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Kinetic and Thermodynamic Studies of Iron(lll) and Iron(IV) e¢-Bonded Porphyrins.
Formation and Reactivity of [[OEP)Fe(R)]"*, Where OEP Is the Dianion of
Octaethylporphyrin (n = 0, 1, 2, 3) and R= C¢Hs, 3,4,5-GF3sH2, 2,4,6-GF3H2, CsF4H, or
CeFs

Introduction

in several biological processes, including lipoxygenation cata-
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A series of high- and low-spin iron(lll) phenyl and fluorophenyl octaethylporphyrin complexes are characterized
by their electrochemical and spectroscopic properties in nonaqueous media. The investigated compounds are
represented as (OEP)Fe(R), whereeRsHs, 3,4,5-GFsH», 2,4,6-GFsH,, CsF4H, or GsFs and OEP is the dianion

of 2,3,7,8,12,13,17,18-octaethylporphyrin. The tw&4El, complexes are of special interest in that these isomers
differ in the spin state of the iron(lll). Electrochemical studies indicate that three one-electron oxidations are
seen for all of the (OEP)Fe(R) derivatives which were investigated both at room and low temperature under
conditions where migration of the-bonded ligand does not occur on the time scale of the experiment. The first
one-electron oxidation of each compound leads to an Fe(lV) porphyrin, and this is followed by a migration of the
axial group from the iron center to one of the four nitrogen atoms independent of the nature of the axial group
or the iron(lll) spin state. The kinetics were examined to evaluate the migration rate constants in the presence
and absence of pyridine as a sixth axial ligand. The results of this study show that the stronger the electron
donor ability of the R group, the faster the migration rate in the case of the five-coordinate species. However,
an increase in charge density at the metal center by axial coordination of pyridine retards the migration rate and
this result is interpreted in terms of a rate determining electron transfer step from R to Fe(IV) of the singly
oxidized species prior to the migration. Our results also show that the spin state of the iron(lll) octaethylporphyrin
is not a key factor which governs the migration of the axial ligand of the electrooxidized species. For the first
time, an overall mechanism is proposed to explain the migration reactiondrtibeded iron porphyrin complexes.

To understand the reactivity and role of these organoiron
species in biological systems, a number of iron porphyrins
possessings-bonded alkyl or aryl axial ligands have been
synthesized and characterized over the last 15 yeatsOur

Organoiron derivatives have been identified as intermediates

lyzed by lipoxygenase enzynfesnd heme inactivation in
hemoglobin, myoglobin, cytochrome P-450, and catatase.

These transient species are unstable and undergo a migratio
of the o-bonded axial ligand from the heme iron to one of the

four porphyrin ring nitrogens leading to the formation of
N-substituted hemés.
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own laboratories have concentrated, in large part, on the indicates this analysis to be much too simplified since all three

synthesis and characterization ofbonded iron porphyrins
containing phenyl or perfluorophenyl groups of the typ#ls;
CeFs, or GsF4H.16719.34-3% A migration of thes-bonded axial

OETPP derivatives contain low-spin iron(lll) and none of the
[(OETPP)Fe(R)f complexes undergoes a migration, despite the
unequivocal formation of iron(IV) in singly oxidized [(OETPP)-

ligand has been shown to occur upon the chemical or electro-Fe(GHs)]™.2° This result seems to clearly indicate that the

chemical oxidation of some synthetic-bonded iron(lll)
porphyrins37:13.22,34.3638 bt the exact conditions leading to the

iron(l11) spin state is not a key factor governing the axial ligand
migration of oxidizedo-bonded Fe(lll) porphyrins.

occurrence or absence of a migration reaction has yet to be Two additional results emerge from the electrochemical study

completely understood.

The first electrochemical studies of (OEP)Fe(R) and (TPP)-

Fe(R)}84% showed that a migration of the-bonded R group

of (OETPP)Fe(R¥? The first is that doubly oxidized [(OETPP)-
FeV(CsHs)]2™ undergoes a slow migration reaction to givis{(
CsHsOETPP)F#12, and the second is that three well-defined

was initiated by a one-electron oxidation but seemed to occur one-electron oxidations are observed for the initihonded

only for compounds containing a speciticbonded ligand and/
or iron(lll) spin state’*41 Electrogenerated [(OEP)Fefds)] "
and [(TPP)Fe(gHs)]™ were shown to undergo an axial ligand

complex by cyclic voltammetry at high scan rates or low
temperatures in benzonitrile containing 0.1 M tetrabutylammo-
nium perchlorate (TBAP). The three oxidations are consistent

migration, but this reaction was not observed on the cyclic with formation of an iron(IV) porphyrin followed by an iron(IV)
voltammetry time scale for the same singly oxidized porphyrins porphyrinz cation radical and dication, and these latter two

containingo-bonded GFs or CsF4H groups. This difference
in reactivity between [(P)Fe@Els)]* and the perfluorophenyl
derivatives, [(P)Fe(gH)]" and [(P)Fe(GFs)]™, was first
attributed to a difference in iron(lll) spin state of the neutral

reactions at the porphyrim ring system should also have been
observed after the facile formation of [(OEPY{€sHs)] ™ and
[(TPP)F&'(CeHs)]* in benzonitrile containing 0.1 M TBARS

