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The electrochemistry, spectroelectrochemistry, and 'H NMR spectroscopy of tetraphenyl and octaethyl 
six-coordinate a-bonded iron-phenyl porphyrins were investigated in nonaqueous media. Formation 
constants for pyridine binding to (TPP)Fe(C6H5) and (OEP)Fe(C6H5) as well as the oxidized and reduced 
porphyrins were calculated in benzonitrile and ranged between lo3., and depending on the type of 
porphyrin ring and the overall charge of the porphyrin complex. Complexation of pyridine by the neutral 
(l"P)Fe(C6H5) or (OEP)Fe(C6H5) in C5D5N produced dramatic downfield shifts of the axial phenyl protons, 
suggesting that pyridine acts as a T acceptor when bonded to the low-spin iron(II1) species. The oxidized 
and reduced six-coordinate species were also characterized by electronic absorption spectroscopy in pyridine 
and benzonitrile/pyridine mixtures and in both solvents suggested a nondiscrete site of reaction. Specifically, 
the product of the electrochemical oxidation could be described by a mixed formalism involving an Fe(1V) 
complex and an Fe(II1) cation radical, while after reduction the spectra resembled both an Fe(I1) complex 
and an Fe(II1) anion radical. 

Introduction 
In part l2 of this series we reported electrochemical 

studies of (P)Fe(C6H5) (where P = OEP and TPP) in 
benzonitrile. A t  fast scan rates (>0.10 V/s) these com- 
pounds could be electroreduced to yield I(P)Fe(c&,)]- or 
electrooxidized to yield [(P)Fe(C6H5)]+. This latter species 
was not stable on the coulometric time scale of 1-15 min 
and chemically converted to [ (N-C6H5P)Fe"]+ that was 
immediately oxidized to [ (N-C6H,P)Fe"'l2+. This elec- 
trochemically initiated iron to nitrogen migration of the 
phenyl group does not occur a t  fast scan rates or a t  low 
temperatures where reversible reactions are obtained. 
Under these conditions, the a-bonded iron porphyrins 
undergo three reversible electron-transfer reactions as 
shown by eq 1-3. 

(P)Fe(C&) -I- e [(P)Fe(C6H,)]- (1) 

(P)Fe(C&) * [(P)Fe(C6H5)1+ + e (2) 

[(P)Fe(C&)I' * [(P)Fe(C&)12' + e (3) 

The potentials for reaction 1 are among the most neg- 
ative observed for reduction of five-coordinate iron(II1) 
porphyrins. For the specific case of (TPP)Fe(C,H,) in 
benzonitrile, reduction occurs a t  E l j 2  = -0.70 V2 which is 
a full 1.45 V from that for the corresponding Fe(III)/Fe(II) 
reaction of (TPP)Fe(N0).3 Half-wave potentials for re- 
action 2 are also among the most negative observed for 
oxidation of five-coordinate iron(II1) porphyrins. For the 
specific case of (TPP)Fe(C6H5) in benzonitrile, E ,  = 
+0.61 V.2 This value is anodically shifted by 0.52 V kom 
that reported for oxidation of (TPP)Fe(ClO,) in the same 
s01vent.~ 

The characterization and reactivity of five-coordinate 
a-bonded iron porphyrins are well documented in the 
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literature.&12 Nevertheless, very little is known regarding 
the chemistry and electrochemistry of six-coordinate Q- 

bonded iron porphyrin complexes. Thus, one aim of this 
paper is to characterize the potentials and stability of these 
type complexes. 

In some cases,13-16 addition of nitrogenous bases (such 
as pyridine) to five-coordinate iron porphyrins produces 
substantial changes in both the potentials and mechanisms 
of electrooxidationfreduction. For this reason, we have 
undertaken a study of oxidized, neutral, and reduced 
iron-phenyl porphyrins containing a bound pyridine lig- 
and. Evidence for trans-axial coordination by pyridine is 
provided by 'H NMR and spectrophotometric measure- 
menta (neutral species) as well as by electrochemical and 
spectroelectrochemical techniques (neutral, oxidized, and 
reduced complexes). 

Experimental Section 
Instrumentation. Electrochemical and spectroelectrochemical 

experiments were carried out on instrumentation described in 

(4) Mansuy, D.; Battioni, J.-P. J. Chem. SOC., Chem. Commun. 1982, 
638. 

(5) Ortiz de Montellano, P. R.; Kunze, K. L.; Augusto, 0. J. Am. 
Chem. SOC. 1982,104, 3545. 

(6) (a) Lexa, D.; Mispelter, J.; Saveant, J.-M. J. Am. Chem. SOC. 1981, 
103, 6806. (b) Lexa, D.; Saveant, J.-M. Ibid. 1982, 104, 3503. 

(7) Ogoshi, H.; Sugimoto, H.; Yoshida, Z. I.; Kobayashi, H.; Sakai, H.; 
Maeda, Y. J. Organomet. Chem. 1982,234, 185. 

