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The Fé'/Fe' and Fé/F€ reduction potentials of a series of model hemes have been measured by cyclic voltammetry
in dimethylformamide at 25C as a function of the concentration of added axial ligands. The six porphyrinate
ligands utilized were tetraphenylporphyrin (TPP), tetramesitylporphyrin (TMP), and a series of “hindered”
tetraphenylporphyrins having substituents (QCH, Cl, Br) on bothortho positions of each of the four phenyl
rings. The perchlorato salts of the iron(lll) porphyrinates were utilized for the titrations. The axial ligands utilized
were N-methylimidazole, 2-methylimidazole, and pyridines of basicities rangindkiggRyH") from 9.7 to 1.1.

From the electrochemical titration, the equilibrium constants @ognd some logs;) of each iron porphyrinate

with each ligand were determined. The values of fiador the iron(lll) complexes decrease in the order=Br

Cl > CHz > OCH; > H > F, while those for iron(ll) decrease in the slightly modified order-BC| > CH3z >

F > OCH; > H. Rather than electronegativity or electron-donating/withdrawing characteristics, these results
appear to follow primarily the physical size of tloetho substituents: The iron porphyrinates with the largest
ortho substituents have the largest equilibrium constants. The hindered (TR®)Rplexes are usually, but not
always, more stable than the corresponding hindered (TPR)&mplexes. For both (TPP)teand the hindered
(TPP)F&' complexes, the slope of the correlation of |8g)' with the K, of the conjugate acid of the pyridine
ligand is 1.0. The equilibrium constants for hindered (TPPYeenplexes, however, have virtually no dependence
upon the base strength of the axial pyridines, while those for (TPR)&e a slight sensitivity, with a slope of
0.15. In contrast to common belief, 2-methylimidazole readily forms bis complexes with some iron(ll)
tetraphenylporphyrinates (TMP)E€(2,6-Ch) TPP)Fd, and ((2,6-Bg)4(TPP)Fd), although it does not with (TPP)-

Fe! and its (2,6-B)4- and (2,6-(OCH),)4- counterparts.N-Methylimidazole is unique among the axial ligands of
this study, in that the equilibrium constants for binding to both Fe(lll) and Fe(ll) are virtually identical for all
porphyrinates studied.

Introduction metrically tetrapara- or tetrametasubstituted tetraphenylpor-
phyrins and their metal complexes were used, and important
information was gained concerning the sensitivity of the
properties of interest (formation constants for axial ligand
complexes, reduction potentials, NMR chemical shifts, EPR
values, electronic and vibrational spectra, etc.) to the electronic
properties of the substituents, X. However, among these many
investigations, little or no attention has been given to the effects
of phenylortho substituents on these properties, except for EPR,
Mdssbauer, and molecular structural investigations of the bis-
(imidazole)1® -(substituted pyridine)’ and -(1,2-dimethylimi-
dazole}® complexes of (tetramistylporphyrinato)iron(lil) per-

The relationship of protein structure to the reduction potentials
of the cytochromes involved in electron transfer, as well as other
structure-function relationships of heme proteins, has long been
of interest to many scientists. In the past, a large number of
investigations of the reactions and physical and chemical
properties of synthetic metalloporphyrins have been carried out
to probe the electronic factors involved in the hope of providing
further insight into the reactivity and spectroscopic properties
of the heme proteins:®> In most of these studies, sym-
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chlorate. In order to understand the chemical reactivity of
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of the last subject.) Electrochemical methods are preferred from

(TMP)Fe and other related complexes, we have used thean experimental point of view because, in one set of experi-

“hindered” iron tetraphenylporphyrinates (“hindered’phenyl

rings substituted at positions 2 and 6), which have previously can be evaluated.

been used to model cytochrome P48¢6 to obtain a better

ments, both the iron(lll) and the iron(ll) equilibrium constants
In the NMR method, the equilibrium
constants are usually measured by integrating the proton

understanding of the factors that affect the redox and ligand- resonances of the bound and unbound metal porphyrinate species
binding behavior of the bis(histidine)-coordinated cytochromes. and the free ligand. The integrations are not accurate when
The use of a number of hindered iron tetraphenylporphyrinates the metal porphyrinate complex is in fast or intermediate
allows modeling of both electronic and structural effects of exchange with the ligand-free metal porphyrinate and free-ligand
phenyl substituents on the reduction potential and the ability of starting materials, and thus NMR measurements often require
the iron to form complexes with axial ligands such as imidazoles temperatures far below room temperature where ligand exchange
and pyridines, while maintaining a relatively constant amount is slow on the NMR time scale. However, since the enthalpies

of “protection” of the porphyrinate ring from solvation.
For other iron(lll) porphyrinates, the complexing ability, as

of ligand addition (and in this study, ligand replacement) are
negative, formation constants become larger as the temperature

measured by the equilibrium constants, has been shown tois lowered. Thus the equilibrium constants measured by NMR
depend upon the anion associated with the iron(lll) center, the may be too large to measure at the concentrations required for
solvent, and the steric and electronic properties (basicity) of NMR spectroscopy.

the axial ligands and the porphyrindteThe results of a large

UV —visible techniques have the advantage of being ap-

number of measurements of the equilibrium constants for axial plicable to very dilute solutions, where it is possible to measure

ligation to iron(lll) and iron(ll) tetraphenylporphyrinates as a

function of solvent and anion have been summarized else-

where?’ The variety of conditions and methods utilized for

much larger equilibrium constants. However, for both NMR
and UV-visible techniques, the constants for axial ligand
complexation of only one oxidation state can be measured at

measuring these equilibrium constants and the dearth ofone time, and the air sensitivity of Fe(ll) porphyrinates

information concerning the effects of phemytho substituents
on the stability of the complexes with a well-chosen series of

complicates measurements for this oxidation state. Thus,
electrochemical techniques based upon cyclic voltammetry are

axial ligands, as well as a desire to model the redox behavior preferred when air-sensitive species are involved, as well as
of the bis(histidine)-coordinated cytochromes, are the reasonsfor the expediency of measuring both Fe(lll) and Fe(ll) binding

that we have carried out this study.

constants at the same time. Furthermore, not only the binding

There are three commonly used methods for measuring theconstants of ligands to at least two oxidation states of a metal

equilibrium constants for axial ligation of model heme com-
pounds: UV-visible spectroscopy#28-31 NMR spectroscopy?
and electrochemical technique®33-37 (See ref 34 for a review
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but also the reduction potential for the couple, in the absence
and presence of axial ligand, can be evaluated from the same
data set.

In this study, the equilibrium constants for complex formation
of several “hindered” iron porphyrinates with various pyridines
or imidazoles have been determined by utilizing cyclic volta-
mmetry. When the equilibrium constant for the addition of the
second pyridine or imidazoleKg) is not large, the stepwise
equilibrium constants can be determined. Reactions illustrating
the binding of one or two axial ligands to Fe(ll) and Fe(lll)
porphyrinates are given by egs-4. We have included the
DMF molecules known or believed to be coordinated to each
oxidation state of each complex, as will be discussed further
below. For most iron porphyrinates, howeviés,is larger than

[(TPP)Fe(DMF)]+ L = [(TPP)Fe(L)]+ DMF K," (1)
[(TPP)Fe(L)]+ L = [(TPP)Fe(L}] K, (2)

[(TPP)Fe(DMF)]"CIO,” + L =
[(TPP)Fe(L)(DMF)}-CIO,” + DMF K," (3)

[(TPP)Fe(L)(DMF)] CIO,  + L =
[(TPP)Fe(L)]*ClO,” + DMF K," (4)

K for both oxidation states, and hence usually only the overall
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constants for bis(ligand) complex formation can be determined
according to egs 5 and%-:33-3538 The complete expression

[(TPP)Fe(DMF)]+ 2L == [(TPP)Fe(L)] + DMF B," (5)

[(TPP)Fe(DMF)]"ClO,” + 2L =
[(TPP)Fe(L)]FClO,” + 2DMF B," (6)

describing the relationship of these equilibria to the Nernst
equation is shown by (7), whe@" (=Ki"") andS;" (=Ki'")

o RT, LA A"
(E1/2)c_ (E1/2)s nF In 1+ﬁ1”[|-] +ﬁ2”[L]2

@)

represent the equilibrium constants for binding one axial ligand,
(E1/2)c is the reduction potential of the iron porphyrinate in the

presence of a particular concentration of axial ligand, &ag)¢

is the reduction potential of the ligand-free iron porphyrinate

starting material. In cases where only one step of complex
formation is observed for each oxidation state (for example,
Bi"[L] < B2"[L]%2> 1, and the analogous situation féx'[L]),

eq 7 reduces 8

0ox
By 2.30RT
ﬁqred nF

2.30RT

p—q
F log [L]

(C)

wheref°* andfq?are the equilibrium constants of the oxidized
species withp axial ligands and the reduced species wjtixial
ligands, respectively, wheng andq may be 0, 1, or 2 in the
case of a metalloporphyrinate.

If one oxidation state, for example, the reduced state in the
Fe'/Fe redox couple, does not bind axial ligands over the
concentration range of interest, then eq 7 reduces to

(B1e = (Eyds — log

2.30RT

2.30RT
(Ere = (Eds — ThE T T nF

F log [L]P
9)

In such cases, log," can be directly determined from the
concentration dependence of the'fre potential using eq 9
and then utilized in eq 8 with reduction potential data for the
Fe''/Fe' couple, where log3," is then the only unknown.
However, in many cases, Ig&" can also be calculated from
the variable ligand concentration data for the!'Feg! redox
couple if a similar situation to the € redox couple is found,
where Fe(lll) does not compete for axial ligands at low
concentrations. Examples of these situations will be illustrated
under Results and Discussion.

