
- 0.93 
- 1.47 
- 1.35 

- 1.46 
- 1.50 

0.82”,b 
- 1.37”,b 
- 1.70”b 

0.85”,b 
- 0.4 l”*b 
- 1.26”,b 

- 1.13 
- 1.83”,b 

- 0.90 
- 1.44 
- 1.33 

- 1.44 
- 1.46, - 1.48b 

0.49” 0.57”*’ hv” 
- 1.37” - 1.66”*’ tw 

- 2.12”~’ irr hv 
0.44”,’ tw 

- 0 42%’ hv 
- 1.68”.’ hv 

- 1.14” 1361 
- 2.15",' tw 

-0.92 1111 
- 1.50 1281 

- 1.28 - 1.73 151 
- 1.79 1281 
- 1.54, - 1.63’ [371 

“Data were obtained vs. Ag/AgNO, reference electrode. For comparison to literature values, 0.456 V were subtracted from the data to 

obtain the values vs. SCE. 
“Methyloctaethylchlorin. 
‘2,4-Dimethyloctaethylisobacteriochlorin. 
“tw = this work. 
‘Determined by spectroelectrochemistry. 
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Fig. 3. Thin-layer spectroelectrochemistry of Fe(MOEC)(Cl) in THF 

at platinum gauze electrode. Solid line: Fe(MOEC); dashed tine: 

Fe(MOEC)-; dotted line: spectra generated during the reduction. 

Supporting electrolyte: 0.10 M TBAP. 
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Fig. 4. (A) Solid line: visible spectrum of Fe(2,4-DMOEiBC) in THF, 

generated in an OTTLE cell at a platinum gauze electrode, 0.10 M 

TBAP. Dotted line: visible spectrum of Cu(OEiBC) in DMF from 

Ref. [41]. (B) Solid line: visible spectrum of Fe(2,4-DMOEiBC) 

in THF, generated in an OTTLE cell at a platinum gauze electrode, 

0.10 M TBAP. Dotted line: visible spectrum of Cu(OEiBC)- in 

DMF from Ref. [41]. 

and new bands at longer wavelengths. For example, 
the original Soret band for Fe(OEP) at 407 nm split 
into two bands at 374 and 403 nm, as well as a broad 
shoulder at 440 nm. New bands at 566 and 678 nm 
appeared. Likewise, the Soret band for Fe(MOEC) at 
405 nm split into three bands at 355, 411 and 456 nm, 
with the molar absorptivity decreasing by over 50%. 
Three Soret bands at similar positions were observed 
for Fe(OEPone)-. The Soret bands for Fe(2,4-OEP- 
dione) were also broad, but the second and third 
bands, that appeared in Fe(OEPone)), were present 
as shoulders in this complex. In the longer wavelength 
region, a prominent band at 676 nm for Fe(MOEC)- 
replaced the ferrous band at 607 nm. The same type 
of spectral change was observed for Fe(OEPone)- (594 
to 645 nm). For Fe(2,4_OEPdione)-, the shift was in 
the opposite direction going from 600 to 580 nm, though 
a broad, weak band appeared at about 700 nm. 

By contrast, the changes for Fe(2,4-DMOEiBC)- 
were much more subtle and much less dramatic (Fig. 
4). The Soret band shifted slightly from 401 to 402 
nm, and the molar absorptivity decreased by only 14%, 
and was only slightly less than the molar absorptivity 
of the ferric complex. But, the molar absorptivity of 
Fe(2,4-DMOEiBC)- (89 mM-’ cm-l) was not dras- 
tically different from the values of Fe(OEP)- (59 mM_’ 
cm-‘) and Fe(MOEC)- (108 mM-’ cm-l). There were 
no new Soret bands, nor were the Soret bands sig- 
nificantly broader than in the ferrous spectrum. 

Comparisons of iron(I) isobacteriochlorin with other 
metal(I) isobacteriochlorin complexes were also quite 
interesting. For example, the visible spectrum for Fe(2,4- 
DMOEiBC)- is similar to Cu’(OEiBC)- in both the 
multiplicity and relative intensities of the bands [41] 
(see Fig. 4 and Table 4). On the other hand, the bands 
for the iron complex are much broader, which is typical 
for iron porphines, and shifted due to the presence of 
a different metal. Reduction of Fe(2,4-DMOEiBC) 
caused a small red shift in the Soret and Q (long 
wavelength) bands, which compared with a small blue 
shift in the Q band for Cu(OEiBC)-. Larger blue shifts 
were observed in Ni’(OEiBC)-, which was interpreted 
to be due to extensive d, to e,*-like backbonding. The 
small changes upon reduction of Fe(2,4-DMOEiBC) 
would indicate weak backbonding (as in the copper 
case), and the small red shift could be due to de- 
stabilization of the a,,-like orbital due to the addition 
of an electron to the dZ2 orbital, which has electron 
density in thex-y plane. Such destabilization is expected 
when the electron is added to a dXGZ orbital [41]. 