(8) (a) Cocolim, P.; Laviron, E.; Guilard, R. J. Organomet. Chem. 1982, 
228, C39. (b) Cocolios, P.; Lagrange, G.; Guilard, R. Ibid. 1983,253, 65. 

(9) Mansuy, D.; Battioni, J.-P.; Dupre, D.; Sartori, E. J .  Am. Chem. 
SOC. 1982,104,6159. 

(10) Battioni, P.; Mahy, J.-P.; Gillet, G.; Mansuy, D. J. Am. Chem. 
SOC. 1983, 105, 1399. 
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Table I. 'H NMR Chemical Shifts ( 6 )  of (P)Fe(C,H,) in C6D6 and (P)Fe(C,H,)(py) in C,D,N at 294 K C  

proton type ( OEP)Fe(C6Hs)a (OEP)Fe(Ce,Hs)(PY) (TPP)Fe(C,Hs)' (pP)Fe(C6H,)(PY) 
porphyrin 
CY-CH, m/8 4.46 ml8 t 0 . 0 7  
a'-CH, m/8 -1.70 m/8 -2.27 
P-CH, t/24 -1.76 SI24 -4.06 
meso SI4 5.53 SI4 -3.23 
ortho phenyl SI4 4.73 4 8  2.61 
ortho' phenyl SI4 2.69 
meta phenyl s/8 4.41 m/8 4.66 
para phenyl t/4 5.56 t/4 5.32 

axial ligand 

m -H 4 2  13.23 SI2 16.30 4 2  13.55 SI2 18.85 

pyrrole 4 8  -17.64 s/8 -21.15 

O-H SI2 -79.90 SI2 -55.70 SI2 -81.00 SI2 -55.00 

P-H S I  1 -23.80 SI1 -8.90 S I  1 -26.97 S I  1 -11.67 
From re€ 8. s = singlet; t = triplet; m = multiplet. Referenced to Me,Si. Downfield shifts are given a positive sign. 

m a m  
I 11 

10 10 0 -10 30 -30 

b ppm 

Figure 1. 'H NMR traces of (OEP)Fe(C&) at 294 K in (a) c,& 

a previous publication.2 lH NMR spectra were recorded at 294 
1 K on a JEOL FT 100 spectrometer. Spectra were measured 

for argon-saturated solutions containing 6 mg of porphyrin in 0.5 
mL of C5DSN (purchased from the "Commissariat ii l'Energie 
Atomique (C.E.A.), France) using tetramethylsilane as internal 
reference. 

Materials. (P)Fe(C6H5), where P = OEP and TPP, were 
synthesized from (P)FeCl and purified by column chromatography 
according to published procedures? All solvents used for the 
electrochemical experiments were purchased as reagent grade 
quality. Benzonitrile (PhCN) was distilled from PzOs under an 
inert atmosphere. Pyridine (py) was distilled from KOH and 
stored in the dark over activated 4-A molecular sieves. The 
supporting electrolyte, tetra-n-butylammonium hexafluoro- 
phosphate (TBA(PF6)), purchased from Fluka Co., was recrys- 
tallized from EtOH, dried in vacuo at 100 OC, and stored in a 
dessicator. 

Results and Discussion 
lH NMR Measurements. The proton NMR traces of 

(OEP)Fe(C6H5) in C6Ds and C5D5N are shown in parts a 
and b of Figure 1 respectively. Table I summarizes the 
observed chemical shifts for the OEP and TPP derivatives 
in the above solvents. The spectra of (P)Fe(R) in nonco- 
ordinating solvents have been discussed extensively in an 
earlier paper6 and the +I11 oxidation state of the iron and 
the S = 1/2 spin state of the complex established. Analysis 
of the spectrum shown in Figure l b  and of the data listed 
in Table I suggests16 that (OEP)Fe(C,H,) and (TPP)Fe- 
(C6H5) are both low-spin iron(II1) porphyrins in pyridine. 
However, although similar, their spectra exhibit marked 
differences. In particular, the separation between the 
signals of the diastereotopic a-CH2 and d-CH2 protons of 
the OEP macrocycle is dramatically decreased when the 

and (b) C5DSN. 

(18) La Mar, G. N.; Walker, F. A. In "The Porphyrins"; Dolphin, D., 
Ed.; Academic Press: New York, 1979; Vol. IV, Chapter 2. 

Scheme I 
C6H5 

I c6 H5 

I 
l 

Fe 
1 ", --e- 

PY 

solvent is pyridine (A6 = 6.6 ppm in C6D6 and A6 = 2.34 
ppm in C5D5N). This difference in chemical shifts of the 
octaethyl porphyrin methylenic protons is directly related 
to the strength of the magnetic anisotropy between the two 
faces of the macrocycle and results from the position of 
the metal ion with respect to the porphyrin mean plane 
and the nature of its axial ligands.lg The observed de- 
crease in anisotropy when the spectrum is recorded in 
C5D5N is in accordance with trans coordination of iron by 
a pyridine molecule. Indeed such coordination must lead 
to displacement of the central iron toward the mean plane 
of the four nitrogen atoms of the macrocycle, thus reducing 
the magnetic nonequivalence of the CH2 protons (Scheme 
19. The remaining anisotropy that is indicated by the 2.34 
ppm separation of CH2 signals may result from the dif- 
ference in the nature of the two bound axial ligands, 
namely, phenyl and pyridine. This conclusion is 
strengthened by the unique broad resonance signal of the 
ortho phenyl protons of the TPP macrocycle observed in 
pyridine, as compared to the two distinct resonances at 
4.73 and 2.69 ppm reported for the same protons in 
benzene (see Table I). 

