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The thermochemistry of oxo transfer from coordinated nitrite in the dinitro(5,10,15,20-tetrpkis{amidophenyl)-
porphinato)iron(lll) anion, ion-paired with the tetrapropylammonium {dRe" TpivPP(NQ),] "PryN*}, has been
evaluated in acetonitrile solution. This oxo-transfer half-reactidifed" TpivPP(NQ),] "P1yN*} has been assessed
on the basis of the determination of tBg, = +0.54 V vs SHE for the reversible [E¥ TpivPP(NO)(NQ)] 7
couple and the measurement of the formation constants for the association of NO andwib the
mononitroiron(lll) porphyrin derivative. The formation constant for nitric oxide associaligs, has the value
(1.21 £ 0.08) x 1. The stability constantK,, for association of a second nitro ligand in 0.0100 M
tetrapropylammonium perchlorate medium has been estimated ag 208 The oxo-transfer half-reaction free
energy,AG°xixo), for additionof oxygen to [FETpivPP(NO)(NQ)]~ to form {[F€" TpivPP(NQ),] PN*} has
been found to be-50 kJ/mol.

triphenylphosphine as a strong oxo acceptor, X, since the
thermodynamics of eq 2 have been studied and since the product
of eq 1 is relatively long-lived in the reaction with triphenyl-
phosphin®. This intermediate, which is assigned &
[FE'TpivPP(NO)(NQ)] ~, and its oxidized analogue, [t& piv-
PP(NO)(NQ)], have been characterized in solution in this work
by cyclic voltammetry.

Introduction

Secondary oxygen atom transfer, oxo transfer, has been
observed in many transition metal-coordinated nitrite systems
including the ion-paired chloronitro(tetraphenylporphinato)-
iron(lll) anion, which is capable of oxidizing dioxygendaone?

Not all ferric nitro porphyrins display this reactivity, how-
ever. The dinitroiron(lll) picket fence porphyrin anién,
[FE"TpivPP(NQ)2]~ (1), is stable with dioxygen in acetonitrile
solution but reacts with strong oxo-acceptors such as triphenyl-
phosphing;® nitric oxide® and thiophenolg. These reducing
agents all produce nitrosyliron(ll) picket fence porphyrin by way
of biphasic reactiortsin which the observable intermediate is
proposed to be the nitronitrosyliron(ll) picket fence porphyrin
anion, [F&TpivPP(NO)(NQ)]~, (2).

To understand the different reactivities of nitro porphyrin
complexes toward dioxygen and other oxygen-accepting S“b'[Fe'”TpivPP(NQ)Z]_ . [Fe”TpivPP(NO)(NQ)]_ + 1/202
strates, X, requires measurement of the driving forces for oxo 3)
transfer. A model oxo-transfer reaction we have evaluated with

Equation 3 corresponds to the reduction of the

the picket fence derivative is given in eq 1. This system uses

[FE"'"TpivPP(NQ),]~ anion to2 by its loss of an oxygen atofn.
The driving force for eq 3 has been determined indirectly by
combining results of equilibrium and electrochemical measure-
ments and appears to be the first measurement of this kind for
a coordinated nitro ligan®l. Combining the free energies of egs
2 and 3 yields the free energy for the overall oxo-transfer
reaction in eq 1. Similar combinations of the free energy of eq
3 with known AG°xxo) values permits explanation of the
characteristic stability of the dinitroiron(lll) picket fence por-
phyrin anion toward decomposition by free nitrite and dioxygen.

[Fe" TpivPP(NQ),]~ + PhP—
1

[Fe'TpivPP(NO)(NQ)]~ + Ph,PO (1)
2

PhP + 7,0, — Ph,PO 2)
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Experimental Section

General Methods. All preparations and measurements were carried
out under nitrogen or mixed nitrogeimitric oxide atmosphere by using
either a nitrogen-filled glovebox that was configured with a fiber-optic
spectrometer (Ocean Optics, PC1000) or a Schlenk line and syringe