The use of the simplified equations (8) and (9) is limited to
situations where there is only one step of ligand addition for

(log 8,

each oxidation state of the metal over a given ligand concentra-

tion range3* In cases where the equilibrium constants for each
ligation step are not several orders of magnitude different from
one another, there will exist a mixture of ligation states during

Nesset et al.

This study reports the reduction potentials and equilibrium
constants of each of five different “hindered” (tetraphenylpor-
phyrinato)iron complexes, as well as the parent (tetraphenylpor-
phyrinato)iron, with each of the six nitrogenous bases, 4-cyano-
pyridine, pyridine, 3,4-lutidine, 4-(dimethylamino)pyridirte;
methylimidazole, and 2-methylimidazole in dimethylformamide.
DMF is itself a coordinating ligand, as emphasized in eg§,1
and thus the equilibrium constants we have measured are
actually ligand competition constants. Utilizing the information
obtainedEy/» and logg, values, insight can be gained into the
role of size and electronic effects of the phenyl 2,6 substituents
on the (tetraphenylporphyrinato)iron center with regard to the
stability of the complexes and their reduction potentials. The
possible role of these phengitho substituents in encouraging
ruffling of the porphyrinate ring, as well as the relationship of
these complexes to the cytochromes involved in electron transfer
processes in biological systems, will also be considered.

Experimental Section

The (perchlorato)iron(lll) forms of the following porphyrinates were
used for the electrochemical experiments: tetraphenylporphryin (TPP),
tetramesitylporphyrin (TMP), tetrakis(2,6-dichlorophenyl)porphyrin
((2,6-ChL)4TPP), tetrakis(2,6-dibromophenyl)porphyrin ((2,6)8FPP),
tetrakis(2,6-difluorophenyl)porphyrin ((2,6)TPP), and tetrakis(2,6-
dimethoxyphenyl)porphyrin ((2,6-(OGh),TPP). The syntheses of
these compounds are described elsewtfetdigh-purity dimethylfor-
mamide (DMF) (Burdick & Jackson) was purchased from Baxter
Scientific and usually used as received. Once opened, the bottles of
DMF were stored under argon in a nitrogen-filled glovebag. Purity of
the DMF was easily evaluated by observing the cyclic voltammogram
of the DMF containing experimental concentrations of tetrabutylam-
monium perchlorate (TBAP, Southwestern Chemical Co.) as electrolyte.
Formic acid, one of the products of the reaction of DMF with water,
is reduced at approximatetyl.4 V versus Ag/Ag. When the formic
acid reduction peak was observed, the DMF purity was not suitable
for electrochemical studies and required vacuum distillation.

All pyridines and imidazoles were purchased from Aldrich. The
solid compounds and liquids in Sure-Seal bottles were used as received.
All other liquids were distilled prior to use. The TBAP was vacuum-
dried prior to use in an ambient-temperature vacuum oven for at least
24 h and stored in a desiccator.

Cyclic voltammetric measurements were performed with a Princeton
Applied Research Model 175 potentiostat equipped with a Model 276
Computer Interface Module. All electrodes were purchased from
Bioanalytical Systems, Inc. The three electrodes used consisted of a
platinum disk working electrode, a platinum wire counter electrode,
and a silver/silver ion reference electroded(452 V versus SCE). The
reference electrode solvent consisted of dimethylformamide, 0.1, 0.06,
or 0.03 M TBAP (to match the bulk solution in the electrochemical
cell and thus minimize the junction potential), and 0.01 M AgNO
The platinum disk working electrode was cleaned before each experi-
ment according to the polishing/rinsing procedure recommended by
Bioanalytical Systems, Inc.

The solutions used for electrochemistry varied in concentration from
1 mM for the (tetraphenylporphyrinato)iron(lIl) perchlorate studies to
0.25 mM for all the hindered (tetraphenylporphyrinato)iron(lll) per-
chlorates because of their low solubility. The electrolyte was used in
100-fold excess of the iron porphyrin species in each case and was
100 Mm for the (TPP)PEOCIO; experiments and 30 mM for the
hindered (TPP)REOCIO; experiments. The temperature of the water-
jacketed electrochemical cell was maintained at 25.0.2 °C for all

some portion of the titration. In these cases, eqs 8 and 9 domeasurements. All solutions were deoxygenated with argon for at least
not adequately represent the system, and the complete equation0 min before each measurement. A blanket of argon was maintained
(7) must be solved using curve-fitting procedures, as describedover the electrochemical solution at all times. Great care had to be
below, to correctly ascertain the equilibrium constants for both taken to ensure positive pressure of argon in the electrochemical cell

the mono- and bis-ligation states of iron(lll) and iron(ll). to prevent air and moisture from entering and reacting with the DMF
or the iron porphyrinate.
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The potentiostat was controlled by a personal computer which was 4E-6 —
connected to the PAR Model 276 Computer Interface Module with an 4
IEEE cable; communications were enabled with a GPIB board and 3E-6
software from National Instruments, Inc. The software controlling the -
potentiostat was Headstart by PAR. A program written locally 2E-6 —
converted the data taken with the Headstart program into a format < E
recognized by the Quattro spreadsheet program. o E6—

Cyclic voltammograms were obtained at a scan rate of 50 mV/s & 7
unless otherwise stated. The scan window was©1® V. Current a B0
readings were taken every 4 mV, resulting in a total of 950 data points 7
per CV scan. While the 4 mV sampling regime and a scan rate of 50 B8 —
mV/s were maintained, some of the data taken were of tHeFe ]
and the F&/Fé couples individually to ensure that neither part of either 286 —
redox couple was the result of chemical reactions. No differences in . 7

either redox couple were ever observed, and therefore, the bulk of the T
cyclic voltammograms were obtained by observing both redox couples 00 -02 -04 -06 08 -1.0 -1
in the same scan. Cyclic voltammetry was performed systematically Potential , V
on each of the six (tetraphenylporphyrinato)iron(lll) perchlorates in

DMF with each of the six different axial ligands. The reduction Fe(lllyFe(ll)

T " T " T " T " T " T "T "7 "T1T "1
2 -14 -16 -18 -20

potentials were determined from the midpoint of the anodic and cathodic ] 7% -~ Fe(llyFe()

peak potentials. Peak separation was calculated from the difference 03 — ,c-‘" 15 - .

in the anodic and cathodic peak potentials. > i o > i *
Approximately 2 mg of ferrocene was added to each solution atthe & ,, | ¢ 2 e ,

end of each experiment (resulting concentratiéh4 mM) and itsEs, g s s %,

was measured; the ferrocenium/ferrocene potential of each different £ ] .‘,-' b w J— c '...

iron porphyrinate solution in DMF in the absence of added axial ligand 05 —oo o 17 %,

was also measured separately. The resulting potentials-i2fe- 3 T — T T

mV vs Ag/Ag' for the solutions having 0.1 M TBAP and 334 + 3 4 3 2 3 2 4
mV for the solutions having 0.03 M TBAP, a very small change over Log [ Pyridine ] Log [ Pyridine ]

this range of electrolyte concentrations. The ferrocenlum/ferrocene_Figure 1. Example of redox couple shifts during titration and the

potential serves as an internal standard, thus ensuring that eleCtrOChem'aependence 01 on log [L] for the casefs' > 8. The system

cal conditions are reproducible from one measurement to the next andgpqn is that of (TPP)FeCI(§1.0 mM) and pyridine in DMF (0.1 M

enabling comparisons of this work to those from other laboratories. TBAP). (a) Ligand concentrations: solid line, no pyridine; dashed line,
Periodic checks of the potential at the beginning and end of the titration [py] = 1.9 x 1072 M. All measurements were made at 25 with a

versus an external laboratory SCE were also made and showed thacan rate of 50 mV/s. (b) plot of eq 8 (H&€' couple) and (c) plot of
the Ag'/Ag potential remained at a value 8f452 4+ 3 mV vs SCE eq 9 (Fd/Fe anodic peak) for the complete set of titration data.
under all experimental conditions.