To explore this possibility, and to look for the expected third

compounds and/or a difference in the site of electron transfer oxidation of other (P)Fe(R) derivatives, we have now systemati-

of the singly oxidized species.
containing GHs were proposed to be oxidized at the metal
center, while the high-spin compounds containig4& or CsFs

were proposed to be oxidized at the conjugated porphyrin

The low-spin compounds cally investigated the redox properties of figebonded por-

phyrins in the OEP series under experimental conditions where
a third oxidation might be observed at very positive potentials.
We have also more closely examined the reactivity of the singly

ring system. However, a more recent electrochemical study of oxidized porphyrins on time scales longer than those of cyclic

(OETPP)Fe(@Hs), (OETPP)Fe(6F:), and (OETPP)Fe(E H)®%
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voltammetry and provide the first kinetic measurements for rate
constants involving the conversion of [(OEP)Fe(Rdd [(N-
ROEP)Fe}.

The investigated porphyrins are represented as (OEP)Fe(R),
where R= C6H5, 3,4,5-QF3H2, 2,4,6-QF3H2, CBF4H, or (:GFS
The two (OEP)Fe(gFsH,) isomers differ in the degree of steric
hindrance between the axial ligand and the porphyrin macrocycle
as well as in spin state of the Fe(lll). The 3,4,5-¢H;
derivative contains low-spin iron(lll), and the 2,4,6FgH;
derivative contains high-spin iron(lll) as shown in Chart 1.

Experimental Section

Chemicals. Benzonitrile (PhCN) was obtained from Aldrich
Chemical Co. and distilled over.®s under vacuum prior to use.
Absolute dichloromethane (GBI;) over molecular sieves (Fluka
Chemika) and anhydrous pyridine (Aldrich) were used without further
purification. Tetran-butylammonium perchlorate (TBAP) was pur-
chased from Sigma Chemical Co., recrystallized from ethyl alcohol,
and dried under vacuum at 4C for at least 1 week prior to use. 2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was obtained com-
mercially and used without further treatment.

Synthesis of (OEP)Fe(R).The five investigated aryl-bonded iron
porphyrins were prepared by reacting the corresponding aryl Grignard
reagent with (OEP)FeCl according to literature procedtf&s.The
synthesis of (OEP)Fe(R), where=RCsHs, CsF4H, or GeFs, has already
been reported in the literatuté. The (OEP)Fe(R) derivatives, where
R = 3,4,5- and 2,4,6-63H,, have not previously been reported, and
a description of their physicochemical properties is given below.

(OEP)Fe(3,4,5-GF3Hy). UV —visible (CHCly) Amax NmM (1072 ¢,

M~ cm™%): 390 (63), 531 (8), 554 (8)*H NMR (CeDs from SiMey
at 300 K)o, ppm: 8.14,—0.06 (16H,0-CH,), —1.30 (24 H,5-CHg),
—77.90 (2 H,0-Haxial ligand, 5.84 (4 HmeseH). % NMR (using CFQ
as external reference at 294 K) ppm: —120.8,—194.9 in GDsN,
—92.9,—206.5 in GDs (Faxial ligand. Mass spectrum (DEI): M, m/z
719 (66); [M— CgFsH]*, mz588 (100). Anal. Calcd for GHagNaFs-
Fe: C, 70.09; H, 6.44; N, 7.78. Found: C, 69.2; H, 6.7; N, 8.1.

(OEP)Fe(2,4,6-GF3H2). UV —vis (CHClp) Amax NM (103 ¢, M1
cm™Y): 365 (58), 510(6), 537(6), 642(2)H NMR (Ce¢Ds from SiMey
at 300 K)d, ppm: 38.9, 37.5 (16 Hy-CHy), 5.5 (24 H,5-CHg), —47.5
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Chart 1 axial ligand, with the number and positions of the fluorine atoms
F on the R group determining the spin state of the initial Fe(lll)
F complex. The spin state of iron(lll) porphyrins is known to
F F depend on the ligand field strength of the fifth or sixth axial
ligand#* and a conversion from low-spin Fe(lll) to high-spin
F Fe(lll) is observed upon going from (OEP)FegkE) to either
Fe one of the two perfluorophenylporphyrins, (OEP)FgR& or
— “e— _— e— (OEP)Fe(GFsH).*

A change in the position of the fluorine atoms from the meta
to the ortho positions of the-bonded aryl group on (OEP)Fe-
(CsF3Hy) will also induce a change in the iron(lll) spin state as
indicated by!H NMR spectra. (OEP)Fe(3,4,5:&H>) is in a

(4 H,meseH). 1°F NMR (in CsDsN using CFC} as external reference Iow-spm state 5_: ). In Csontrast, (OEP)FG(2'4’§G%H2)

at 294 K)o, ppm: —53.1, —82.8 (Faxia igand. Mass spectrum (DEI): c_ontalns high-spin Fe(llNg= /.2) and exhibits two typical ESR