(8) The reverse of eq 3 is used later in this paper in following the
convention for the half-reaction free energyG°xoy), in which the
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acceptor X reacts with/,0, to form XO.
(9) Review of the literature to July 1996 revealed no previous measure-
ments of this type.
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techniques. All equilibria were studied by absorbance methods in solutions were titrated with second solutions having roughly equal
acetonitrile solution as detailed below. Solutions of nitric oxide were concentrations of porphyrin but a large excess of nitrite and constant
made by sparging with solvent-saturated mixtures of NO and N (TPA)CIO, concentration. Additions of solutions containing excess
prepared with a stainless steel proportioner (Matheson). Concentrationsnitrite were made with a microliter pipet or a Hamilton syringe.

of nitric oxide were determined by partial pressures of NO in N
according to Henry’s law given for NO in acetonitrile by Shaw and
Vosper©

Acetonitrile (AN) was sequentially distilled from anhydrous CuSO
and CaH and then stored under nitrogen and dried with activated
alumina immediately before use. Tetrapropylammonium nitrite ((TPA)-
NO,) and tetrapropylammonium perchlorate ((TPA)@)I@ere prepared
according to literature methodsanalyzed for traces of bromide starting
material by cyclic voltammetry, and dried before use. Tetrapropyl-
ammonium perchlorate was purified according to literature metkods.
The UV-visible spectrum of tetrapropylammonium nitrite was con-
sistent with that reported by Strickler and KashaThis absorbance
band §max = 369 nM,ezs9 = 24.2 M1 cm™t) was routinely used for
determination of the nitrite solution concentration in acetonitrile.

Syntheses. Triflatoiron(lll) picket fence porphyrin monohydrate,
[FE' TpivPP(QSOCHK)]-H,0, was prepared according to the literature
method* from the bromoiron(lIl) picket fence porphyrin obtained from
Midcentury Chemicals and used as received. The dinitroiron(lll) picket
fence porphyrin anion, [FETpivPP(NQ),]~ (1), was prepared in
solution by addition of (TPA)N@ to solutions of [F&TpivPP-
(OSOCR)]-H.0 with (TPA)CIO, electrolyte. Bothl and the equi-
librium species mononitroiron(lll) picket fence porphyrin, [FeivPP-
(NO2)] (3), have been characterized in detailed equilibrium studies
described below and previously.

The unstable nitronitrosyliron(ll) picket fence porphyrin anion,
[FE'TpivPP(NO)(NQ)]™ (2), was prepared in acetonitrile solution by
reaction ofl with excess triphenylphosphine and was characterized
by its UV—visible absorbance spectrum in €EN. Its rapid formation
was observed by stopped-flow UWisible spectrophotometry at 420
nm using a CAN-Tech TDI Model 2A stopped-flow apparatus and data
acquisition system. Solutions of the weakly coordinated triflatoiron(lll)
porphyrin were also combined with ghin acetonitrile to compare
the product spectra. No changes in the tXsible spectrum of
[FE"TpivPP(OSQCHKs)] were evident upon that addition.

Nitrosyliron(ll) picket fence porphyrin, [F&pivPP(NO)] @), was
prepared by adaptation of a procedure used for the preparation of the
tetraphenylporphyrin (TPP) derivative in pyridine solvent using Schlenk
techniques® The starting material, bromoiron(lll) picket fence por-

Porphyrin concentrations were determined by use of literature Vialues
for the dinitroiron(lll) porphyrin complex in dichloromethane by
preparing solutions with a large excess of nitrite at high ionic strength.
Concentrations of the porphyrin ranged around 60> M throughout
the titrations due to slight differences in porphyrin concentration in
the two solutions, but the concentration of nitrite ranged fronx 5
10°to 5 x 1073 M. The analytical concentrations of porphyrin, nitrite,
and electrolyte in each addition were treated explicity in data analysis.
Contributions of ion pairing of (TPAN@ and (TPA)CIQ were
considered in all equilibrium measurements and calculafi®nso
corrections were necessary for ionic association of the nitrite ion with
the tetrapropylammonium cation. However, due to ion pairing, the
calculated concentration of the free perchlorate ion in the titration was
0.009 171 M. Analysis of the absorbance changes at six wavelengths
was carried out for eight of the UMvisible spectra collected during
the titration using the PC version of the FORTRAN program SPEC-
DECY

(i) Nitric Oxide Association. Determination of the equilibrium
constant for coordination of NO t®was achieved by anaerobic BV
visible methods usip a 2 mmquartz cuvette that was attached to a
high-vacuum Teflon stopcock viita 9 mmO-ring joint. A side port
above the stopcock seal allowed additions through a septum under the
flow of the gas mixture. No ionic strength medium was added to these
solutions to simplify the equilibrium conditions. Saturated acetonitrile
solutions of NO/N were added by gas-tight syringe to solutions3of
in the anaerobic cuvette and the absorbance values at 434 nm recorded
immediately. Corrections to the absorbance values were made for
dilution. The nonlinear dependence of the absorbance at 434 nm upon
NO concentration was carried out as detailed below using the SigmaPlot
4.1 for DOS as descibed in the Results and Discussion section.