Chemical shifts for the protons of the axial phenyl group 
of (P)Fe(C,H,X) (X = H or CH3) have been reported, and 
an M - L 7~ charge transfer suggested on the basis of a 
sign change in the observed shifts (e.g., bpH -23.80 for 
(OEP)Fe(C6H5) and 6 +60.10 for (OEP)Fe(p- 
CH3C6H4)).' However, tKtHhgypothesis for delocalization 
of unpaued electron density on the lowest energy T* orbital 
of the aryl group cannot be totally eliminated, since the 
ortho phenyl resonance signals appear around -80 ppm. 

Upon coordination by pyridine, the axial phenyl proton 
peaks of (TPP)Fe(C6H5) (Table I) shift downfield by 26.0, 
5.30, and 15.30 ppm for the o-H, m-H, and p H ,  respec- 
tively. Shifts of similar magnitude are also observed for 
the (OEP)Fe(C6H5) derivative. This pattern can be easily 
explained by assuming that pyridine acts as T acceptor 
when bonded to low-spin iron(II1) complexes,2o thus de- 
creasing the magnitude of the M - L spin delocalization. 
This results in "polarization" of the Fe-C6H5 moiety 

(19) Busby, C. A.; Dolphin, D. J. Magn. Reson. 1976,23, 211. 
(20) Satterlee, J. D.; La Mar, G. N. J. Am. Chem. SOC. 1976,98,2804. 
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0 0  
4m 500 800 Too 800 

WAVE LBx3TH. m 
Figure 2. Spectral change observed during the titration of 1.50 
X M (OEP)Fe(C6H5) by py into PhCN, 0.1 M TBA(PF6) 
solutions. Total concentration of py in solution: 0 M, 0.02 M, 
0.074 M, 0.150 M, and 0.52 M. 

leading to stabilization of the complex toward homolytic 
cleavage of the iron-carbon u bond.' 

Spectrophotometric Titration. Complexation of one 
pyridine molecule to the neutral (P)Fe(C6H5) complex is 
represented by eq 4. 

sl" 
(P)Fe(C6H5) -t PY (P)Fe(C&)(py) (4) 

Spectral changes obtained upon addition of pyridine to 
(OEP)Fe(C6H5) in benzonitrile solutions are shown in 
Figure 2. Analysis of the spectral data by plotting log [(A 
- A,)/(Ao - A)] vs. log [py] resulted in a linear relationship 
with a slope of 1.0, indicating the addition of one py 
molecule to the starting species. The formation constant 
of (OEP)Fe(C6H5)(py) was calculated as log PIo = 1.6 f 
0.1 for reaction 4. Furthermore, clear isosbestic points 
reveal only the five- and six-coordinate species in equi- 
librium. 

Formation of (OEP)Fe(C6H5)(py) results in a red shift 
of the Soret band (from 393 to 417 nm) together with the 
appearance of three shoulders and a and bands char- 
acterizing a metal - ligand charge transfer common in 
iron(I1) porphyrins. This is not surprising since the 
electron density on the iron center might be increased by 
the inductive effect of the axial ligand(& 

Electrode Reactions in py/PhCN Mixtures. The 
electrochemistry of (OEP)Fe(C6H5) and (TPP)Fe(C6H5) 
is similar in py/PhCN mixtures as that observed in neat 
PhCN. This is shown in Figure 3 for the case of (TPP)- 
Fe(C6H5). In neat PhCN a reversible reduction (reaction 
1) occurs at -0.70 V while two oxidations are observed at 
+0.61 and +1.49 V (reactions 2 and 3). When pyridine is 
added to PhCN solutions of (TPP)Fe(C6H5), reaction 3 
becomes obscured by the oxidation of pyridine. However, 
both the fist reduction (labeled reaction I in Figure 3) and 
the first oxidation (labeled reaction I1 in Figure 3) shift 
negatively from the values reported in PhCN while the 
reversibility of the reaction is maintained. The magnitudes 
of the potential shifts are not equal for the two reactions, 
and values of El j z  are dependent on the free pyridine 
concentration in solution. 