Several estimates of the equilibrium constants were also obtained concentrations were 0.25 mM and the electrolyte concentration
by visible spectrophotometry on a Hewlett-Packard 8451A photodiode in these cases was 0.03 M. The lack of significant variation of
array spectrophotometer. For those studies, (tetraphenylporphyrinato)-the ferrocenium/ferrocene (EtEc) potential vs the AtyAg
iron(lll) perchlorate/ligand solutions were made immediately before reference electrodeH26 + 3 mV at the beginning and26 +

use in the same brand of DMF as was used f_or the eIe(,jtrochemlcaI3 mV at the end of the titrations for 0.1 M TBAP anreB4 +
studies. The measurements were carried out in a water-jacketed cell

0 4

maintained at 25.6 0.2 °C. 3 m\_/ at the beginning aneé-33 £ 3 mV at the end_of _the
titrations for 0.03 M TBAP) and the laboratory SCE indicates
Results and Discussion that the potentials are internally self-consistent for TBAP as
the electrolyte over the concentration range-@D0D3 M. Thus,
Analysis of Cyclic Voltammograms. Typical cyclic vol- although previous studies of the effect of cation size among

tammograms obtained for the iron tetraphenylporphyrinates of tetraalkylammonium perchlorates have indicated some variation
this study are shown in Figures-B for the three types of ligand  in the measured potential of an analyte with change in electrolyte
concentration dependences observed. The CV waves in thecation#! we find no change in the potential of our analytes as
absence of ligand are typical of those of other iron porphyri- a function of electrolyteoncentration at least over the range
nate§353%(solid lined traces in Figures 1 and 3), with sharp 0.03-0.10 M TBAP in DMF. Because the potentials of the
anodic and cathodic peaks that indicate there is no competitionFct/Fc and Ag/Ag reference electrode were so constant vs
for the axial positions between the solvent and the perchlorate SCE throughout the systems studied, we have listed the
anion. It was shown previously that DMF completely displaces potentials in Table 1 vs SCE, in order that they may be more
the perchlorate anion from the coordination sphere of the iron- readily compared to those of other workers. The'/Fc
(1), resulting in high-spin six-coordinate bis-DMF complexes potential of each system in the absence and presence of axial
for Fe(l1l) and high-spin five-coordinate mono-DMF complexes ligand is also given in Table 1.
for iron(ll) porphyrinates, as shown in eqs-@.'*2 The reduction potentials of the 4=¢! couple of the TPP

All potentials were measured versus the™Adyy reference complex and the Pé~€ couple 0.499 and-1.492 V vs Ad/
electrode, using 0.01 M AgN$n DMF and either 0.1 or 0.03  Ag and —0.047 and—1.040 V vs SCE, respectively) in
M TBAP electrolyte (except in the case of the single titration dimethylformamide are the same as previously repdrie#f.4244
where the potential scan was extended-.2 V, shown in The peak separation of 70 mV for both redox couples in the
Figure 4), in order to match the electrolyte concentration and absence of added ligand, although slightly larger than theoreti-
solvent used in the bulk solution of the (TPP)Fe and substituted
(TPP)Fe samples; electrolyte concentration was maintained at(41) Dubois, D.; Moninot, G.; Kutner, W.; Jones, M. T.; Kadish, K. M.

; ; ; ; Phys. Chem1992 96, 7137.
>
>100 times the iron porphyrinate in all cases. The low (42) Bottomley, L. A Kadish, K. Minorg. Chem 1981, 20, 1348.

solubility Of the hindered. iron tetraphenylporphyrinates Pré- (43) Kadish, K. M.; Bottomley, L. A.; Schaeper, D.; Shiue, L.Boelect.
cluded making 1 mM solutions for these compounds; hence their Bioenerg.1981, 8, 213.
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Figure 2. Example of redox couple shifts during titration and the
dependence oE;; on log [L] for the caseS," > .. The system
shown is that of ((2,6-(OCkk)s(TPP))FeCIQ (0.25 mM) andN-
methylimidazole in DMF (0.03 M TBAP). (a) Ligand concentrations:
solid line, N-Melm] = 1.0 x 1074 dashed line,-Melm] = 2.0 x
1072 M. All measurements were made at 5 with a scan rate of 50
mV/s. (The solid-line voltammogram shows a small peak-at4 V

Nesset et al.
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Figure 3. Example of redox couple shifts during titration and the
dependence oEi;; on log [L] for the case3)!! = ). The system
shown is that of ((2,6-BjsTPP)FeCIQ (0.25 mM) and 4-(dimethyl-
amino)pyridine in DMF (0.03 M TBAP). (a) Ligand concentrations:
solid line, no 4-NMegPy; dashed line, [4-NM£y] = 3.5 x 1074 M.

All measurements were made at 25 with a scan rate of 50 mV/s.
(b) Plot of eq 8 (F&/Fe' couple) and (c) plot of eq 9 (F&€ anodic

due to a small amount of formic acid, owing to decomposition of peak) for the complete set of titration data.

dimethylformamide in the presence of traces of water, in this sample.)

(b) Plot of eq 8 (F&/Fe' couple) and (c) plot of eq 9 (4= anodic
peak) for the complete set of titration data.

argon was passed through the solution for 10 min, followed by
a scan of the electrochemical window that included both the
Fe''/Fd' and the Fi&YFe waves (except for the occasional check

5 . . . L . ;
cal,> is also typical for iron porphyrinates and indicates @ for coupled chemical reactions where scans were taken around
reversible one-electron reaction. Multiple scan rate analysis g5ch wave). Ligand additions were continued until th# fFe

reveals tha€, » and E,c remain constant with? (v = scan

Fée' redox couple maintained a constant potential (except in the

rate in volts per second), indicating reversible behavior. The 556 of 4-cyanopyridine binding to most of the iron porphyri-

anodic and cathodic reduction potentials remain constant with

scan rate for the PEFe' redox couple when both oxidation

nates for which thg8, values are very small). Usually, when

the ligand concentration was reached for which th#/Fe'

states are biscomplexed with added ligand L, where the peak'couple had reached a constant potential, tHgfetcouple had

to-peak separation is also 70 mV.

become irreversible due to slow ligand exchange kinetics, which

The ratio ofiy/»*2 remains constant with scan rate, indicating il pe discussed in detail below.
a pure electrochemical reaction and not an electrochemical
chemical (EC) reaction. This ratio remains constant for the
unligated and ligated féFe! and Fé/Fe redox couples except
where peak separation has become large, as will be discusse

in detail below, and where autoreduction is presumed to occur. ; ; i [ [

’ L . . ~-"-couple shifts cathodically (Figure 2), or whgdl" equalss,",
(We have observed that some pyridine ligands, including e Fai/Fel wave does not shift at all (Figure 3). In all cases,
4-(d|methylam|r_10)pyr|d|ne, appear to autoreduce (TPP)FEO- o ra/Fd couple shifts cathodically, because the iron(l)
ClOs.) The multiple-scan rate experiments were performed not ¢ jjjibrium constant is so small that iron(l) does not take on

_or:::y _(cj)n ':he sians frorfn 0 tgl'ghv tt;u:] a[so a;oundh ea(zjh axial ligands to any measurable extent at the temperatures and
individual peak to confirm that the behavior of each redoX jiaand concentrations used in this study. However, EPR studies

couple is independent of the (_)ther. . of (TPP)Fé& have shown it to be monoligated in the presence
For each of the (perchlorato)iron(lll) tetraphenylporphyrinate/ pyridine at liquid nitrogen temperaturéswhere 8, is
nitrogen base systems studied, a titration was performed byexpected to be much larger.

adding axial ligand, either a pyridine or an imidazole, stepwise
to the iron porphyrinate solution. After each ligand addition,

Upon addition of axial ligands, the t&~€' redox couple
usually shifts anodically, as shown in Figure 1. The anodic
hift of the Fd!'/Fe' wave is an indication tha8,"' is smaller

angS?". In cases wherg,!" is larger than3,", the Fé!/Fe!

The shifts of the redox couples upon ligand addition are a
consequence of the response of the system to changes in the
concentration of the oxidized and reduced ligand-free iron

(44) Gueutin, C.; Lexa, D.; Momenteau, M.; Sang J.-M.; Xu, FlInorg.
Chem.1986 25, 4294.

(45) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals
and ApplicationsWiley & Sons: New York, 1980; Chapter 6, p 213.

(46) Srivatsa, G. S.; Sawyer, D. T.; Boldt, N. J.; Bocian, Dinerg. Chem.
1985 24, 2123.
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Table 1. Fe'/Fe' and Fé/F€ Potentiald for Iron Porphyrinates and the

Inorganic Chemistry, Vol. 35, No. 18, 1996193

f4-d' Potentials of Their Bis-L Complex$

(2,6-%2)sTPP potentials (V) Fé/F€' potentials of bis-L complexé&s® (V)

substituent Pe/Fé' ab Fé'/Fe ab 4-CNPy Py 3,4-MgPy 4-NMePy N-Melm 2-MelmH
Fd 0.033 —0.923 +0.549 +0.340 +0.305 +0.103 +0.093

cu —0.013 —0.978 +0.477 +0.245 +0.189 —0.011 +0.003 —0.115
Brd —0.040 —0.995 +0.448 +0.214 +0.147 —0.039 —0.040 —0.131
H (TPP} —0.047 —1.040 +0.306 +0.162 +0.138 —0.045 —0.089

CHs (TMP)d —0.096 —1.084 +0.331 +0.140 +0.077 —-0.121 —0.130 —0.212
OCHd —0.160 —1.191 +0.222 —0.016 —0.092 —0.265 —0.280

a potentialst3 mV vs SCE? Solvent= dimethylformamide; temperature 25.04 0.2 °C; electrolyte= 0.1 or 0.03 M TBAP for (TPP)Fe and

((2,6-X2)aTPP)Fe complexes, respectiveiyConcentration of ligand was

that required to cause no further shift of tHéFEewave and ranged

from 0.01 to 0.5 M in most cases, depending on system; see Figui&sand textd [TBAP] = 0.03 M; Fc/Fc potential= 334 3 mV. ¢[TBAP]

= 0.10 M; Fc'/Fc potential= 26 + 3 mV.

porphyrinates, as expressed by eq 8, where the reduction
potential of the iron porphyrinate species throughout the titration,
(E12)c, is dependent upon the difference in the number of axial
ligands in the two oxidation states, the rafigh/4° and the
free-ligand concentration [L]. When the difference in number
of axial ligands,p — q, is not zero, the peak potentials will
change as a function of the change in ligand concentration.
Whenp — q is zero, the reduction potential remains constant
and its value is dependent only upon the equilibrium constant
ratio.