M=+, m/z 719 (28); [M — CeFsH]*, m/z 588 (100). Anal. Calcd for signals atg = 5.85 and 2.06 in toluene at 4 K. However, as

CuHaeNsFsFe: C, 70.09; H, 6.44; N, 7.78. Found: C, 71.2; H, 6.9; expected, the two compounds are in a low-spin state when a

N, 7.9. pyridine ligand is six-coordinated to the iron center. This is
Instrumentation. *H and®F NMR spectra were recorded at 500 unambiguously shown by thé®F NMR chemical shifts in

MHz on a Bruker Avance DRX and at 200 MHz on a Bruker AC 200 CzDgN.35

spectrometers at the CSMUB (“Centre de Specfttomé/oleculaire The room-temperature UWisible spectra of (OEP)Fe(R)

de I'Universitede Bourgogne”). ESR sp_ectra were recorded in toluene support the NMR-based assignments of spin state in the case

on a Bruker ESP 300 spectrometer equipped with an Oxford Instrument of the two GFsH, derivatives. The spectrum of low-spin

Cryostat. Theg values were measured with respect to diphenyl- S .
picrylhydrazyl g = 2.0036+ 0.0003). Electronic absorption spectra (OEP)Fe(3,4,5-€F3H>) is similar to that of low-spin (OEP)-

were recorded on a Varian Cary 5 spectrophotometer. Mass spectra €(GeHs),*® while the spectrum of high-spin (OEP)Fe(2,4,6-

were obtained with a Kratos Concept 32S spectrometer, and the dataCsF3H2) is comparable to that of high-spin (OEP)FQHH)S“
were collected and processed using a Sun 3/80 workstation. (see Table 1). The differences in electronic properties between

Cyclic voltammetry was carried out with an an EG&G Princeton the axial ligands of (OEP)Fe(3,4,5/&3H,) and (OEP)Fe(2,4,6-
Applied Research model 173 Potentiostat/Galvanostat coupled with anCgF3H5) are smaller than the differences in electronic properties
EG&G PARC model 175 Universal Progammer. Currentltage between the axial ligands of (OEP)Felg) and (OEP)Fe-
curves were recorded on an EG&G Princeton Applied Research model (CeFs).#546 Thus, the fact that two different spin states are seen
RE-0151 X—Y recorder. A three-electrode system was used and for (OEP)Fe(3,4,5-6FsH,) and (OEP)Fe(2,4,64E5H;) indi-

con_S|sted o_faglassy carbon button or a platinum working electrode, acates that the iron spin state in the (OEP)Fe(R) is quite
platinum wire counter electrode, and a saturated calomel reference

electrode (SCE). The reference electrode was separated from the bunglependent on Fhe nature of the aXIa! ligands. .

of the solution by a fritted-glass bridge filled with the solvent/supporting _ Electrochemistry of (OEP)Fe(R) in CH,Cl,. Figure 1

electrolyte mixture. All potentials are referenced to the SCE. illustrates cyclic voltammograms for oxidation and reduction
Spectroelectrochemical experiments were performed at a platinum Of the five (OEP)Fe(R) derivatives in GBI, containing 0.2

thin-layer electrode whose design is described in the literduihe M TBAP at—50°C. Eacho-bonded porphyrin undergoes one

potentials were applied and monitored with an EG&G Princeton Applied reversible reduction and three reversible oxidations at potentials

(OEP)Fe(3,4,5-CgF3H5) (OEP)Fe(2,4,6-CgF3H,)
S=1/2 S =5/2

Research model 173 potentiostat. Time-resolved-Wigible spectra betweenE;;, = —0.86 and+1.83V vs SCE. Two of the
were recorded with a Hewlett-Packard model 8453 diode array compounds (R= CsF4H, CFs) also show a second irreversible
spectrophotometer. reduction atEp,c &~ —1.80V. Previous electrochemical studies

Kinetic Measurements. The chemical oxidation of (OEP)Fe(R) . -
(R = CaHs, 3,4,5-GFaHa, 2.4.6-GFsHa, CaFaH) was accomplished by of (OEP)Fe(R) were carried out only in PhCN at room

adding an aliquot (5@L) of DDQ (3.0 x 102 M) in CH.Cl, to a temperature, and the first one-electron rec_iuction was invariably

quartz cuvette (10 mm i.d.) which contained (OEP)Fe(R) ¢1.20~* accompanied by a loss of thebonded ligand under these

M) and TBAP (0.2 M) in deaerated GBI, (3.0 mL). The U\-visible experimental condition¥. The low-temperature cyclic voltam-

spectral changes associated with the initial electron transfer from (OEP)-mograms in Figure 1 therefore provide the first reversiblg

Fe(R) to DDQ and the subsequent migration of ¢hkonded ligand values for reduction of an (OEP)Fe(R) complex witbFgH

from the singly oxidized porphyrin were monitored in the dark at 298 and GFs axial ligands.