M (not shown in Figure 3), ElI2  for re- 
action I1 shifts negatively by 50 mV per tenfold change in 
[py] while the half-wave potential for reaction I remains 
constant a t  El12 = -0.70 V. This dependence of El on 
[py] is consistent with a five-coordinate (TPP)Fe(d6H5) 
species a t  low pyridine concentration but suggests that a 

A t  [py] < 

w 

I I I I I L 
+a8 tM 0.0 -0.4 -a8 -1: 

# ITPI IUL,VH8CE 

Figure 3. Cyclic voltammograms of 7.79 X 10-4 M (?TPP)Fe(C$I,) 
in mixed py/PhCN solvents containing 0.1 M TBA(PF6) (scan 
rate = 0.10 V/s). Pyridine concentrations: (a) 0 M, (b) 0.062 M, 
(c) 0.160 M; (d) 2.9 M. 

t0.m I 
Reaction I 

6 . 0  mV Q \--=a- 

$ 4 . 5  
u) 
d 

-0. 1 s - 0  mV 

-2.0 -1.0 0.0 

~ O S C P Y l  
Figure 4. Plot of the fmt oxidation and f i t  reduction half-wave 
potentials of7.79 X lo4 M (TPP)Fe(CsH5) versus log [py] during 
the titration presented in Figure 3. 

pyridine is bound to the first oxidation product as shown 
in eq 5. The theoretical shift of Ellz with log [py] is -58 

(TPP)Fe(CeHd + PY * [TPP)F~(CGH~)(PY)I+ + e (5 )  

mV for such a reaction,2l and this agrees well with the 
experimental value of -50 mV. In addition, confirmation 
that the neutral complex was not ligated also comes from 
the electronic absorption spectra that are identical in 

(21) Laitenen, H. k; Harris, W. E., "Chemical Analysis"; McGraw-Ha. 

(22) Nichohn,  R. S.; Shain, I. Anal. Chen. 1964, 36, 706. 
(23) Kadish, K. M.; Bottomley, L. A.; Kelly, S.; Schaeper, D.; Shiue, 

New York, 1976; pp 227-231. 

L. R. Bioelectrochem. Bioenerg. 1981, 8, 213. 
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Table 11. Formation Constantsa for the Addition of py to 
t(p)Fe(c6H5 )I+, (P)Fe(C, H5 1, and [(P)Fe(C6 HS 11- 

PY 
[( TP P )Fe(CsHg ) I -  7' C(TP P)Fe(C6 Hg )(p y)l- 

PhCN and in PhCN containing less than 
Shifts of Ellz upon larger additions of pyridine are shown 

in parts b-d of Figure 3, and values of Ellz vs. log [py] are 
plotted in Figure 4. Between [py] = 0.016 M and [py] = 
1.0 M the first oxidation potential remains constant a t  El 
= +0.53 V while the first reduction is shifted by -60 m b  
per log [py]. Similar plots have been presented for the 
oxidation/reduction of (TPP)Fe(Cl) in the presence of 
nitrogenous  base^'^-'^ and, for the specific case of (TPP)- 
Fe(C6H5), suggest the electrode reactions shown in eq 6 
and 7. 

M py. 

(TPP)Fe(C6H5)(py) * [ (TPP)F~(C~H~)(PY)I+ + e (6) 

(TPP)Fe(C6H5)(py) + e * [(TPP)Fe(C&j)l- + PY (7) 

Finally, a t  [py] > 1.0 M both the oxidation and the 
reduction potentials are independent of [py], indicating 
complexation of a pyridine molecule by the neutral, oxi- 
dized, and reduced forms of the complex. Under these 
experimental conditions the oxidation is given by eq 6 
while the reduction can be represented by eq 8. 

(TPP)Fe(C&b)(PY) + e * [(TPP)F~(CBHS)(PY)~- (8) 
Combinations of reactions 1 and 2 in PhCN with reac- 

tions 5-8 in py/PhCN mixtures leads to the overall oxi- 
dation/reduction mechanism shown in Scheme I1 for the 
case of the TPP derivative. 

Experiments carried out on (OEP)Fe(C6H5) in mixed 
py/PhCN solutions lead to potential shifts s i m i i  to those 
shown in Figure 4 and to  a mechanism almost identical 
with that illustrated in Scheme 11. However, pyridine 
appears to coordinate less strongly to the neutral 
(OEP)Fe(CJ-15) than to the neutral (TPP)Fe(C6H5). This 
conclusion is based on the fact that shifts in reduction 
potential of (OEP)Fe(C6H5) do not occur until [py] > 0.3 
M. In addition, [(OEP)Fe(C6H5)(py)]- is not observed at  
any ligand concentrations up to 5.0 M py, suggesting a very 
low py binding constant for [(OEP)Fe(C6H,)!-. 

Formation Constants for Pyridine Binding. Com- 
plexation of one pyridine molecule to the neutral, oxidized, 
and reduced forms of (P)Fe(C6H5) is represented by eq 4, 
9, and 10, respectively. Values of /3: were calculated 

81+ 
[(P)Fe(C6H5)I+ + PY [(P)Fe(C&,)(PY)I+ (9) 

81- 

[(P)Fe(C6H5)l- + PY Z= [(P)Fe(c~H&py)l- (10) 

directly from spectrophotometric titrations, while P1+, &-, 
and also PIo are easily determined from shifts of El12 as 
a function of ligand concentration. This latter method of 
calculation has been described in the literature13-17 and 
utilizes the type of data illustrated in Figure 4. 