Determination of Half-Wave Potentials. All electrochemical
experiments were carried out by cyclic voltammetry with acetonitrile
solutions containing 0.0500 M (TPA)ClQising an EG&G VersaStat
potentiostat and a sweep rate of 20 mV/s. A platinum working electrode
and a Ag/AgNQan reference electrode (Cypress Systems) were used
for all measurements to avoid contamination with water. Reference
electrode conversions from Ag/AgNf\) to SHE were made by
internal reference measurementdsg = 0.071 V for ferrocene. The

phyrin (Midcentury) was used as received. Due to solubility differences S8Me reference solution was tested with an aqueous Ag/AgCl electrode
with the TPP derivative, the ratios of solvents used in the reductive With Ex2 = 0.51 V. The latter reference electrode was taken to have
nitrosylation and recrystallization steps were modified from the original & Potential of+0.197 V vs SHE. Solutions of porphyrins (2 10
procedure. For recrystallization, chloroform solutions were maintained M) prepared for electrochemical experiments were sparged for at least

under a nitric oxide atmosphere while methanol and hexane were added30 Min with solvent-saturated nitrogen or NG/Nas mixtures.

for overall proportions of 2:1:4. The resulting solution was reduced
in volume until purple crystals formed. The solid was collected and
chromatographed with basic alumina using toluene (EM, distilled) and
then recrystallized from toluene solution with hexane. Spectroscopic
characterizations by IR (KBr pellet) and UWisible (chloroform) were
consistent with previous reports of the picket fence porphyrin derivative
obtained by an indirect methadd.

Determination of Stability Constants. (i) Nitrite Association. The
determination of nitrite association constants with iron picket fence
porphyrin was carried out under nitrogen using a fiber-optictWigible
spectrometer configured for use in a nitrogen-filled glovebox. Due to
the sensitivity to water contamination of the weakly coordinated
triflatoporphyrin [Fd' TpivPP(QSOCKR)] in acetonitrile, all titrations
for the determination of nitrite association constants were begun with
roughly equal proportions of porphyrin and nitrite in solutions having
(TPA)CIO; as the ionic strength medium held at 0.010 06 M. These

(10) Shaw, A. W.; Vosper, A. Jl. Chem. Soc. (A)971 1592-1595.

(11) Kobler, H.; Munz, G.; Simchen. Guiebigs Ann. Cheml978 1937.

(12) Perrin, D. D.; Armanego, W. L. FPurification of Laboratory
Chemicals 3rd ed.; Pergamon: Oxford, 1988.

(13) Strickler, S. J.; Kasha, M. Am. Chem. S0d.963 85, 2899-2901.

(14) Gismelseed, A.; Bominaar, E. L.; Bill, E.; Trautwein, A. X.; Winkler,
H.; Nasri, H.; Doppelt, P.; Mandon, D.; Fischer, J.; Weiss|ri®rg.
Chem.199Q 29, 2741-2749.

(15) Scheidt, W. R.; Frisse, M. B. Am. Chem. Sod.975 97, 17-21.

Equilibrium solutions of [FETpivPP(NQ)(CIO,)] (3a), described
below, were prepared by adding 12 104 M (TPA)NO; to the
porphyrin/electrolyte solutions. For generation of stable solutions of
5, 15 mM nitric oxide gas was sparged through solution8af

Results and Discussion

General Characterization of Porphyrins in Solution by
UV —Visible Spectroscopy. The dinitroiron(lll) picket fence
porphyrin anion, [FE TpivPP(NG),]~ (1), has been previously
characterized in the solid state by X-ray diffraction and in
solution in chlorinated solvents by a range of spectral tech-
niques® Figure 1A shows the visible spectrum of the complex

(16) A nonlinear least-squares fit of the apparent conductivity versus
analytical concentration of (TPA)NQave the value of the dissocia-
tion constant for the ion paifgiss (1.71+ 0.03) x 1072, with a
limiting conductivity of (1.70£ 0.02) x 1(? S cn? mol-1. The
dissociation constant is comparable to earlier reportKgfs for
(TPA)I; of 1.08 x 1072, Considering the experimental concentrations
used and ionic strength effects, contributions of ion pairing to the
analytical concentrations of nitrite were negligible. lon pairing of the
supporting electrolyte was not measured, but the value of the
dissociation constanKgiss= 0.10, reported for BiINBF, in acetoni-
trile’® was used as an approximation.