The structure of Fe(TPP)- has been interpreted as 
an iron(I) complex with significant backbonding of the 
d, orbitals into the porphyrin eg* system. This back- 
bonding would stabilize the iron(I) complex. In the 
alkyl isobacteriochlorin case, the e,*-like orbital has 
been raised in energy which would reduce backbonding 
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Table 4 
Visible spectra of iron porphyrin, hydroporphyrin, porphinone and porphindione complexes 

Complex Solvent Soret bands (nm) Other visible bands (nm) 
(E (cm-’ M-‘x10W3)) 

Ref. 

Fe(OEP) THF 

Fe(OEC) benzene 
Fe(MOEC) THF 
Fe(OEiBC) benzene 

Ni(OEiBC) (high spin) DMF 
Cu(OEiBC) DMF 
Zn(OEiBC) DMF 
Fe(2,4-DMOEiBC) THF 
Fe(OEPone) THF 
Fe(2,4-OEPdione) THF 
Fe(MOEC)CI+ THF 

Fe(OEC)(NO)+ CHFI, 
Fe(2,4-DMOEiBC)(Cl)+ THF 

Fe(OEiBC)(NO)+ CH&I, 
Fe(OEPone)Cl+ THF 

Fe(2,4-OEPdione)(Cl)+ THF 
Fe(OEP)- THF 

Fe(MOEC)- THF 

Ni(OEiBC)- DMF 
Cu(OEiBC)- DMF 
Zn(OEiBC)- DMF 
Fe(2,4-DMOEiBC) - THF 
Fe(OEPone)- THF 

Fe(2,4-OEPdione)- THF 

407 (122) 531 (1.24), 557 (13.6) W 

393 (90.3) 498 (9.2), 626 (23.3) WI 
405 (231) 607 (49) hv 
315s, 339s, 370 (31.7), 487s 517s 544s, 573 (10.3), 616 (21.1) PI 
387 (33.6) 

380, 400, 407 552, 594 1411 
380, 392 524, 550, 594 [411 
372, 394, 402 534, 594, 597 [411 
383 (103) 401 (115), 522s, 555s, 594 (33) tw 
399s 413 (76.7) 486s, 545 (ll.O), 594 (17.6), 661 (6.0) tw 
394 (48) 435 (57), 523s, 600 (20) tw 
386 (159) 471 (31), 521 (25), 599 (20) tw 

385 47Os, 615 t421 
386 (59) 594 (22) tw 

380 465s, 602 1421 
396 (100) 460 (13.9), 482 (13.2), 527 (11.7), hv 

590s (7.6) 
390 (59) 463s (24), 520 (17) tw 
374 (59.3), 403 494 (12.8), 523 (11.8), 566 (13.5), tw 
(45.3) 678 (4.0) 
355 (108), 411 (74) 456 (64), 676 (44) tw 

380 504, 532, 572 [411 
380, 392 518, 548, 590 [411 
400, 412 557, 600 [411 
402 (89) 568 (24), 607 (35) tw 
364 (48.9) 407 (48.1) 446 (41.1) 522 (11.5), 585 (10.7), tw 

645 (14.2) 
388 (43), 42.5s 465s, 522 (15), 580 (29) tw 

‘tw = this work. 

and destabilize the complex. This destabilization would 
raise the E,, value when compared to the porphyrin 
complex. Significant changes in the redox potential 
upon changing the complex from OEP to OEiBC were 
not observed for nickel and copper, probably due to 
the fact that the structure of the complexes changed 
(Cu”(OEP-) versus Cu’(OEiBC)-) [41]. Such changes 
would not be expected for iron because iron(I) is formed 
with porphyrin itself. 