Reaction 4 was also monitored by evaluating shifts in 
reduction potential as a function of log [py]. Values of log 
pl0 were 1.8 f 0.2 for (OEP)Fe(C6H5) and 2.5 f 0.2 for 
(TPP)Fe(C6H5). In the former case, the electrochemical 
value is within experimental error of that calculated by the 

porphyrin log P I +  log PI0 log P , -  
(OEP)Fe(C,H,) 3.5 * 0.2 1.6 * O.lb NR 

(WP)Fe(C,H,) 3.9 f 0.3 2.5 f 0.2 0.6 f 0.2 
1.8 f 0.2 

a Unless indicated all values were calculated from 
electrochemical titration data. 
photometric titration data. N R  = no reaction. 

Calculated from spectro- 

I 1 I I I I I 

0.0 -0.4 -08 -1.2 m.8 *0.4 0.0 
POTENTIAL, V vs SCE 

Figure 5. Thin-layer cyclic voltammogram of 5.8 X lo4 M 
(TPP)Fe(C,H,) in PhCN, 0.3 M TBA(PF,) (scan rate = 0.002 
V/s): (a) f i t  reductive scan; (b) first and second oxidative scan. 

spectrophotometric titration (log 810 = 1.6 f 0.1). Values 
of log P t  were then utilized to calculate log PI+ and log Pi. 
These values are presented in Table I1 that summarizes 
all of the measured formation constants for pyridine ad- 
dition. As seen in this table, the ligation ability of the 
a-bonded iron complexes decreases along the sequence 
cation > neutral > anion. A similar trend has been ob- 
served for the formation of oxidized and reduced (TPP)- 
Zn(py) c~mplexes'~ and is not unexpected. 

Reduction of (P)Fe(C6H5)(py) in py/PhCN Mix- 
tures. The reduction of (P)Fe(C6H5)(py) is reversible a t  
the OTTLE time scale for all concentrations of pyridine. 
This is shown by the cyclic voltammogram in Figure 5a 
and the corresponding OTTLE spectra in Figure 6. 
(OEP)Fe(C6H5)(py) is generated from (OEP)Fe(C6H5) at  
[py] > 0.3 M, and, a t  all concentrations of pyridine, this 
species is reduced to [(OEP)Fe(C6H5)]-. 

The dissociation of a py ligand is also observed upon 
reduction of (TPP)Fe(C6H5)(py) a t  [py] < 1.74 M. At 
higher concentrations of pyridine, however, reduction of 
(TPP)Fe(C6H5)(py) yields [ (TPP)Fe(C6H5)(py)]- as shown 
in eq 8 and illustrated in Figure 6b. As seen in this figure, 
the optical spectrum of the reduced species is quite dif- 
ferent from that for [(TPP)Fe(C6H5)]- (see Table 111). 
The Soret and Q bands of the obtained complex are red 
shifted (AA = 22 and 21 nm, respectively) when compared 
to the bands of [(TPP)Fe(C6H5)]- and suggest axial co- 
ordination of the anion by pyridine. In addition, a well- 
defined absorption maximum at  768 nm suggests the 
presence of a radical anion. Consequently, the reduction 
process involves two resonance contributors as shown in 
eq 11. Reaction 11 is similar to that reported for the 

C( TPP)Fe1'(C6H~ )(py)l- 

(11) I (TPWFe(CsH5 ) (py)  

C(TPP)Fel1I(C6Hg )(py)l-' 

reduction of [(P)Fe(C&)] in PhCN.2 However, in py/ 
PhCN mixtures the molar absorptivity of the band at- 
tributed to a radical anion is weaker than the one observed 
in PhCN, suggesting a less important contribution of the 
radical character to the six-coordinate reduced complex. 
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Table 111. Spectral Data for Five- and Six-Coordinate (P)Fe(C,H, ) Complexesa 
ring species Amax, nm ( lo-%) 
OEP 

TPP 

392 (120)  
367 (sh), 400 (118)  
393 (129)  
360 (sh), 405 (sh), 417 (115)  
350 (42) ,  408 (98)  
398 (sh), 412 (93)  
357 (sh), 408 (sh), 431 (92)  
364 (36) ,  429 (98)  
366 (30) ,  432 (55) ,  451 (74)  

In py/PhCN, 0.1 M TBA(PF,). Taken from re€ 2 .  

WAVE W l H ,  rm 
Figure 6. Time-resolved electronic absorption spectra taken at 
an O T ~ E  during the reduction of (a) 6.0 X lo4 M (0EP)Fe- 
(c6H5)(py) at 0 ,5 ,  25, and 300 s of electrolysis and (b) 5.8 X lo4 
M (TPP)Fe(C6H5)(py), in py/PhCN, 0.3 M TBA(PF6) solutions 
at 0, 5, 20, 60 and 240 s of electrolysis. In both cases [py]/ 
[porphyrin] = 2000. 