Atkins, C. E.; Park, S. E.; Blaszek, J. A.; McMillin, D. Rorg. Chem.
1984 23, 569-572.
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Figure 1. (A) Visible spectrum of the dinitroiron(lll) picket fence
porphyrin anion, [FBTpivPP(NQ)2]~ (1), in acetonitrile solution at
3.9x 105 M, [(TPA)NO;] = 3.3 mM, [(TPA)CIQ] = 0.50 M; path
length = 1 mm. (B) Visible spectrum assigned as [FpivPP-
(NO)(NO2)]~ (2), obtained as the product of the spectrum A im-
mediately after addition of triphenylphosphine (25 mNl)y= 30 s,
corrected for dilution.
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Figure 2. Rapid absorbance change accompanying the reaction of the
dinitroiron(lll) picket fence porphyrin anion, [ pivPP(NQ)2]~ (1),
with triphenylphosphine in acetonitrile/(TPA)Cl@nedium, obtained
by stopped-flow spectrophotometry under nitrogen. Observation wave-
length= 420 nm, porphyrin concentratioa 7.5 x 107% M, [(TPA)-
NO;] =5 x 103 M, [PhsP] = 2.5 x 1072 M; observation path length
= 6.2 mm.

in acetonitile-electrolyte solution which is nearly identical to
the previous results. However, the formation of the
[FE"TpivPP(NQ)2]~ anion (L) shows a particular dependence
on the presence of electrolyte in acetonitrile medium that was
not apparent in the chlorinated solvents of the previous Work.
This dependence is discussed in the equilibrium studies later in
this section. The equilibrium involves mononitroiron(lll) picket
fence porphryin, [F8TpivPP(NQ)] (3), which has also been
observed previously but not isolatédA spectrum of a solution
of this equilibrium species is shown in Figure 4A.

Formation of [FETpivPP(NO)(NQ)]~ (2) as an intermediate
in the reaction of triphenylphosphine withhas been followed
by UV—visible spectroscopy. The visible spectrum that results
immediately upon the addition of triphenylphosphine to aceto-
nitrile solutions ofl is shown in Figure 1B. Rapid formation
of the product is evident, with a Soret peak at 421 nm and a
peak at 555 nm that is distinguishable from the spectrum of the
reactant [F& TpivPP(NQ),] ~, primarily by the increase in molar
absorptivity and the slight shift from a maximum at 424 nm to

Frangione et al.
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Figure 3. Visible spectra accompanying the decomposition of
[Fe'TpivPP(NO)(NQ)]~ (2), shown in Figure 1B, to [F& pivPP(NO)]
(8) under anaerobic conditions. Spectra acquired in the order indicated
by the arrow were collected at times of 30 sec, 24 min, 57 min, 90
min, and 7 h.

(NO)] (4) is shown in Figure 3. The produdtis assigned on
the basis of the characteristic Soret band position at 406 nm.
The series of spectra in Figure 3 were obtained ave hours
under anaerobic conditior8.

The oxidized derivative 02, the nitronitrosyliron(lll) picket
fence porphyrin anion, [PETpivPP(NO)(NQ)] (5), has also
been characterized in this work by visible spectroscopy,
equilibrium binding studies, and cyclic voltammetry. Figure
4B shows the visible spectrum & that results upon the
reversible addition of nitric oxide to [METpivPP(NQ)] in
acetonitrile solution. Details of the coordination equilibrium
of NO and the electrochemistry & are given later in this
section.