The first oxidation of Fe(MOEC)(Cl), Fe(2,4- 
DMOEiBC)(Cl), Fe(OEPone)(Cl) and Fe(2,4-OEP- 
dione)(Cl) was examined by OTTLE visible spectro- 
electrochemistry. The oxidation of Fe(MOEC)(Cl) and 
Fe(2,4_DMOEiBC)(Cl) (Fig. 5) was characterized by 
small changes in the Soret band molar absorptivity, 
with a red shift for the chlorin complex. In both cases, 
the band at 600 nm was attenuated (chlorin) or dis- 
appeared (isobacteriochlorin). Similar spectral changes 
were observed when the siroheme in E. coli sulfite 
reductase was oxidized to the superoxidized state by 
porphyrexide [44] (see insert, Fig. 5). The formation 
of r-cation radicals from Fe”(OEC)(NO) and 
Fer’(OEiBC)(NO) lead to spectra that were quite similar 

0.8. 

0.7- 

0.6. 

(u 0.5- 

i?i 

4 0.4 

E: 

2 
0.3- 

0.2 

0.1. 

01 I I I 

300 400 500 600 700 I 

A, nm 

Fig. 5. Thin-layer spectroelectrochemistry of Fe(2,4_DMOEiBC)(Cl) 
in THF at a platinum gauze electrode. Solid line: Fe(2,4- 
DMOEiBC)(CI) in THF; dashed line: Fe(2,4_DMOEiBC)(Cl)+; dot- 
ted line: spectra generated during the oxidation. Supporting elec- 
trolyte: 0.10 M TBAP. Insert: visible spectrum of 15.1 JLM E. coli 
sulfite reductase before (solid line) and after (dashed line) addition 
of 1.25 equiv. of porphyrexide at 5 “C [44]. 
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to Fe”‘(MOEC)(Cl)’ and Fe”‘(2,4-DMOEiBC)(Cl) +, 
respectively (see Table 4 and Fig. 1 of Ref. [42]). In 
particular, the bands around 600 nm are bleached 
significantly in both r-cation radicals, while the Soret 
band is only slightly affected. Direct comparison of Fig. 
5 in this article with Fig. la in Ref. [42] shows only 
minor differences in the spectra, with some of the band 
shifts being attributed to solvent and macrocycle sub- 
stitution differences. The oxidation state of the iron 
had little effect on the visible spectra of these r-cation 
radicals. As in the voltammetry, there was no evidence 
for macrocycle dehydrogenation, as was observed for 
the phenyl derivatives [ll]. 

For the porphinone and porphindione complexes, 
the spectra of the r-cation radicals mirrored the results 
for the hydroporphyrin complexes. The oxidation led 
to a sharpening of the Soret band for Fe(OEPone)(Cl) 
and Fe(OEPdione)(Cl). In the latter case, the two Soret 
bands collapsed into a single band upon oxidation. The 
molar absorptivity of Soret band for Fe(OEPone)(Cl) + 
increased substantially over the neutral ferric complex. 
For both of these complexes, there was substantial 
bleaching of the bands around 600 nm, as was observed 
for the hydroporphyrin complexes. Overall, the spectra 
of the oxidized species for the hydroporphyrin, por- 
phinone and porphindione ferric complexes were con- 
sistent with the formation of r-cation radical complexes. 

3.3. Electrochemical studies of pyridine coordination to 
iron hydropolphyrins 

The addition of pyridine into a THF solution of iron 
hydroporphyrin resulted in a new reversible wave (wave 
Ib), which appeared at a potential less negative than 
the original reduction wave (wave Ia). As the concen- 
tration of pyridine increased, this new wave (wave Ib) 
increased at the expense of the original first wave, and 
eventually replaced the original wave at high concen- 
trations of pyridine. This behavior has been observed 
for other iron porphyrin complexes [11,25,45]. The ratio 

Table 5 

Formation constants’ for pyridine complexes with iron porphines 

of the ferric/ferrous bis(pyridine) formation constants 
were calculated on the basis of the shift in the half- 
wave potential of the first wave (Eq. (2)). The individual 
p2 values were calculated from the shift in the half- 
wave potential of the second wave using Eq. (1). Because 
the shift in half-wave potentials corresponded to Eq. 
(l), there was no evidence for coordination of iron(I) 
with pyridine. The log pZ results for pyridine and 
substituted pyridines are shown in Table 5, along with 
their variation as a function of the pK, of the substituted 
pyridine base. 