K using a Hewlett-Packard model 8452A or 8453 diode array  The most significant feature of Figure 1 is that all five

spectrophotometer. Similar experiments were carried out in the case 5_phonded porphyrins undergo three one-electron oxidations, and

of (OEP)Fe(R)(pY). _ this can only be accounted for by one of the three reactions
Theoretical Calculations. The HOMO energy level calculations being assigned to an Fe(lll)/Fe(IV) transition and the other two

of phenyl and perfluorophenyl anions, i.e¢Hs ", 3,4,5-GFsH, ™, 2,4,6- A / .
CeFsHa~, 2,3,5.6-GFH-, and GFs-, were performed using the to an oxidation of the conjugated porphyrin macrocycle. As

MOPAC program (Ver. 6) which is incorporated in the MOLMOLIS will be dem_ons_trated in the foIIowmg sections, the flrs_t one-

program by Daikin Industries, Ltd. The PM3 Hamiltonian was used €lectron oxidation of (OEP)Fe(R) invariably results in the

for the semiempirical MO calculatiort. Final geometries and energet-  formation of an Fe(IV) complex while the latter two reactions

ics were obtained by optimizing the total molecular energy with respect are proposed to involve an electron abstraction from the
to all structural variables. porphyrinz ring system.

The half-wave potentials for each process in Figure 1 are

Results and Discussion summarized in Table 2 under different experimental conditions,

Spectroscopic Characterization of (OEP)Fe(R).The five

investigated (OEP)Fe(R) derivatives vary in the nature of the (%) (&) Scheidt, W. R.; Lee, ¥. Struct. Bondingl987 64, 1-70. (b)

Palmer, G. Inlron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Addison-Wesley: Reading, MA, 1983; Vol. I, pp 4388.

(42) Lin, X. Q.; Kadish, K. M.Anal. Chem1985 57, 1498-1501. (45) Adcock, W.; Khor, T.-CJ. Am. Chem. Sod.978 100, 7799-7810.
(43) Stewart, J. J. Rl. Comput. Cheml989 10, 209-221. (46) Hansch, C,; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165-195.
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Table 1. UV—Visible Data of (OEP)Fe(R) and [(OEP)Fe(R)h CH.Cl,, 0.2 M TBAP

Kadish et al.

Amax NM (€ x 1073, M~ cm™?)

Soret bands

visible bands

compound R spin state

(OEP)Fe(R) GHs Is 391 (62) 521 (6) 552 (7)
3,4,5-GFsH> Is 390 (63) 531 (8) 554 (8)
2,4,6-GFsH> hs 365 (58) 510 (6) 537 (6) 642 (2)
CoFH hs 367 (63) 510 (6) 536 (5) 646 (2)

[(OEP)Fe(R)Y CeHsP c 389 (57) 498 (sh) 525 (7) —
3,4,5-GF:H> c 391 (49) 499 (sh) 531 (13) 626 (0.6)
2,4,6-GFsH> c 374 (59) 500 (sh) 535 (23) 641 (0.4)
CoF4H c 374 (59) 500 (sh) 531 (18) 641 (0.4)

a Assignment of spin state based on NMR spectra (Is, low spin; hs, high spin) at room tempér@peetrum of unstable product obtained after

10 s of electrolysis® Spin state has not been assigned.

OEP)Fe(R)
R

20 16 12 08 04 00
Potential (V vs SCE)

- 0.86

ﬁﬂs%

-0.70
1.28 -
1.70 3,4,5'06F3H2 %
z. -
]
=
2 -0.74
£ —
'g . 2,4,6-CeF3H2
5
(3]
- 0.65
CeFaH -
11 080 M
1.83 CeFs = =

00 -04 -08 -12 -16 -2.0
Potential (V vs SCE)

Figure 1. Low-temperature-{50 °C) cyclic voltammograms of (OEP)Fe(R) derivatives in £OH containing 0.2 M TBAP.

and the four electrode reactions are proposed to occur as showThese data indicate that both the first oxidation and the first

in egs 4. The given iron oxidation state assignments are

(OEP)FE'(R)=[(OEP)F&'(R)] + e~ (1)
[(OEP)FE' (R)]" = [(CEP)F&R)* +e (2
[(OEP)FE (R =[(OEP)FER)P +e  (3)

(OEP)FE'(R) + e = [(OEP)FE(R)]™ (4)

consistent with previous analysis of the (OEP)R&{$} electrode
reaction$® and differ only by the presence of a third oxidation
(Reaction 3) which is not observable in PhCN due to the more
limited anodic potential range of this solvent. The potentials
for the first reduction of (OEP)Fe(R) (Reaction 4) vary from
Eir = — 0.86 V for (OEP)Fe(@Hs) to — 0.63 V for (OEP)-
Fe(GFs) and a similar positive shift is seen upon going from
the first oxidation of (OEP)Fe(Els) (Ei» = +0.47 V) to the
first oxidation of (OEP)Fe(gFs) (Ei. = +0.80 V).

reduction of (OEP)Fe(R) are strongly dependent upon the
number and the position of the fluorine atoms on the axial
ligand, and this is consistent with the metal-centered electron-
transfer reactions shown in eqs 1 and 4. However, it is
important to note that the relationship betwé&gp and electron
donor properties of the-bonded axial ligand do not follow a
simple relationship with the number of F atoms, independent
of Fe(lll) spin state, as was previously suggestedrhis is
discussed in later sections of the manuscript.