For all of the iron porphyrinates studied, when complexed
by the more basic nonhindered ligands of this stuay, 3,4-
lutidine, 4-(dimethylamino)pyridine, arld-methylimidazole, the
behaviors are similar. The Hé€' couple behaves in a
reversible manner throughout the titration. However, th¥ Fe
Fe redox couple appears to exhibit electron transfer problems
as the iron(Il) becomes complexed, regardless of the basicity
or type of coordinating axial ligand. The 'H&€ behavior is
evident in Figure 2, where it can be seen that the voltammogram
in the presence of 2.8 10-3 M N-Melm shows broadening of
the iron(ll) reduction peak. At higher concentrations, the
cathodic peak continues to broaden and shift to more negative
potential until it completely disappears. The anodic peak
continues shifting as if the cathodic peak were well-behaved,
but it gradually loses intensity and finally disappears as well
when the N-Melm] is increased beyond 3.6 1072 M. This
irreversibility was noted previously by Walket al® in an
electrochemical study of symmetrically and unsymmetrically
substituted derivatives of (TPP)FeCl in DMF titrated with
N-methylimidazole and by Lexa and co-workEraith various
iron porphyrinates. The behavior of this redox couple is
attributed to the slow kinetics of axial ligand dissociation from
Fe(l)? especially as the size o) increases (since the
dissociation rate constarity, is proportional to 13,"). The
values off," for iron(Il) porphyrinates are, in general, so large
that the reactions appear to be nearly stoichiometric, and

20EH
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Figure 4. Cyclic voltammograms showing the '#E€ redox couple
of ((2,6-CkL),TPP)FeCIQ (0.5 mM) titrated with pyridine in DMF (0.06
M TBAP): solid line, no ligand; dashed line, [Py} 5.0 x 107* M;
dotted line, [Py]= 1.0 x 10~% M. Sweep window is from-0.2 to
—2.2 V (vs Ag/Ag"), temperature is 25C, and scan rate is 50 mV/s.
The arrows show the decrease and shift in the cathodic peak+ieéar
V with increase in cathodic peak neatl.9 V that demonstrates the
slow kinetics of ligand dissociation from Fe(ll).

|
18 20 22

iron(ll), iron(l) is not ligated at this temperature and ligand
concentration, and in any case, ligand exchange on Fe(l) (low-
spin d) should be quite rapid. Thus, immediately after
reduction, ligands dissociate rapidly and on the return sweep,
the iron(l) porphyrinate is in a nonligated state and the oxidation
occurs at the “expected” potential governed by fht value

for that ligand concentration. Even though thé'fFe redox
couple is irreversible and therefore in-valid for the thermody-
namic calculations of logsy", the apparent logs," values
obtained from the anodic peak alone have been used as a check
of the values obtained from the 'té€' redox couple and, if
necessary, used as an approximate estimate ghlogFor these

irreversibility begins to appear as soon as even a small amountestimates, we have assumed that the anodic peak behaves as

of the iron(ll) porphyrinate is bisligated. The irreversibility is
most probably due to the slow on/off exchange rate of the axial
ligands at the low-spin @Fe(ll) center. This hypothesis is
supported by the behavior of the 'fiéé wave when the
electrochemical window is opened beyon@ V, as shown in
Figure 4 for ((2,6-Cl)4TPP)Fe titrated with pyridine. At low

expected for fast ligand on/off exchange for the Fe(l) oxidation
state.

When the iron porphyrinates are titrated with weakly basic
pyridines, especially 4-cyanopyridine, the same slow ligand
kinetics observed with the &€ couple are seen with the 'te
Fe' redox couple as wel? With these weakly basic pyridines,

ligand concentrations, two reduction peaks are observed, onethere is a large difference in the size of |8gfor iron(lll) and

for the free iron(ll) porphyrinate and one for the bisligated
species, indicating slow ligand exchange for iron(ll). If the
ligand on/off rate were to be rapid, the second cathodic peak

iron(Il), ranging from 5-9 orders of magnitude for 4-cyanopy-
ridine to 3-5 orders of magnitude for pyridine. In these
titrations, the F&/F€' anodic peak broadens during the middle

would not be observed and the one cathodic peak (the mostof the titration, resulting in a peak separation of greater than 70
anodic peak of Figure 4) would shift cathodically in a smooth mV, and then sharpens again at ligand concentrations slightly
manner as the ligand concentration is increased. In contrast toless than that at which the limiting reduction potential is reached.
This behavior is exaggerated in the case of the ((24:BPP)-

Fe complexed with 4-cyanopyridine, as shown in Figure 5,

(47) Lexa, D. Personal communication.
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4E-T — Note that the data in this graphical representation are of the
= anodic peak of the redox couple versus the added ligand
concentration, due to the irreversibility of the cathodic peak of
the couple. The behavior of the anodic peak appears to be
nearly unaffected by the irreversibility of the cathodic peak,
since the slope does not deviate greatly from the theoretical
118 mV. Although these data are not thermodynamically valid,
they are useful for estimating approximate values of a9
and for comparison to those obtained from thé! /&' redox
couple. All values of logB," presented in Table 2 were
calculated from the ligand concentration behavior of thé/Fe
Fe' redox couple, except those marked with asterisks. The
b systems for which it was necessary to use the values g84bg
i obtained from the behavior of the 'HE€ anodic peak are those
Potential , V for which the values off)!' and 8, are very similar, as
Figure 5. Cyclic voltammograms of the HgFe' wave for ligand exemplefied by Figure 3b, and thus only their ratio can be
concentrations of 3.% 1072to 2.5 x 1071 M for the titration of ((2,6- obtained from the R&/Fe' wave.
Br2),TPP)FeCIQ (0.25 mM) with 4-cyanopyridine in DMF (0.03 M The same analysis can be applied to the plot of the data for

TBAP) at 25°C with a scan rate of 50 mV/s: solid line, [4-CNPy] 1 edl . s .
3.5 10-2; progressive changes are for [4-CNRy]8.0 x 102, 1.0 the Fd!/Fe' wave of Figure 1b. The initial flat portion of the

x 101, 1.5x 10°% and 2.5x 101 M; at the final concentration (dash curve indicates that neither iron(ll) nor iron(lll) has axial ligands,
dot—dot line) the F&/Fe! wave has regained its symmetrical shape. While between log [pyridine}~—2.7 and—1.3, the plot has a

. ) ositive slope of 113 mV (theoretical value 118 mV), indicating
where the anodic peak broadens and shifts, sharpens, and thef}, ¢ jron (1) has two axial ligands (as already indicated by the
does not shift much further until the cathodic peak “catches popayior of the PEFe wave) and iron(lll) has no axial ligands.
up”. Then the couple shlfts to thg fmal red'o.x potential of the 5 log [pyridine] = —0.8, the slope becomes zero once again,
bis(ligand) complex. This beh_a_wor IS exh|b|te_d at scan rates indicating that both iron(lll) and iron(ll) are bisligated. Since
as slow as 10 mV/s. The addition of each axial ligand to the o slope never equals59 mV for either wave, F&/Fe! or

iron(lll) center is evident from the changes in the iron(lll) Fel'/Fé, p or g never appears to equal 1. Thus, in this example,

regructlon Eeik (Flaur(_e 5%‘ low ligand exch . ol only the overall equilibrium constants for the addition of two
o test the hypothesis that slow ligand exchange IS responsible,, iz |igands can be determined. However, it was possible to

i i |
for the observed behawor of the anpdlc peak of th¥//Fe determine the equilibrium constants for addition of one axial
redox couple, multiple-sweep cyclic voltammograms were jj;ang for several complexes wheké is relatively small

recorded on the ((2,6-BrTPP)Fe(4-cyanopyridingomplex compared tcKy, as is discussed below.
at a ligand concentration such that the cathodic and anodic peaks The data po,ints used to determine the slope of i)

f the Fe!/Fé! [ I . Th Iti :
of the Fél/Fe! couple were well separated e resulting versus log [L] plots are generally those where the ligand

voltammograms were identical to one another and to those concentration is more than 10 times that of the iron porphyrinate
shown in Figure 5. It is clear that when large peak separations
9 gep P ((0.25-1.0) x 1072 M) and usually at least 18 M; therefore,

are observed, the iron(lll) porphyrinate, with fast ligand . )
: ; " . the amount of ligand used to form the complex could be ignored,
exchange, is reduced at the appropriate position for the partlcularthereby allowing the value of log [L] on theaxis of the plot

ligand concentration, based upon the valugigf, but on the to be the total amount of ligand added at each point in the

return sweep it is the bisligated iron(ll) porphyrinate that is titration. Although the difference between total and free ligand

oxidized. Upon oxidation from Fe(ll) to Fe(lll), the axial concentrations is significant at low ligand concentrations {30
ligands dissociate rapidly to leave the iron(lll) porphyrinate to .
g PIgy (Il1) porphy t3 x 1073 M), the (Ey)c versus log [L] plot is usually well-

be rereduced at the same potential as observed for the firs - 1 N
behaved by the point where the ligand concentration is at least