The formation of [ (TPP)Fex1x(C6H5)(py)]-. in parallel 
with that of [(TPP)Fen(C,H5)(py)]- may be compared to 
the change in oxidation site of some iron(I1) tetrapyrrolic 
complexes upon coordination by carbon monoxide. Indeed, 
it has been shown that both (Et i0C)Fe~(C0)(py)~~ and 
( T B P ) F ~ " ( C O ) ( P ~ ) ~ ~  may be oxidized to yield the corre- 

(24) Chang, C. K.; Pajer, J. J. Am. Chem. SOC. 1980, 102, 848. 
(25) Vogler, A.; Rethwisch, B.; Kunkely, H.; HQttermann, J. Angew. 

Chem., Znt. Ed. Engl. 1978, 17, 952. 

530 (20) ,  555 (sh) 
512 (19) ,  539 (17), 752 ( 3 )  
527 (sh), 554 (22)  
531 (16) ,  554 (15)  
502 (19) ,  542 (57) ,  758 ( 7 )  
522 (12) ,  541 (sh) 
532 (9) ,  631 (2) 
510 (14) ,  533 (sh), 571 (4), 765 (4)  
531 (14) ,  552 (sh), 768 ( 2 )  

sponding Fe(I1) cation radical rather than an Fe(II1) 
species (where EtioC = etiochlorin I and TBP = tetra- 
benzoporphyrin). Vogler et have pointed out that 
formation of an Fe(I1) cation radical results from nega- 
tively shifting the half-wave potential for ?r cation radical 
formation such that this reaction preferentially occurs over 
an electrode reaction producing Fe(II1). Presumably a 
similar negative shift occurs for the Fe(II1) s Fe(I1) re- 
action of (TPP)Fe(C,H,) (py) such that the potentials for 
Fe(II1) ?r anion radical formation and that for Fe(I1) for- 
mation are closely overlapped. This thus produces what 
appears to be the f i t  example of an Fe(II1) anion radical 
(as depicted by eq 11 above). 

Oxidation of (P)Fe(C,H,)(py) in py/PhCN Mix- 
tures. (TPP)Fe(C6H5)(py) and (OEP)Fe(C6H5)(py) were 
oxidized at  an OTTLE with monitoring of the electrogen- 
erated products. At the O?TLE t h e  scale (P)Fe(C6H5)(py) 
behaves like the corresponding five-coordinate complexes 
in benzonitrile,2 giving rise to a slow chemical reaction (see 
Figure 5b) leading to [(N-C6H5P)Fe'n]2+, This species is 
reversibly reduced at  +Oslo V (TPP) or -0.16 V (OEP). 
Time-resolved spectra during the oxidation of (0EP)Fe- 
(C6H5)(py) (see Figure 7a) show, however, the initial for- 
mation of a cationic species with blue-shifted Q bands and 
molecular absorptivities similar to those of the neutral 
(OEP)Fe(C&5)(py) complex (see Table III). Furthermore, 
a weak and broad absorption centered at  752 nm appears 
in the spectrum. These features are consistent with a 
partially metal-centered and a partially ring-centered ox- 
idation, the main contributor being an iron(1V) form as 
depicted in eq 12. 

[ ( O E P ) F ~ x 1 ( C 6 H 5  ) (py 11'' 

I V  
C(0EP)Fe ( C 6 b , ) ( p Y ) ?  

Upon reduction of [(N-C6H5P)Fen]+ a nitrogen to iron 
back-migration also occurs at low pyridine concentrations. 
This electrochemically initiated reaction involves a two- 
electron transfer and takes place at  [py] < 0.13 M for P 
= TPP and [py] < 0.3 M for P = OEP. A t  higher con- 
centrations of pyridine, cleavage of the phenyl group occurs 
and (TPP)Fe(py)2 or (OEP)Fe(py)2 is formed. The scheme 
of the total reversible iron to nitrogen migration of the 
phenyl group is shown in Figure 8 for the (OEP)Fe(C6H5) 
derivative in pyridine. An identical mechanism is observed 
for (TPP)Fe(C6H5) with the exception that the obtained 
anion is hexacoordinated (see eq 11). 

Electrochemistry in Neat Pyridine. In pyridine, 0.1 
M TBA(PF6), both (OEP)Fe(C6H5) and (TPP)Fe(C6H5) 
exhibit a single quasi-reversible reduction and a single 
quasi-reversible oxidation (see Table IV). In addition, a 
second irreversible oxidation is observed for the OEP 
derivative at E,, = +1.29 V. The peak current ratio iw/iw 
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Table IV. Half-wave Potentials for Oxidation and Reduction of (P)Fe(C6H,) in py and PhCN Containing 0.1 M TBA(PF,) 

compd 
E,,,, V vs. SCE 

soh 2nd oxidatn 1 s t  oxidatn 1st reductn EJFc+/Fc) 
PY + 1.2ga t0.44 -1.03 t 0.52 
PhCN + 1.30 +0.48 -0.93 + 0.46 
PY + 0.63 -0.76 + 0.52 
PhCN + 1.49O + 0.61 -0.70 + 0.46 

(0EP)Fe(C6HS) 

(TPP)Fe(C6HS) 

a Potential quoted is Epa measured at 0.10 V/s. Taken from ref 2. 