UV —Visible Characterization of [[OEP)Fe(R)]*. Metal-
centered electrode reactions of metalloporphyrins are generally
accompanied by only small changes in the porphyrin Soret band,
while ring-centered reactions are often characterized by a large
decrease in the Soret band intensity due to loss of the ring
conjugation’” The best examples in the case @fbonded
porphyrins are given by the conversion of (OETPP)NMH{6)
to [[OETPP)M(GHs)]* where M= Fe or In in PhCN® The
one-electron oxidation of (OETPP)Fef) involves an Fe(lll)/

(47) Felton, R. H. InThe PorphyrinsDolphin, D., Ed.; Academic: New
York, 1978; Vol. V, pp 53-125.
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Table 2. Half-Wave Potentials (V vs SCE) for Oxidation and Reduction of (OEP)Fe(R) in Solvents Containing 0.2 M TBAP

initial Fe(ll1) —50°C room temperature
electrode reaction axial ligand, R spin state (RT) CkCl, CH.Cl/pyr® CH.Cl; PhCN
1st oxidation GHs Is 0.47 0.31 0.45 0.48
3,4,5-GFsH» Is 0.62 0.49 0.64 0.66
2,4,6-GFsH, hs 0.68 0.57 0.73 0.76
CeFsH hs 0.76 0.73 0.81 0.79
CeFs hs 0.80 - 0.8F
2nd oxidation GHs Is 1.27 - 1.30
3,4,5-GFsH, Is 1.28 131 1.31
2,4,6-GFsH, hs 1.14 1.23 1.19
CeF4H hs 1.10 1.22 1.14
CsFs hs 111 - 1.18
3rd oxidation GHs Is 1.68 -
3,4,5-GFsH, Is 1.70 - -
2,4,6-GFsH2 hs 1.73 -
CeFsH hs 1.83 - -
C6F5 hs 1.83 - -
1st reduction GHs Is —0.86
3,4,5-GFsH2 Is —0.70
2,4,6-Q;F3H2 hs —-0.74
CeFsH hs —0.65
CGF5 hs —0.63

2[py] = 0.12 M. b Data from: Lanon, D.; Cocolios, P.; Guilard, R.; Kadish, K. M. Am. Chem. S0d.984 106, 4472-4478.¢ Data from:
Guilard, R.; BoisselierCocolios, B.; Tabard, A.; Cocolios, P.; Simonet, B.; Kadish, K.Ikbrg. Chem.1985 24, 2509-2520.

Fe(lV) reaction, and, as expected, the singly oxidized iron (OEP)Fe(CgFxHy)
porphyrin shows ol a 9 nmshift in the position of the Soret
band and no loss in Soret band intensity. This contrasts with

the oxidation of (OETPP)In(§Hs) where a porphyrinr cation
radical is generated, leading to a WVisible spectrum whose 135 0 mV/F

Soret band has virtually disappeaféd. ring oxidation (LS)

w | T _____-=-

The UV-visible spectra of singly oxidized [(OEP)Fe(R)] 3 125 * AEqjp=140 mV
also provide strong indirect evidence for the site of electron E (LS & HS)
abstraction. The spectral data for each neutral and singly =115 .
oxidized porphyrin are summarized in Table 1. As seen in this o -15mV/F® ~~®_

table, only relatively small changes occur upon going from 1.05 ring oxidation (HS)
(OEP)Fe(R) to [(OEP)Fe(Rjlindependent of the initial Fe(l1)

. S CeHs CgF3H2 CgFsH CgFs
spin state or the number of F atoms ond#Reonded axial ligand. I I I I
For example, the two low-spin derivatives, (OEP)FRg{€} and 0 1 2 3 4 5
(OEP)Fe(3,4,5-6F3H.), have a Soret band close to 390 nm both # fluorine atoms on CgFxHy

in their neutral and singly oxidized states. The two high-spin Figure 2. Relationship betweeBy, for the second oxidation of (OEP)-
porphyrins have a Soret band at around 366 nm in the neutralFe(GFH,) and the number of fluorine atoms on the axial ligand.
state and 374 nm in the singly oxidized state. Most importantly,
the spectral features of [(OEP)Fe(R@re almost identical for In the first electrochemical study of (OEP)Fe@®)it was
all of the singly oxidized compounds (Table 1), and this can pointed out that an overall 390 mV difference in half-wave
only be interpreted in terms of the same metal oxidation state potentials is observed between the same oxidations or reductions
assignment, i.e., Fein [(OEP)Fe(R)T. of (OEP)Fe(GHs) and (OEP)Fe(gFs) in PhCN. The perfluoro-
The spectroscopic data discussed above indicate that all fivephenyl species were harder to oxidize and easier to reduce by
investigated (OEP)Fe(R) derivatives are oxidized at the metal approximately 80 mV per added electron-withdrawing F group
center to generate Fe(lV) as previously shown for (OEP)Fe- upon going from (OEP)Fe{Els) to (OEP)Fe(GFs), and this
(CeéHs).1® The reversible half-wave potentials for these metal- was attributed to a purely inductive effect of itxdonded axial
centered reactions are fairly insensitive to the nature of the ligand. A similar potential difference is observed in &Hp at
solvent (PhCN or CkCly) or solution temperature between 25 room temperature, but smaller values of 330 mV (oxidation)
and —50 °C in CHCl, (see Table 2), but they do depend or 230 mV (reduction) are seen in GEl, at low temperature.
strongly on the nature of the axial ligand of the initial Fe(lll) However, an analysis of the data for all five compounds clearly
complex. This is not the case for electrode reactions involving shows that only a part of the difference betweEn, for
the conjugated porphyrin macrocycle. Indeed, the secondreduction of (OEP)Fe(fs) and (OEP)Fe(gFs) is due to the
oxidation (Figure 2) and third oxidation of (OEP)Fe(R), as well inductive effect of the F groups with the remainder being due
as the first oxidation of (OEP)In(R) and (OEP)TI(R) £RCsHs, to the specific high- or low-spin state of the Fe(lll) ion in (OEP)-
CeF4H, CoFs),*84%all involve the porphyrine ring system but Fe(R).
haveE;, values which do not vary significantly with the nature The key compounds which lead to this conclusion are (OEP)-