Current, A

sweep. . . . .
By the end of the titrations, the data obtained consisted of 10 imes Fhe |ron.p.o.rphyr|n concentration. .
the reduction potentials for each redox couple!' f&' and When *irreversibility” of the Fé//F€' wave is observed, the

Fel/Fé, at each ligand concentration. The reduction potentials calculation of logp;" from the Fé!/Fe! data becomes more
and the ligand concentrations can be linearly correlated to eachdifficult, because the majority of the points on the sloped portion
other through eq 8 or 9, whexe= (E1;), X = log [L], the of the curve are part of this irreversible domain and thus cannot
slope is given by the difference in the number of axial ligands, Pe used for calculations. Fortunately, this peak spreading does
(p — q), timesRTnF, and they intercept includes the first two ~ Not occur immediately and usually ends before the redox couple
portions of the equation on the right-hand side of eq 8 or 9. ceases to shift with further additions of axial ligand. It is in
Graphical representations of eq 8 utilizing all the data points such cases that utilization of the data from thé/Fe redox
taken for the titrations of Figures-B are shown below each ~ couple provides confirmation and, in some cases, the only means
of the waves in Figures43. In each case, the plot on the left, Of evaluating logs,".

labeled b, shows the data for the'HE€! wave and that on the The slopes of the plots for the ((2,6-(0k)4TPP)Fe system
right, labeled c, shows the plot for the '#iée anodic peak. were consistently smaller in magnitude thah00 or+50 mV,

For the F&/F€ plot of Figure 1c, the initial portion of the curve  leading to significantly less than integer valuegof g. This

has zero slope, indicating= 0 and thus iron(ll) is uncoordi-  situation arises when the differences in the equilibrium constants
nated at these ligand concentrations (since iron(l) does notfor mono- and bisligation are not large and there are both bis-
complex ligands at the ligand concentrations and temperatureand monoligated iron porphyrinates of one or both oxidation
used in the titration). At log [L] more positive than2.5, the states present for some portion of the titration. In such cases,
slope becomes approximatehl03 mV/decade change in free- analysis using the full expression, eq 7, in which all six possible
ligand concentration, indicating that the slope is approximately iron porphyrinate species involved in a particular redox couple
—2(2.30RTF) = =2 x 59.1= —118 mV,i.e, thatp = 2. are considered, is required. Because it cannot be linearized, a
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Table 2. Equilibrium Constants for Bis(ligand) Complex Formation with Iron(ll) Tetraphenylporphyrinates in Dimethylformamide
log 32" of ((2,6-X2)sTPP)Fe

axial ligand Ko(BHT) Br Cl CHs F H OCH;
4-CNPy ~1.1 9.1+ 0.5 8.0+0.2 7.5+0.1 6.0+ 0.6 5.6+ 0.4 6.6+ 0.1
pyridine 5.22 9.4 0.2 8.2+ 0.2 7.4+ 04 6.6+ 0.3 57+0.2 5.8+ 0.1
3,4-MePy 6.46 8.9+ 0.3 7.8+ 0.4 7.3+ 04 7.0£0.2 5.6+ 0.2 5.1+0.1
4-NMePy 9.7 >R 8.4+0.2 7.9+04 7.2+ 0.8 6.72+0.1 5.8+0.1
N-Melm 7.33 7.7*£0.5 7.4+0.2 7.3+11 6.9+ 0.5 6.5+ 0.2 4.9+ 0.2
2-MelmH 7.56 5.2£ 0.2 5.6£0.2 5.5+ 0.5

aEstimated from PEFe cathodic peak shift (see text).

-0.45 — by large-scale autoreduction of the iron(lll) complex by the
added ligand. From the amount of ligand used to achieve the
apparent half-conversion to biscoordination of the iron(lll)
center, the magnitudes of the equilibrium constants were

050 estimated and are quite consistent with the electrochemically-
i measured values. The values of |8gf' approximated in this
> way are 5.7 for ((2,6-B)4sTPP)FeCIQ with pyridine, and 3.2
M -0.55 — and 3.6 for ((2,6-(0OChk)2)sTPP)FeCIlQ with pyridine and 3,4-

lutidine, respectively. These values are similar to those
determined electrochemically, as summarized in Table 3.
0.60 — Reduction Potentials of All Iron Porphyrinates. The half-
wave potentials of the B&F€e' and Fé/Fe oxidation/reduction
. couples without ligand and for the F4~€' oxidation/reduction
couples at the end of the titration for each of the five iron

065 L DL LA L L DL L L porphyrinates utilized in this study are shown in Table 1. The
45 40 35 30 25 20 15 10 05 ordering of the initial reduction potentials for both the''Fe
Log [ Pyridine | Fe' and Fd/Fée couples in the order of most easily reduced to

Figure 6. Actual (Ei). (filled circles) versus log [L] data and the most difficult is 2,6-f > 2,6-Ch > 2,6-B, > TPP(H)> TMP-

curve fit to eq 8 (solid line) for ((2,6-(OCHL)sTPP)FeCIQ titrated ((CH3)3) > 2,6-(OCH).. This approximately (except for fluoro)
with pyridine. follows the order of electron-donating/electron-withdrawing

capabilities of the substituentas has been shown previously
curve-fitting program that employs least-squares minimization with phenylmetaandpara substituentg49 It is interesting to
of the fit of the experimental data to eq 7 was used. An example note that although the tetraphenylporphyrinate complexes of this
of one such fit is shown in Figure 6. Such curve fitting was study contain phenybrtho substituents, the observed trend of
necessary for all titrations of ((2,6-(OGH)sTPP)Fe and for  reduction potentials is close to that expected on the basis of
some titrations of other iron porphyrinates with weaker bases, values of thepara Hammetto constant$® However, this
where a plateau was never achieved in thg,). versus log apparently simple behavior is not observed for the equilibrium
[L] plots. In some cases, it was found that while one oxidation constants, as will be discussed below.
state of the iron porphyrinate clearly showed stepwise addition  The same general trend in the#ed! reduction potentials
of axial ligands, withK; ~ Kj, the other oxidation state did not s observed at the end of the titration where the both iron(lll)
appear to add ligands in a stepwise fashion. In these cases, theind iron(ll) are biscomplexed. The only discrepancy in the
“apparent” stepwise constak was much smaller thaki, (as order is with (TPP)Fe and its 4-cyanopyridine complex, although
calculated fronK, = 3,/K;) and is considered unreliable. This the (TPP)Fe/4-cyanopyridine reduction potential is in accord
is observed for log,"" of the 4-cyano-, 3,4-dimethyl-, and  with the equilibrium constants to be discussed in the next section
4-(dimethylamino)pyridine complexes of (2,6-(0g)k4(TPP)- and presented in Tables 2 and 3, where the constants for both
Fe! and for logKy" of the N-methylimidazole complex of the iron(ll) and iron(lll) with 4-cyanopyridine are somewhat larger
Fe(ll) form of the same porphyrinate (Table 4). For consistency, than expected. Final potentials for the 2-methylimidazole
curve fitting was carried out on all titration data. However, it complexes are not given for (TPP)F€2,6-(OCH).)4(TPP)-
was found that for titrations of the higher-basicity ligands with Fé', and (2,6-k)4(TPP)Fé, since these iron(ll) porphyrinates
all iron porphyrinates except ((2,6-(OGk)sTPP)Fe, inthe vast  do not form detectable amounts of bis complexes at concentra-
majority of these cases the values of I&g" and log K" tions of 2-methylimidazole less than 1 M.
obtained from the fits were very small compared to the expected  The observed trends in initial and final potentials, based upon
error limits, and the values of log." and log.' obtained the electronic effects of substituents, no longer hold when the

were very similar to t_hose estimated u_ti_Iizi_ng eq 8. differences in potential AEy; = Ey(fully complexed) —
_F_mal_ly, the_ magnitude of _the eqwhbnur_n_ constants for E;(uncomplexed), are considered. The valueAd; is a
bisligation of iron(lll) were estimated by UVvisible spectro-  reflection of the ratio of the equilibrium constants for biscoor-

photometry without supporting electrolyte for three complexes, dinated iron(lll) and iron(ll), and a positive change indicates
((2,6-Br)4TPP)FeClQ with pyridine and ((2,6-(OCk)2)4TPP)- that iron(ll) has the larger equilibrium constant while a negative
FeClQ; with pyridine and 3,4-lutidiné. The actual constants  change indicates that iron(lll) has the larger constant. A near-
were not calculated from the data obtained since clear isosbesticzero change indicates nearly identical equilibrium constants for
points were not observed, indicating the presence of more thanthe two oxidation states. The observed trend i, indicates

two species in the solutions during the majority of the titration, that strongeio donors stabilize the iron(lll) complexes more
as was observed in the electrochemical studies. One of thethan the iron(ll) complexes, as will be discussed further below.
additional species present was probably the 1:1 complex, while
another appeared to be the iron(Il) complex, presumably formed (48) Hansch, C.; Taft, R. WChem. Re. 1991, 91, 165.
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Table 3. Equilibrium Constants for Bis(ligand) Complex Formation with Iron(lll) Tetraphenylporphyrinates in Dimethylformamide