120 1 

I A1 

W A V E W , m  
Figure 7. Time-resolved electronic absorption spectra taken at 
an O T ~ E  during the oxidation of (a) 6.0 X lo4 M (0EP)Fe- 
(C6H6)(py) at a [py]/[porphyrin] ratio of 510 (total electrolysis 
times, (1) 0 s, (2) 15 s, (3) 45 8, (4) 300 s, and (5) 1200 s) and (b) 
6.7 X lo4 M (TPP)Fe(C6H6)(py) in py/PhCN, 0.3 M mA(PF6) 
at a [py]/[porphyrin] ratio of 150 (total electrolysis times, (1) 0 
s, (2) 30 s, and (3) 780 s. 

for the first oxidation is close to 1.0 at  scan rates above 
0.05 V/s while ipa/iw for the single reduction ranges be- 
tween 0.75 and 1.0 and increases with scan rate. The data 
for the latter case are in accordance with a slow chemical 
reaction following electron addition.22 This Ec mechanism 
was confirmed by the appearance of a reversible wave upon 
reoxidation. Half-wave potentials for this wave were at  
El12 = -0.15 for P = OEP and EIl2 = +0.06 V for P = TPP. 
These potentials match those r e p ~ r t e d ' ~ ~ ~ ~  for [ (0EP)Fe- 
( p ~ ) ~ ] +  and [(TPP)Fe(py),]+ and indicate partial dis- 
placement of the axial phenyl group by a pyridine molecule 
as shown in eq 13. 

(P)Fe(C6H5)(py) + PY -S (P)Fe(py), (13) 
Effect of the Sixth Pyridine Ligand and Site of the 

Electrode Reactions. As shown in this work, pyridine 
coordinates to the iron center of (P)Fe(C6H5). Moreover, 
reductive elimination of the phenyl group and formation 

Y r B 1+ 

Figure 8. Reversible iron to nitrogen migration for (0EP)Fe- 
(CsHs)(py) in py/PhCN mixtures. 

of the bis-pyridine adduct of iron(I1) can also take place. 
This reaction has already been reported for other iron- 
(11)-alkyl organometallic complexes2s and, in the case of 
(P)Fe(R) porphyrins, is accelerated upon one-electron 
reduction. 

A comparison of log B1 values obtained for the oxidized, 
neutral, and reduced complexes indicates that the ligation 
ability of the a-bonded iron complexes decreases along the 
sequence cation > neutral > anion. Consequently, pyridine 
addition stabilizes the neutral and oxidized species and 
lowers the chemical reactivity of these complexes. This 
has been proven by a slower metal to nitrogen migration 
for [ (P)Fe(C6H5)(py)]+ than for [ (P)Fe(C,H,)]+. Fur- 
thermore, the relative stabilization of the neutral species 
upon addition of one pyridine molecule is in accordance 
with a decrease in the metal to ligand spin delocalization. 
This is also indicated by the lH NMR measurements. 

The one electron reduction of (P)Fe(C6H5)(py) yields 
a six-coordinate (P = TPP) or a five-coordinate (P = OEP) 
species that can be described by a mixed iron(1II) radical 
anion and iron(I1) porphyrin formalism. This is similar 
to a postulated formalism for reduced [(PIFe(C6H5)]- in 
nonbonding media.2 However, the molar absorptivity of 
the absorption band at  765-768 nm that characterizes a 
radical anion is only half the size in [(P)Fe(C6H5)(py)]-, 
as compared to the five-coordinate species generated in 
PhCN (see Table III). This suggesb a weaker contribution 
of the iron(II1) radical anion form to the reduction process 
(eq 11) and implies a smaller overlap of the d,, and dy, 
HOMOS of the iron with the eg LUMO of the porphyrin, 
presumably resulting from a greater separation of their 
respective energy levels. This phenomenon is not sur- 
prising, since IH NMR measurements clearly indicate a 
marked back-bonding effect induced upon coordination 
of the iron ion by pyridine. 

The back-bonding ability of the pyridine ligand is weak 
enough to place the d,, and dyE orbital energy levels a t  
almost the same distance from the eg LUMO and the a, 

(26) Lau, W.; Huffman, J. C.; Kochi, J. K. Organometallics 1982, 1, 
155. 
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HOMO energy levels of the porphyrin. This is evidenced 
by the oxidation pattern of (OEP)Fe(CGH5)(py) that, as 
indicated by time-resolved electronic absorption spectra, 
involves both spin-coupled iron(II1) radical cation and 
iron(1V) porphyrin cation forms. 