of the axial ligand. Fe(3,4,5-GFsH,), which is low spin, and (OEP)Fe(2,4,6-
48) Kadish ~olorCocor Cooor p— CeF3H>), which is high spin. As seen in Table 2 and Figure 3,
48) Kadish, K. M.; Boisselier-Cocolios, B.; Cocolios, P.; Guilard|rirg. iah-cni ; i

Chem 1985 24, 2139-2147. high-spin (OEP)Fe(2,4,6«E3H>) is both harder to o>§|d|ze and
(49) Kadish, K. M.; Tabard, A.; Zrineh, A.; Ferhat, M.; Guilard, IRorg. harder to reduce (by 66100 mV) than the low-spin (OEP)-

Chem.1987, 26, 2459-2466. Fe(3,4,5-GF3H,) derivative. This difference cannot be simply
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Figure 3. Dependence dE;, for first oxidation and first reduction of
(OEP)Fe(GFHy) on the number of fluorine atoms of thebonded
axial ligand.

related to a difference in inductive effects of the fluorine atoms
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Figure 4. UV —visible spectral changes observed upon addition of 5.0
x 1074 M DDQ to a CHCI; solution containing (OEP)Fe(3,4,5/&H>)

(1.2 x 104 M) and 0.2 M TBAP at 298Kt = 0, 60, 135, 325, 520,
840, and 2930 s.

Table 3. Rate Constants for R Group Migration of [(OEP)Fe(R)]
and [(OEP)Fe(R)(py)] in CH,Cl, Containing 0.2 M TBAP at 298
K

axial ligand, R Kmig: S712

group I;>  [(OEP)Fe(R)f  [(OEP)Fe(R)(py)I °©
CeHs 2.06 2.8x 1072 1.2x 1073
3,4,5-GFsH; 2.97 4.6x 1078 59x 104
2,4,6-GFsH> 3.35 1.7x 104 no migration
CsFsH 3.68 1.3x 10* no migration

2 Rate constants good t85%.  The ionization potentiald,, were

between the two compounds since a purely inductive effect calculated by using the PM3 methddVieasured in CkLCl, containing

would shift the half-wave potentials for oxidation and reduction
in the same directionyhich is clearly not the case

Kinetics and Mechanism of R Group Migration from
[(OEP)Fe(R)]". The first published reports of phenyl group
migration from electrogenerated [(TPP)Fgfs)]* or [(OEP)-
Fe(GHs)]* related this reaction to the presence of an Fe(IV)
oxidation state which was initially postulated on the basis of
UV —visible and electrochemical dafand later proven on the
basis of NMR spectra for several singly oxidizeebonded
derivatives?? At the same time, the stability of [(P)Fef&)] -
and [(P)Fe(GF4H)]™ was explaine#f in terms of a different
site of electron transfer, i.e., the formation of an Fe(lll)

0.2 M TBAP and 0.12 M pyridine.

of (OEP)Fe(3,4,5-6F3H>), the migration rate constant was
determined by simultaneously monitoring a decay in the peak
at 531 nm and the rise of a new band at ca. 586 nm (see Figure
4). The migration rate obeys first-order kinetics, and this is also
the case for the other three singly oxidized porphyrins whose
migration rate constant&;g) at 298 K are summarized in Table

3. As seen in this table, thieng values vary by 2 orders of
magnitude among the four investigated Fe(lV) complexes in
CHCI, and increase with increasing electron donor ability of
the R group. For examplémig = 1.3 x 1074 s for [(OEP)-
Fe(GFsH)]* and 2.8 x 102 s for [(OEP)Fe(GHs)] in

porphyrinz cation radical in the singly oxidized species. More CH,Cl,. The migration rate constants and half-wave potentials
extensive results, now described in this present paper, clearlyare both dependent on the donor properties of ¢Heonded

point to the generation of an Fe(lV) oxidation state in all of the
investigated [(OEP)Fe(R)|derivatives, independent of iron spin

axial ligand, and a good correlation therefore exists between
these values and the ionization potential of the anionic axial

state, and this leads to the conclusion that a migration reactionjjgand. This correlation is shown in Figure 5.

might actually occur for [(P)Fe@Es)]™ and [(P)Fe(GF:H)]*
on longer time scales than those previously studied.