log 32" of ((2,6-X2)sTPP)Fe

axial ligand Ki(BH™) Br Cl CHs F H OCH;
4-CNPy ~1 0.8+0.4 —-0.2+0.1 0.2+ 0.1 <-0.2 <-0.8 —-0.2+0.1
pyridine 5.22 5.:0.1 3.8+£0.1 3.3+ 0.3 1.3+ 0.3 2.2+ 0.02 3.2+0.2
3,4-MePy 6.46 5.8- 0.3 43+£04 4.4+0.3 27+ .2 2.440.01 4.0+0.1
4-NMePy 9.7 >0 8.44+0.2 8.3+04 6.3+ 0.8 6.83+0.1 7.5+ 0.2
N-Melm 7.33 7.7+0.6 7.2+£0.2 79+11 6.2+ 0.5 7.2+0.3 7.0+£0.2
2-Melm 7.56 6.7+ 0.02 7.3£0.1 7.4+ 0.5 5.6+0.1 5.2+ 0.02 5.9+ 0.1
aEstimated from PEFe cathodic peak shift (see text).
8 — the net positive charge, and for the more basic pyridines, which
| O are both strong andsr donors, the binding is strongly enhanced.
P * The dependence of log," on axial ligand basicity is much
~ 6 — + g e less than that for log,"", since there is no longer a net positive
= l IS A charge on the iron. Nevertheless, all equilibrium constants for
B + i Fe(ll) are significantly larger than or equal to those for Fe(lll).
8 44 S On the basis of charge alone, one would have expected the
& | // opposite. However, (TPP)Edas larger equilibrium constants
*g % for addition of axial ligands than does (TPP)fén part because
5 2~ /)5 the number of DMF molecules on Fe(lll) differs from that of
w . i Fe(ll): lron(lll) is known to be coordinated to two DMF
§’ e molecules’”%Owhile iron(ll) is coordinated to only on&. Thus,
0 — i it is likely that the enthalpy of formation of the bis(ligand)
7 complexes contributes significantly to the large size (and more
x X than compensates for the unfavorable entropy term for addition
2 1 T 1 ' 1 1 T ] of a second axial ligand) of the iron(ll) equilibrium constants.
0 2 4 6 8 10 The similar magnitude of all log," values for a given iron
pKa (BH*) porphyrinate suggests thAH remains fairly constant for iron-

Figure 7. Plot of logf." and loggs," for the iron tetraphenylporphy-
rinate complexes of this study versus the basicity of the axial ligands
expressed asfy(BH™): +, substituted pyridines, Fe(ll), substituted
pyridines, Fe(lll);0, N-Melm, Fe(ll); ¢, N-Melm, Fe(lll); a, 2-Me-

ImH, Fe(lll). Dashed lines represent the least-squares linear correlation

for the substituted pyridine complexes of Fe(ll) and Fe(lll).

Equilibrium Constants for Axial Ligand Complexes with
the Parent Compound, Iron Tetraphenylporphyrinate. The
equilibrium constants for all complexes are shown asfgy
in Table 2 for Fe(ll) and logBll in Table 3 for Fe(lll). For

(I) biscomplex formation for all axial ligands.

The results of this study (Tables 2 and 3) compare well to
» most literature values summarized elsewrénmaith expected
differences where the data were obtained in other solvents or
Jwith other anions. However, the values for Ifg' and log
B2 for the (TPP)Fe complexes obtained in this study, Tables
2 and 3, are significantly different (by up to 9 orders of
magnitude smaller) from those reported by Bottomley and
Kadish3® The only apparent difference between the two studies
is the solvent, DMF in this study and methylene chloride in the
Bottomley and Kadish study. Because DMF is a coordinating

the parent (tetrapheny|porphyrinato)iron Comp|exe3, a steadys.owent?ZSOthe eqUi'ibriUm COﬂSta!’]tS report6d herein are a_ctually
trend in increasing size of the constants is observed for the ligand exchange constants, while those reported previgusly
pyridine complexes with the least basic pyridines having the may be true formation constants. If the binding of DMF and

smallest equilibrium constants, a trend noted in earlier stddfes.
A graphical representation of Ig8, vs pK4(PyH") for (TPP)-
Fe'' and -(Il) is shown in Figure 7; the linearity, except for the

the resulting exchange constants are considered, the equilibrium
constants measured in this study would differ by the factor of
the equilibrium constant for the addition of the appropriate

4-cyanopyridine complex, is quite evident in these plots with a number of DMF solvent molecules to the iron centers in the

slope of 1.0 for log8y"" and 0.15 for logBy". The linearity
with the K, of the conjugate acid of each of the pyridines
suggests a purely interaction between the pyridines and the
iron center, although there may also berdnteraction that
contributes linearly with ther interaction, since the energies
of both thesr ando filled orbitals of the pyridine vary linearly
with the K, of the conjugate acid of the pyridirfe.

two oxidation states, aonstantfor a given iron porphyrinate.
However, the difference is not constant, but rather varies from
3.4t0 9.5 orders of magnitude f8s" and from 1.4 to 3.0 orders

of magnitude foi3"'. Thus, replacement of coordinated DMF
cannot account for the large range of differences between the
(TPP)F¢ equilibrium constants reported herein and those
reported by Bottomley and Kadish. We cannot account for

There is a much stronger dependence of the equilibrium the Iargg discrepancies between the two sets of data, but we
constants on the basicity of the substituted pyridine for the iron- are confident of our measurements and note that thes}tig

(1) complexes than for the iron(Il) complexes. This difference

values for 4-(dimethylamino)pyridine arld-methylimidazole

may be due to the overall charge of the complexes, since thereported herein are very similar, as they also are in the earlier

Fe(lll) center carries a formal positive charge, both when
complexed with DMF and after complexation of the axial
ligands, while the Fe(ll) center does not. Both theand

m-donating abilities of the pyridine contribute to neutralizing

(49) (a) Ramsey, B. G.; Walker, F. &. Am. Chem. S0d.974 96, 3314.
(b) Lichtenberger, D. L.; Walker, F. A.; Gruhn, N. E.; Bjerke, K. J.
To be submitted.

study reported from this laboratory, in whigh'' values were
measured in chloroform by spectrophotometric technidues.
Equilibrium Constants for Axial Ligand Complexes of
“Hindered” Iron Tetraphenylporphyrinates. It has been
shown by many workers, including ourselves, that many
physical properties of metallotetraphenylporphyrinates having

(50) Zobrist, M.; La Mar, G. NJ. Am. Chem. S0d.978 100, 1944.
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either meta or para substituents on the phenyl rings are
correlated with the Hammettconstants of the substituerfts
P(X) — P(H) = 4oyp (10)

whereP(X) andP(H) are the observed physical property of the

Inorganic Chemistry, Vol. 35, No. 18, 1996197

The values oby, at least approximately follow the sizes of log
B2, particularly for the iron(ll) complexes of a given axial ligand
(Table 2), and would indicate a negative valugpofHowever,

it is expected that Fe(ll) should behave as the oth2metals
and have gositive value ofp. Thus, the equilibrium constants
for the axial ligand complexes of hindered tetraphenylporphy-

tetraphenylporphyrins having substituents X and H, respectively, rinates of both Fe(ll) and Fe(lll) do not appear to follow the

ox is the Hammett substituent constant of X, andescribes
the sensitivity of the property being studied to the electron-
withdrawing or -donating properties of45! These linear free

expected linear free energy trends expectegéva-substituted
tetraphenylporphyrinates.
The trends in the sizes of equilibrium constants for hindered

energy relationships have been useful in understanding theiron porphyrinates reported in Tables 2 and 3 appear to follow

electronic effects of themeta or para substituents on the
reactivity of the free-base porphyrins or metalloporphyrinates.

thesizeof theortho substituents more closely than the Hammett
op constants. The measured van der Waals radii (in A) of the

Earlier studies that examined the effects of electron-donating ortho substituents are GH ~2.052 Br = 1.9053 C| = 1.80%3
or -withdrawing substituents on the phenyl rings of a series of OCH; ~1.4 (with the methyl group rotated away from the axial

(tetrakis(substituted phenyl)porphyrinato)metal(ll) complexes in
benzene or toluene solution on the size of the equilibrium
constants for axial ligand complexes of Ni(#,(vVO)2*,32
Co(Il),3*~dand zZn(I1)&7 showed that thg values were positive

in all cases. Kadish and Bottomley measured the iron(ll)

ligand)>? F = 1.35%% and H= 1.20% As reported for one
case previously? complexes having largesrtho substituents
generally have larger log," values; in the present study we
find that log,"" varies in the order B~ Cl > CH; > OCH;

> H > F. Thus, for iron(lll), the decreasing size of Igg'"

equilibrium constants for the same complexes used by Walker almost exclusively follows the trend in decreasing size, provided

et al. for the iron(lll) study and foundp to be +0.131° a
positive value as with other uncharged metalloporphyrinsiés.
This has been called the “Lewis acid contributidraind it arises

that the methyl group of the methoxy substituent rotates away
from the core of the porphyrin to minimize steric interaction
with the axial ligand. For the iron(lll) porphyrinates, where

from a decrease or an increase in Lewis acidity of the metal the necessity of stabilizing the formal positive charge creates a
center in response to the electron-donating or electron- strong electron demartdit is also possible that the electron
withdrawing abilities of the phenyl substituents. In contrast, cloud of the larger substituents may overlap with theloud

for iron(Ill) porphyrinates in chloroform or dichloromethane of the porphyrinate ring. This overlap could cause a through-
solution, binding of two neutrally-charged ligands to the metal space increase in the electron density at the iron(lll) center that
creates a net positive charge on iron(lll) in the product by could aid in stabilizing the net positive charge in the bis(ligand)

displacement of the bound chloride ion in these solvéfhikhis

complex. This increase in electron density would, however,

contribution from charge separation creates the opposite de-decrease the Lewis acidity of the metal, and in the iron(ll) case

pendence, and a value pf= —0.39 was reported, indicating
that electron-donating groups favor the formation of the
complex? An estimation of the charge separation contribution

for these iron(lll) tetraphenylporphyrinates was based upon the

p value for the Ni(ll) seriesd = +0.33)32 The combination

would serve to decrease, rather than increase, the size of the
equilibrium constants. In spite of this, only a slightly different
trend is found for log3,"': Br > Cl > CHz > F > H > OCHs.