For the ferric complexes, there was good linearity 
for all the plots of log /3,“’ versus pK, with the relative 
standard deviations of the slopes being less than 10% 
for all the complexes. The changes in the formation 
constants of ferric porphines with substituted pyridines 
as a function of the pK, of the base were consistent 
with previous work [25,45]. There was no statistical 
difference in the slopes of the log p,“’ versus pK, plots 
for the different macrocycles. Unlike the slopes, though, 
the intercepts for the ferric methylated hydroporphyrin 
complexes increased on going from the porphyrin to 
chlorin to isobacteriochlorin macrocycle. Thus, the 

P,“’ values for Fe(MOEC)(py),’ and Fe(2,4- 
DMOEiBC)(py),’ were 9 + 5 and 80 +_2 times larger 
than the p,“’ value for Fe(OEP)(py),‘. This result 
confirms the tentative results obtained for the phenyl 
hydroporphyrins [ll]. In contrast to the ferric complexes, 
there was no systematic relationship between the pK, 
values of the ferrous hydroporphyrins and the pyridine 
pK,. This lack of linearity has been observed before 
[25], and has been rationalized on the basis of com- 
petition between aand abonding in the ferrous-pyridine 
complex [25]. A linear relationship between the log 

P,” and pK, values should be observed if the 
metal-ligand bond is dominated by u bonding. In com- 
paring the formation constants for a given ligand, there 
was no systematic increase in the log &I1 values with 
increased saturation of the macrocycle. 

Pyridine PK, 

Fe(MOEC)(CI) Fe(2,4-DMOEiBC)(CQd 

3-Cyanopyridine 1.40 4.69/k4.04 5.701-3.75 

Acetylpyridine 3.18 6.021-2.12 6.?9/- 0.86 

Pyridine 5.28 53711.27 6.3Y1.30 

Lutidine 6.46 5.3911.36 6.4913.27 

4-DMAP” 9.71 6.4314.91 7.1215.63 

“Formation constants for reactions (3) and (4). 

%lope of log &” vs. pK, = 0.15 f 0.08; slope (intercept) of log p,“‘= 1.1 f 0.1 (-5.3 f 0.6). 

‘Slope of log a” vs. PK. = 0.13 f 0.06; slope (intercept) of log &‘” = 1.1 + 0.1 (- 4.7* 0.7). 

“Slope of log Pz” vs. pK,=O.llkO.O6; slope (intercept) of log &‘l’=l.OrtO_l (-3.1 kO.7). 
‘4-DMAP = 4-(dimethylamino)pyridine. 

6.06/k 1.56 

6.42/k 0.50 

6.8713.24 

6.18/3.25 

7.18f6.64 
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4. Conclusions 

The visible spectra of a number of important iron 
hydroporphines, porphinone and porphindiones in var- 
ious oxidation states have been reported. The visible 
spectra of most of the FeP- complexes were similar 
in that the Soret band was attenuated upon reduction 
of the ferrous complex, and the number of bands 
increased. This attenuation was least pronounced in 
the case of Fe(2,4-DMOEiBC)-. In addition, there was 
no increase in the multiplicity of Soret bands. These 
changes mimic those reported for Fe(TPiBC)- [ll]. 
The changes in the visible spectrum upon oxidation 
were quite similar with a bleaching of the long wave- 
length bands, along with changes in the Soret band(s). 
These changes were typical of the formation of a r- 
cation radical complex. When these spectra were com- 
pared with Fe”(NO)(P”) complexes [42], the oxidation 
state of the iron had little effect on the visible spectra. 

Finally, the &“‘values for the iron pyridine complexes 
confirm the results previously estimated for the tetra- 
phenyl substituted complexes [ll]. An increase in Lewis 
acidity of the ferric porphine complex was observed as 
the macrocycle became more saturated. No changes in 
Lewis acidity of the ferrous complexes were observed, 
which may be due to a complex relationship between 
u and r bonding between the iron and pyridines. Poor 
linearity of the log p,” values versus the pK, of the 
pyridine ligand, which is indicative of r interactions 
between the iron and the ligand, was observed for the 
ferrous complexes. 

The redox potentials for FeP/FeP- were relatively 
independent of macrocycle identity except for the 2,4- 
DMOEiBC complex. Inductive effects alone cannot 
rationalize the 3OOAOO mV negative shift in these two 
half-wave potentials. In addition, these shifts closely 
correspond to the difference in redox potentials between 
the free-base porphyrin and isobacteriochlorin ligands. 
These shifts are probably due to changes in the extent 
of backbonding between the metal and the macrocycle, 
which may stabilize the iron(I) complex [40]. Work is 
in progress in our laboratory in order to further clarify 
the oxidation state and reactivity of the Fe(2,4- 
DMOEiBC)- complex. 
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