The effect of pyridine on the migration rate constant was also
examined in the present paper since earlier studies of (OEP)-

To investigate this possibility, we measured the rate constant Fe(GHs)(py) had indicated a stabilization of the oxidized

for migration of GHs in [(OEP)Fe(GHs)]* and also monitored
the much slower time-dependent changes intWigible spectra
of the other [(OEP)Fe(R}] complexes after the chemical or
electrochemical oxidation of (OEP)Fe(R). Of special impor-
tance was an investigation of the two [(OEP)Rg{El,)]™
complexes since the 3,4,5&zH; derivative contains low-spin
Fe(lll) and the 2,4,6-6F3H, species contains high-spin Fe(lll).
Surprisingly, both @F3H, complexes, as well as [(OEP)Fe-
(CsF4H)]*, undergo a metal-to-nitrogen migration of #ndvond-

complex by pyridine and a slowing down of the migration rate
in PhCN/py mixtured? No other (OEP)Fe(R)(py) complexes
have since been investigated as to a migration reaction after
electrooxidation, and the knowhspin state conversion upon
going from S = %,, (OEP)Fe(GF4H) to S = ,, (OEP)Fe-
(CsF4H)(py) was therefore of interest in terms of relating the
iron(ll1) spin state in (OEP)Fe(R)(py) to the presence or absence
of a migration reaction in the electrooxidized species.

The eight compounds which were kinetically investigated are

ed axial ligand, and the resulting spectral data in the case ofrepresented by (OEP)Fe(R) and (OEP)Fe(R)(py), where R

[(OEP)Fe(3,4,5-6FsHy)] ™ is shown in Figure 4.
The axial ligand migration rates for [(OEP)Fe(R)jere

CeHs, 3,4,5-GFsHy, 2,4,6-GFsH», and GF4H, and the resulting
kinetic data are listed in Table 3. Thgiy decreases by 2 orders

determined by monitoring the time-dependent spectral changesof magnitude upon going from [(OEP)Fefds)]* to [(OEP)-

as [N-ROEP)Fet is formed after the one-electron oxidation
of (OEP)Fe(R) in CHCI, containing 0.2 M TBAP. In the case

Fe(GF4H)]™, by about 1 order of magnitude upon going from
[(OEP)Fe(GHs)]t to [(OEP)Fe(GHs)(py)]t, and by a factor
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0.90 - Table 4. Pyridine Binding Constant) for Neutral and Singly
(a) Oxidized (OEP)Fe(R) Complexes in GEl,
0.80 CaFs log K¢
axial ligand, R (OEP)Fe(R)(py) [(OEP)Fe(R)(pY)]
o 070 CeH 1.9 3.7
g ® 245-CoFsz 3.4,5-GF:H, 2.6 4.2
2 o060 ® 3,4,5-CeF3H2 2,4,6-GFsH> 1.4 41
> CsFsH 15 45
E 0.50 of the Ey)» values for oxidation, and a similar shift iy is
CeHs observed upon coordination of pyridine to form (OEP)Fe(R)-
(py) (see Table 2). This shift in potential is due to an increase
0401, . s in charge density on the iron center of the neutral complex from
150 which the electron is removed. However, once the oxidation
) (b) has occurred and [(OEP)®ER)]" is generated, an increase in
- the donor ability of the R group will accelerate the migration
) rate while an increased electron donation from the pyridine axial
2 -2.50 * 3,4,5-CF3H2 ligand to the iron(IV) center will decelerate the migration rate
*5, (see Table 3). Such an opposite effect on the migration rate
2 constants suggests a rate-determining intramolecular electron
-3.50 transfer from R to Fe(lV) as a first step in the metal to nitrogen
2,46-CeF3tz © migration of [(OEP)Fe(R)]. This is shown in Scheme 1.
CeFsH The stronger the electron donor ability of R, the faster is the
-4.50 1 ‘ intramolecular electron transfer from R to Fe(IV). In contrast,
200 3.00 2.00 the intramolecular electron transfer from the axial ligand, R, to
lp, €V the Fe(lV) center of (OEP)Fe(R)(py) is slowed upon coordina-

Figure 5. Relationships between (&), for oxidation of (OEP)Fe-
(CeFHy) and (b) the axial ligand migration rate constant and the
calculated ionization potential of the phenyl and perfluorophenyl anions
(see Experimental Section for calculation gf. |

of 2 upon going from [(OEP)Fe(Els)(py)]™ to [(OEP)Fe(3,4,5-
CeF3H2)(py)]™. No migration reaction at all can be detected in
the case of [[OEP)Fe(2,4,66&H.)(py)]™ or [(OEP)Fe(GF4H)-
(py)I*, the two compounds which have the weakest electron-
donatingo-bonded R groups. Itis especially important to note
that both low-spin six-coordinated compounds contain high-
spin iron(lll) prior to coordination with pyridine. The relevant
ligand-binding reaction of the neutral and singly oxidized

tion of pyridine which will increase the charge density at the
Fe(IV) center. The effect of pyridine coordination is largest
for the o-bonded complex with the strongest electron-withdraw-
ing o-bonded axial ligand, i.e., for (OEP)Fef&H), a com-
pound which undergoes a slow migration in £Hp but not in
CH,Cly/pyridine mixtures where [(OEP)Fe{EH)(py)]™ ap-
pears to be stable.