It is also possible that a structural stabilization factor may
arise from the fact that bulkier substituents may cause more

of the charge and Lewis acid contributions thus led to a predicted extremeS, ruffling of the Fe(lll) porphyrinates. Except for one

peharge0f ~—0.7 for the charged Fe(lll) centérLater, Brewer
and Brewet® determined the equilibrium constants for the same
set ofpara-substituted (tetraphenylporphyrinato)iron(lll) chlo-
rides with N-methylimidazole in DMSO and found that =
+0.112° DMSO is a coordinating solvetttwhereas chloroform

is not, and the charge stabilization was observed by Wadker
al.2* This value ofp suggests that the charge contribution is
actually smaller fcnarge~ —0.5) than estimated previoustyzor

the systems studied in the present work in DMF, we should
expect a positive for the iron(lll) equilibrium constants, since
DMF, like DMSO, is a coordinating solvef?. Hammetto
constants have not been reported dotho substituents, but if
parasubstituent constants, (Br = Cl = +0.23> F = +0.06
>H=0> CHz=—0.17> OCHz = —0.279), are used as a

report of the molecular structure of [((2,6TPP)Fe(1-
vinylimidazole}]ClO4,54 only the structures of TMP and TPP
complexes have been reporfd!856 Among these, it is found
that for [(TMP)Fely]*, where L= N-methylimidazole, the
ligands are in parallel planes and the porphyrinate ring is not
ruffled,'® while for L = pyridines of all basicities, the ligands
are in perpendicular planes and the porphyrinate rings are
significantly and similarly ruffled in every cagél’ and when

L = 1,2-dimethylimidazole, the ligands are again in perpen-
dicular planes and the porphyrinate core is more ruffled than
for any other Fe(lll) porphyrinate reported thus ¥arHowever,

at least for pyridine ligands, the degree of ruffling is not
necessarily a result of the bulkiness of the phenyl 2,6 substituents
but rather arises in large part from electronic factors, as is

measure of the electron-donating or -withdrawing characteristics evidenced by the highly ruffled structure of [(TPP)Fe(4-

of the ortho substituents used in this study, it is apparent that
the equilibrium constants do not follow this trend, since log
B2 is larger for the ((2,6-B),TPP)Fe complexes than for the
dichloro analogs, even though the corresponding Hammett

constants are identical, and (TMP)Fe complexes have equilib-

rium constants similar to those of the ((2,6)&TPP)Fe
complexes, even though tleg values are approximately equal
in magnitude but opposite in sign.

The equilibrium constants for each of the axial ligand
complexes of the series of iron(ll) porphyrinates only roughly
follow the Hammetir constants for phenylara substituent$8

(51) Hammett, L. PTrans. Faraday Socl938 34, 156.

cyanopyridine)] *ClO,4~, for which there is nstericreason for
ruffling.5> And while ruffling may help to stabilize iron(lll)
porphyrinate complexes, the iron(ll) counterparts aet

(52) Streitwieser, A.; Heathcock, C. hhtroduction to Organic Chemistry
2nd ed.; Macmillan: New York, 1981; p 148.

(53) Huheey, J. Elnorganic Chemistry3rd ed.; Harper & Row: New
York, 1983.

(54) Hatano, K.; Safo, M. K.; Walker, F. A.; Scheidt, W. Rorg. Chem.
1991, 30, 1643.

(55) Safo, M. K.; Walker, F. A.; Raitsimring, A. R.; Walters, W. P.; Dolata,
D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. S04994 116,
7760.

(56) Safo, M. K.; Nesset, M. J. M.; Walker, F. A.; Debrunner, P. G
Scheidt, W. R. Manuscript in preparation.
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ruffled 56 except, we suspect, for the bis(2-methylimidazole) or
bis(1,2-dimethylimidazole) complexes, for which structures have
not yet been obtained. In addition, the same trend in equilibrium
constants is shown in the reactionsNefethylimidazole with

a series of unsymmetrically substituted (tetraphenylporphyri-
nato)iron(lll) chlorides, where the saneetho substituents as
used in this study were present on only one of the phenyl rings,
while paramethoxy groups were located on the other three
phenyl rings®? (In this case the degree of ruffling is not
expected to depend upon the size of tmho substituents on
the single phenyl ring, since only one ring carries these
substituents.) The values of Ig#y" for the series of (mono-
(2,6-X2 phenyl)porphyrinato)iron(lll) and (tripmethoxyphen-
yl)(porphyrinato)iron(lll$* and their similarity to the trends
observed herein point to the possibility of a through-space
overlap of the electron cloud of the substituent with the
m-electron cloud of the porphyrinate ring that creates a stronger
electron-donating effect as the size of the substituent incréases.

One might expect the degree of general solvation, as distinct

solvated iron center should have the largest equilibrium

that the bulkiest systems studied, ((2,&)B8TPP)F¢' and -Fé,

have the largest equilibrium constants. However, steric restric-
tion of the solvent should equally well restrict the approach o
the larger imidazole and pyridine ligands, which is not in accord

Nesset et al.
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Fe(ll) and Fe(lll).

pKa (B H*)

from solvent coordination to the metal, to play a role in the Figure 8. Plot of log 87" and logp2" for the iron tetramesitylpor-

ability of the iron center to coordinate axial ligands. The least Phyrinate complexes of this study versus the basicity of the axial ligands,
expressed asdqy(BH™): +, substituted pyridines, Fe(llx, substituted

. . pyridines, Fe(lll);0, N-Melm, Fe(ll); ¢, N-Melm, Fe(lll); ®, 2-Me-

constants, as suggested previously for the picket fence porphy-my “re(ii); , 2-MelmH, Fe(lll). Dashed lines represent the least-

rin.>" This line of reasoning is consistent with the observation squares linear correlations for the substituted pyridine complexes of

Tetraphenylporphyrinates at 2&

f Table 4. Stepwise Formation Constants for Iron(ll) and Iron(lIl)

with the results. Therefore, we do not believe that the degree

of nonspecific solvation plays a large role in determining the
sizes of the equilibrium constants. This lack of steric protection
from solvation affecting coordination of neutral axial ligands
was also seen by Lexa and Sawmefor a series of basket-handle
(porphyrinato)iron(ll) complexe¥. Walker and Benson ob-
served the same effect for a series of Zn(ll) porphyrinates, where
a bulky ortho substituent actually led to @ncreasein the size

of the equilibrium constarf

As is the case for the TPP complexes discussed above, log
2" values for the hindered (tetraphenylporphyrinato)iron(lll)
complexes vary linearly with thelf of the conjugate acid of
the pyridine ligand, as shown in Figure 8 and supporting Figures
S1-S4. The slopes of the correlations are 0.9 {GHVP)),

1.0 (Br, CI), 0.8 (F), and 0.9 (OCH In contrast, none of the

ligand logK," log K,'' 2 log K" log K" 2
((2,6-(OMe)2)4TPP)Fe

4-CNPy 2.3+ 0.7 43 -0.1+04  (-0.1f

Py 22+0.1 3.6 1.5+0.3 1.7

34-MePy 2.6+0.2 25 0.2£0.9 (3.8

4-NMePy 2.940.6 2.9 0.7£0.7 (6.8F

N-Melm 13+122  (3.6F 3.3+0.2 3.7

2-MelmH 3.2+0.1 2.6+£0.2 3.3
(TPP)Fe

2-MelmH  3.4+0.1 3.1+0.2 2.1
(TMP)Fe

N-Melm 51+13 2.2

2-MelmH 3.6+£0.2 1.9

2 Calculated from logs," — log K;" or log 82" — log K;". ® Apparent
best fit value ° Apparent value, based on apparent kg or log K;"'.

hindered iron(ll) porphyrinate complexes show a dependence complexes of iron(ll); as for the case of Igg", these values

upon the base strength of the pyridines studied, within experi- appear to be “leveled”.

mental error (see Table 2 and Figure B8%;, the reactivity of
the bases is “leveled”. It should be noted that |8g is

gesting a different inherent Lewis acidity for each iron(ll)
porphyrinate. As mentioned, the unique value of f for

appears to increase with increasing size ofdtibo substituent.
The complexes for which loK; values could be determined

systems for which the slope of the \H&€' potential vs log

deviation was less thai#t10 mV, no unique value of log,"

or log K,"" could be obtained, and only the overall |8¢' and
log 82" could be obtained from the fits. It is interesting to
note the similarity in magnitude of loig;" for mono(pyridine)

(57) Collman, J. PAcc. Chem. Red.977, 10, 265.
(58) Walker, F. A.; Benson, MJ. Am. Chem. S0d.98Q 102 5530.