In summary we have shown that pyridine coordinates 
to oxidized, neutral, and reduced iron(II1)-phenyl Q- 

bonded five-coordinate porphyrins producing the corre- 
sponding six-coordinate derivatives. This coordination 
results in stabilization of the neutral and oxidized species. 
Also we report the first case where oxidation and reduction 
of the same iron(II1) porphyrin can be described as oc- 

curring at  a location involving both the central metal or- 
bitals and those of the 7r ring system. These electro- 
chemical reactions can be described by a mixed formalism 
involving an Fe(IV) complex and an Fe(1II) cation radical, 
as well as an Fe(I1) complex and an Fe(II1) anion radical. 
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The structures of 1,1’,2,2’-bis(tetramethylene)ferrocene, I, 1,1’,2,2’,4,4’-tris(tetramethylene)ferrocene, 
11, and 1,1’,2,2’,4,4’-tris(pentamethylene)ferrocene, 111, are given and are compared to the previously 
determined2 structure of 1,1’,2,2’,4,4’-tris(trimethylene)ferrocene, IV. The iron-bring distances are consistent 
with the reported Miissbauer spectra3 and redox potentials! The cyclopentadienyl rings are eclipsed in 
the compounds with trimethylene and pentamethylene bridges but are staggered by 12-14O in the compounds 
with tetramethylene bridges. In compounds with tetra- and pentamethylene bridges the presence of 
staggering or eclipsing is attributed to the need to avoid eclipsing of the protons in the bridges. In the 
compound with three trimethylene bridges, the shortness of the bridges is of primary importance. The 
staggered conformation observed in I and I1 may be the source of the apparent anomalies observed in the 
ring-proton region of the NMR spectra of bridged ferrocenes. The bridge-proton region of the NMR spectra 
at 360 MHz are given for I and other bridged ferrocenes. Disorder of the bridge carbons observed in the 
crystals are correlated with the flipping of the bridges observed in the NMR spectra. 

Introduction 
In the NMFt spectra reported for the bridged ferrocenes,6 

anomalies occur. The separation of the chemical shifts of 
the ring protons is greater in ferrocene with a trimethylene 
bridge (A6 = 0.05 ppm) than in ferrocene with a tetra- 
methylene bridge (A6 = 0.04 ppm). This is in accord with 
the observationg8 that greater ring tilting leads to a greater 
separation of the chemical shifts of the ring protons. 
However, in ferrocene with a pentamethylene bridge the 
separation of the chemical shifts of the ring protons (A6 
= 0.11 ppm) is greater than even in trimethyleneferrocene. 
Similar reversals have been reported5 for the related com- 

(1) Paper 9 of eeriea: Hillman, M.; Matyevich, L.; Fujita, E.; Jagwani, 

(2) Hillman, M.; Fujita, E. J.  Organomet. Chem. 1978, 155, 87-98. 
(3) Hillman, M.; Nagy, A. G. J.  Organomet. Chem. 1980,184,434-446. 
(4) Fujita, E.; Gordon, B.; Hillman, M.; Nagy, A. G .  J. Organomet. 

(5) Hieatome, M.; Hillman, M. J.  Organomet. Chem. 1981, 212, 

(6) Rinehart, K. L., Jr.; Frerichs, A. K.; Kittle, P. A.; Weetman, L. F.; 
Gwtafson, D. H.; Pruett, R. L.; McMahon, J. E. J. Am. Chem. SOC. 1960, 
82,4111-4112. 

(7) Barr, T. H.; Watts, W. E. Tetrahedron 1968,24, 6111-6118. 
(8) Hillman, M.; Weiss, A. J. J.  Organomet. Chem. 1972,42,123-128. 

U.; McGowan, J. Organometallics 1982, 1 ,  12269. 

Chem. 1981,218,105-114. 

217-231. 

pounds with two and three bridges. E.g., the ratios of the 
ring-proton peaks (downfield to upfield) are 2:1,1:2, and 
2:l for V, VI, and VI1 (all structures are illustrated in 
Figures 1-5), respectively. I t  was anticipated that some 
variance in the structures of the tetramethylene and 
pentamethylene derivatives was responsible for these 
anomalies. For this reason an attempt is underway to 
determine the structures of relevant bridged ferrocenes. 
In this paper the structures of a bis(tetramethy1ene)-, I, 
a tris(tetramethy1ene)-, 11, and a tris(pentamethy1ene)- 
ferrocene, 111, are reported. 

Experimental Section 
Compounds I, 11 and I11 were prepared by the procedures of 

Hisatome et  aL69Jo Crystals were grown from hexane solutions 
and were mounted along their long axes for the collection of the 
diffraction intensity data. 

The intensity data were collected on an Enraf-Nonius CAD-4 
diffractometer with graphite-monochromated Mo Ka radiation 
( h  = 71.07 pm). The crystal data are given in Table I. The 

(9) Hisatome, M.; Sakamoto, T.; Yamakawa, K. J. Organomet. Chem. 

(10) Hisatome, M.; Watanabe, N.; Sakamoto, T. Yamakawa, K. J. 
1976,107,87-101. 

Organomet. Chem. 1977,125,79-93. 

0276-733318412303-ll70$01.50/0 0 1984 American Chemical Society 
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