Evidence for the Formation of Fe(ll) in Singly Reduced
(OEP)Fe(R). Evidence for formation of Fe(ll) after the first
one electron reduction of (OEP)Fe(R) is based largely on the
electrochemical data which differs substantially from that of
other (OEP)M(R) complexes, with & Al, In, Ga, or Tl, which
are known to undergo reduction at the conjugated macrocycle

porphyrins are shown in egs 5 and 6, and a summary of the logto give porphyrinz anion radicals. These differences are best

K values as determined in GEI; is given in Table 4.

(OEP)FéE'(R) + py == (OEP)F€' (R)(py) (5)
(6)

An increased electron donation from thébonded R group
to the iron center of (OEP)Fe(R) will result in a negative shift

[(OEP)FE'(R)]" + py = [(OEP)Fe’(R)(py)I”

shown by examining the dependence Bf;, for the first
reduction of (OEP)M(R) on both the electronegativity of the
central metal ion and the donor properties of the axial ligand.
This comparison is illustrated in Figure 6a which shows that
the first reduction of (OEP)M(gHs) is virtually independent

of the central metal ion when M= Al, In, Ga, or Tl. These
four main group complexes are all reducedrtanion radicals

at half-wave potentials of~1.40 to —1.44 V vs SCE as
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Figure 6. Dependence of the first reduction potential (a) of (OEP)BHE on the central metal electronegativity of the complex, where Fe,
Al, Ga, In, or Tl, and (b) of (OEP)M(g~Hy) on the number of fluorine atoms of the axial ligand for complexes where e or In andx + y
=5.

compared to the first reduction of (OEP)Fes) which is investigated compounds undergo three oxidations independent
reduced at the central metal ion and haskaa of —0.86 V of the axial ligand and that all compounds are oxidized to an
under the same experimental conditions even though the Fe(lll) Fe(IV) state in the first one-electron transfer step. The first
electronegativity is similar to that of Ga(lll). kinetic measurements for rate constants involving the conversion

The reductions of (OEP)M(R) are also virtually independent of the singly oxidized species, [(OEP]Fe(R)ir [(OEP)Fe(R)-
of the axial ligand when this electrode reaction occurs at the (py)]* to [(N-ROEP)Fe], definitively show that the donor
conjugated macrocycle as is the case for the main group apility of the R group accelerates the migration rate while an
complexes. For example, the (OEP)In(R) derivatives show only jncreased electron donation from the pyridine axial ligand
a 2 mV shift in potentials betweef, for the reduction of  gecelerates the migration rate. Consequently, it is proposed that
(OEP)In(GHs) and (OEP)IN(GFs) in CH,Cl, and this AEi/, the rate determining intramolecular electron transfer from R to
can be compared to a 230 mV shift between &g for the Fe(IV) center of [[OEP)Fe(R)Js the first step in the metal-
reduction of (OEP)Fe(f1s) and (OEP)Fe(gFs) under the same ., hivogen migration of the singly oxidized compound.
experimental conditions (see Figure 6b). Again, the difference
in behavior between the two series of compounds is attributed  Acknowledgment. The support of the CNRS and the Robert
to a difference in the site of electron transfer, i.e., formation of A welch Foundation (K.M.K., E-680) is gratefully acknowl-

a porphyrinz radical, [[OEPM" (R)]~, for the main group edged.

derivatives and a metal-reduced complex, [(OEPJRY ™, for

the iron complexes. Supporting Information Available: Three figures showing the
. UV —visible spectra (CkCl,, 0.2 M TBAP) of low-spin (OEP)Fe(3,4,5-

Conclusion CeFsHy), high-spin (OEP)Fe(2,4,6¢€:H,), and [(OEP)Fe(R)] com-

This study presents the first overall mechanism to explain Plexes and the changes in absorbance bands=a531 nm due to the
the migration reactions of oxidizestbonded iron porphyrins ~ 105s of [(OEP)Fe(3,4,54E5H,)] * andZ = 586 nm due to the formation
which have been identified as intermediates in several biological ©f [(N-34,5-GFsH:0EP)Fe[ after the one-electron oxidation of (OEP)-
processes. The data in this paper clearly demonstrate that ¢(3:4,5-GFsH2) (1.0 x 10 M) by DDQ in deaerated Cil,
neither the iron(lll) spin state nor the ligand field strength of CSOntaining 0.2 M TBAP at 298 K (4 pages). Ordering information is
the o-bonded axial ligand are in themselves key factors in the given on any current masthead page.
occurrence of this reaction. It is shown that all of the 1C9714706