Comparison of Imidazoles to Pyridines. In this study we
have reached the same conclusions as have previous studies of
“leveled” to a unique value for each iron porphyrinate, sug- metal porphyrinate complexes with imidazoles and pyriditfes,
that imidazoles behave differently than pyridines, with respect
to both the reduction potentials (Table 1) and equilibrium
each of the 2,6-disubstituted phenyl derivatives of (TPP)Fe constants (Tables 2 and 3, Figures 7 and 8, and supporting
Figures StS4). Beginning with the final reduction potentials
for the Fé'/F€' couple, both the imidazoles form bis complexes
are listed in Table 4. As stated earlier, stepwise equilibrium that are harder to reducE;(; more negative) than those of any
constants were determined for several of the iron tetrakis(2,6- of the pyridines and in fact are harder to reduce than the free
dimethoxyphenyl)porphyrinates, as well as for several other iron porphyrinate itself. This indicates that Ifig" is larger
than logp," for both 2-methylimidazole and-methylimidazole
[L] deviated from+118 mV. However, in cases where the complexes, while for all pyridine complexes, I8¢ > log 52"

The 2-methylimidazole complexes have the most cathodic
reduction potentials of any bis(ligand) complexes investigated
for the three iron porphyrinates with which it fully forms six-
coordinate complexes in both oxidation staies, ((2,6-Br)s-
TPP)Fe, ((2,6-G)4TPP)Fe, and (TMP)Fe. Additionally, the

(59) Albert, A. Phys. Methods Heterocycl. Che@®63 1; 1971 3.
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imidazoles have Ig(BH™) values that are smaller, 733and ylimidazole cannot participate in hydrogen-bonding to arfons
7.56 (corrected for the presence of two protons in the conjugateor Lewis base&? as could histidine, and thus hydrogen-bonding
acidf® for N-Melm and 2-MelmH, respectively, than for could provide an added stabilization of the Fe(lll) state by at
4-NMeyPy, yet they stabilize the iron center more, indicating a least 3 orders of magnitude due to delocalization of the positive
much greater inherent base strength toward the metal. Presumeharge on the iron(lll}, although the same would not be
ably the stabilization comes fromorbital interactions with the  expected to be true for iron(ll). Assuming a direct correlation
iron center and/or the inherently less steric hindrance to binding to the proteins’ coordination of the heme, |g)' could be larger
to the iron porphyrinate of a five-membered imidazole than of than 10. Furthermore, the histidine imidazole rings in the
a six-membered pyridine ring and/or more complete stabilization proteins are held in fixed orientation through hydrogen-bonding
of the (dy)*(dxy,d)® ground state than for the lower-basicity to amino acid side chains or the protein backbone and are
pyridines. It should be noted, however, that |8¢)' and log presented to the metal at a correct distance and geometry to
B2 are very similar for 4-NMgPy and the imidazoles. Only  allow coordination. This is expected to give rise to a favorable
the equilibrium constants of tié-methylimidazole complexes  entropy term and may lead to even larger equilibrium constants
can be directly compared to those of the pyridine complexes, than those determined here.
since 2-MelmH has a severe steric constraint which is expected Comparison of these findings concerning model hemes to the
to affect complex formation in a unique way. In fact, up to a axial ligand stabilities of heme proteins reveals a variety of
concentration b2 M ligand, 2-MelmH does not form bis(ligand)  different behaviors and several interesting points. The first of
complexes with (TPP)Pe ((2,6-R)4(TPP)F¢, and ((2,6- these is that for cytochront®, in which the heme iron is bound
(OCHg),)4TPP)Fd at 25°C (Table 4). to two histidine ligands, the process of “heme rotation”, whereby
While both imidazoles have larger equilibrium constants with the non-covalently-attached protohemin dissociates from and
iron porphyrinates having largertho substituents than do the ~ reassociates with the protein to form the stable ratio of heme
pyridines, 2-methylimidazole only forms biscoordinated iron- rotational isomers, has a half-life of 12 h in the presence of 0.1
(II) complexes with iron porphyrinates having larger substituents M electrolyté? or significantly longer (21.5 h) in its abseng®,
(bromine, chlorine, and methyl), and only monocoordinated Whereas heme rotation in theducedprotein ferrocytochrome
complexes with those having smaller substituents (hydrogen, bs is at least 100 times slowét. Rates of the overall process
fluorine, and methoxy). When comparing the Isg' values of ligand loss, heme dissociation, heme reassociation, and ligand
of the monosubstituted complexes, they are relatively similar binding are not necessarily directly related to equilibrium
in magnitude and larger than the lég" of the bis-2-MelmH constants for histidine coordination because a number of steps
complexes, some of which are too small to measure. However,are involved. However, for the coordination process alone,
the overall constants, |0§2”, are very different from one where Ilgand blndlng is eXpected to be diffusion controlled, the
another. When 2-methylimidazole coordinates, it must do so €quilibrium constant should be inversely proportional to the rate
in an orientation that allows room for the 2-methyl substituent. constant for ligand dissociationlf this (small) rate of ligand
The porphyrinate is forced to accommodate by ruffling. As dissociation is the rate-determining step for heme rotation, then
stated previously, X-ray crystallographic data have shown that the much faster rate of heme rotation for ferri- than for

while the iron(lIl) complexes of the hindered porphyrinates have ferrocytochromeds would suggest thag,!' > g, for histidine

Seruffled structures, the iron(ll) complexes are plaffar,

although it is unlikely that this would be possible for 2-meth-
ylimidazole. It is interesting that the most sterically hindered
iron(ll) porphyrinates form the most stable complexes with

binding to iron in the two oxidation states. The same conclusion
can be reached with regard to methionine binding to a number
of ferri- and ferrocytochromes, on the basis of equilibrium

constants for displacement of the methionine ligand by imidazole

2-MelmH and that the equilibrium constants are large enough and other ligands; the ease of denaturation of the protein with
to ensure biscoordination of this ligand at ambient temperaturesurea or guanidinium chlorid®!%¢ and hydrogerdeuterium

in the presence of only a I®M concentration of free ligand.
It would appear, therefore, that bulky phemyésosubstituents

exchange rates of amide protdfisin sharp contrast to these
observations is the finding that the bis(histidine)-coordinated

“encourage” the porphyrinate ring to ruffle and thereby help to heme of cytochrome™ from Methylophilus methylotrophus
stabilize the complexes of both Fe(lll) and Fe(Il) porphyrinates readily loses one of its histidine ligands to become a high-spin

with bulky ligands. The Mesbauer spectra of [(TMP)Fe(2-
MelmH);] and [(TMP)Fe(1,2-Mgm),]¢° and theH NMR
spectrum of the lattéf have been observed, and it should be

Fe(ll) center upon reductidi¥,thus indicating thag," < g
in this case. This loss of a histidine ligand is coupled to a redox-
linked proton transfer reaction, and it is believed that the site

possible to grow single crystals of these or related complexes.0f protonation is the released histidine nitrog&nWhy this

Such efforts are underway in our laboratory.

For N-methylimidazole, the equilibrium constants for bis
complexes of both oxidation states are quite similar.
similarity of log 82" and logp," is a very good situation with

respect to the biological role of bis(histidine)-coordinated hemes

in electron transfer. The values of Ig'" and log 3, for

N-methylimidazole indicate that, regardless of the oxidation state
of iron, the coordination should remain unchanged. Except for

4-(dimethylamino)pyridine, this is in sharp contrast to the
situation for the pyridines, where Ig#y"" < log 32'. However,

more careful comparison of these model hemes to the bis-

(histidine)-coordinated cytochromes points out thameth-
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protein should allow protonation of a former histidine ligand than those reported in a similar stdéyhat was carried out in
in the reduced form of this protein, but not in ferrocytochrome methylene chloride. While the present study was performed in
bs, has yet to be determined, but the observation points out theDMF, where the equilibrium constants measured are actually
very major role of the protein in modulating complex stabilities exchange constants, the results obtained in this study should
and reduction potentials. differ from those of the previous study by a constant amount.
Conclusions and Summary. The equilibrium constants for ~ This is not the case, and we cannot account for the large
six iron porphyrinates with four pyridines and two imidazoles discrepancies between our results and those reported earlier.
have been determined. The size of the equilibrium constants Finally, this work has shown that the substituted pyridines
generally increases as the size of the phenyl 2,6 substituentsvould serve as very poor axial ligands for the heme in the
increases, and to a lesser degree with “electron-withdrawing” cytochromes. The differences in the equilibrium constants
substituents producing larger constants. The trend in the sizebetween the iron(lll) and iron(ll) forms are large and could
of equilibrium constants differs from the trend in reduction possibly result in loss of the heme upon oxidation or at least
potentials observed, especially for the free iron tetraphenylpor- loss of one or both axial ligands, which could lead to unfolding
phyrinates, and to some extent the complexed iron tetraphen-of the protein and loss of hemeN-Methylimidazole, a closer
ylporphyrinates, where the observed valuesEgk directly analog to the amino acid histidine, universally has very small
follow the traditionally-expected electronic effects of the phenyl differences in iron(ll) and iron(lll) equilibrium constants and
2,6 substituents. For iron(lll), log," is linearly related to the  thus would be a very good ligand for the heme.

pKa of the conjugate acid of the coordinating pyridine, while . .
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