Equilibrium Studies. In the treatment of the absorbance
data obtained for nitrite coordination experiments with the
SPECDEC program, two-parameter fits for the sequential
coordination of nitrite to the free porphyrin, as shown in egs
4a and 5a, were initially attempted with no explicit dependence
on concentration of the supporting electrolyte. The te@ns

[Fe" TpivPPT +NO, — [Fe" TpivPP(NQ)]  Qua (43)
6 3

[Fe" TpivPP(NQ)] + NO,” —

[Fe" TpivPP(NQ),]~
1

QZa (5a)

andQ,, are the conditional equilibrium quotients for these two
reactions. SpecieBwas assumed to be uncoordinated in this
model regardless of any weak association of the triflate ion,
the perchlorate ion, or the acetonitrile solvent. In these fits,
the molar absorptivities of the uncomplexed porphy6injn
solution were held fixed as determined by the absorbance
spectrum of the triflate derivative in chloroform. The relatively
poor fit obtained by this model is reflected in the large value
of 7 x 1072 for 42 provided by the SPECDEC program. The
results of this simple model were not used.

In preparation of solutions of [METpivPP(NQ),]~ in
CH3CN, it was obvious that higher concentrations of supporting
electrolyte allowed the expected UWisible spectrum with the

the lower wavelength. The increase in absorbance at 420 nm(18) The small deviation from isosbestic behavior apparent in Figure 2

over the period of 80.15 s obtained by stopped-flow spectro-
photometry is shown in Figure 2. These first-order kinetics data
were obtained under conditions of excess triphenylphosphine
at a concentration of 0.025 M and yield an estimate of the
bimolecular rate constant of1 10 M~1s715 The subsequent
slow decay of the intermediate assigned2a® [Fe'TpivPP-

has been evaluated by treating the biphasic absorbance at 10
wavelengths, ranging from 390 to 435 nm. For the reaction, formation
of [F&'TpivPP(NO)] occurs with an observed first-order rate constant
of 5 x 1075 s71, A second reaction, which produces an unidentified
nitro complex or mixture of complexes, occurs with an observed rate
constant of 1x 1075 s71, The final spectrum depends on nitrite
concentration, but the identity of product(s) and details of this
decomposition reaction are as yet unknown.
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Figure 4. (A) Visible spectrum of mononitroiron(lll) picket fence
porphyrin, [F&' TpivPP(NQ)] (1.5 x 107> M), in acetonitrile, path
length= 1 cm, sealed under nitrogen. (B) Change in visible spectrum
A upon reaction with NO (7.5 mM), obtained by immediate collection
of the spectrum after injection of an equal volume of saturated NO
solution in acetonitrile and correcting for dilution.

characteristic Soret position at 424 nm to be observed at lower
concentrations of nitrite. Additionally, variability in the spec-
trum of the acetonitrile solutions of the triflate complex
suggested coordination by solvent, contaminant water, and
perchlorate. Titrations of (TPA)Clid, indeed, show shifts

in the variable Soret position from 43216 to 408-410 nm,

but variability suggested continued competing equilibria. These
observations and the poor fits obtained in the simple model of
egs 4a and 5a suggested that association of the electrolyte shoul
be considered explicitly in this coordination equilibrium.
Furthermore, previous evidence of specific ion pairing in other
solvent$ prompted more complicated evaluation. An equilib-
rium model based on eqgs 4b, 5b, and an additional reaction,
given in eq 6, was developed for evaluation with the SPECDEC
program. In this model, the perchlorate ligand’s concentration

[F€"TpivPP]" + ClO,” — [F€" TpivPP(CIQ)]  Qy, (6)
6 7
[Fe" TpivPP(CIQ)] + NO,” —
7
[Fe" TpivPP(CIQ)(NO,)]~  Qp (4b)
3a
[Fe" TpivPP(CIQ)(NO,)]” + NO,  + Pr,N" —
3a
{[Fe" TpivPP(NQ),] Pr,N*} +CIO,”  Q,, (5b)

la

dependence in formation of a spectroscopically distinct per-
chloratoiron(lll) porphyrin {) was assessed. Reactions 4 and
5 were modified to include the new speciés The ion-paired
speciesla, which consists of the dinitroiron(lll) picket fence
porphryin anion and the tetrapropylammonium ion was intro-
duced in eq 5b. The terQoy, is the conditional stability quotient
for the formation of the perchlorato complex, a@d, now
includes both nitrite association and the ion-pairing equilibrium.
Much improved fits, withy? = 1.19 x 1073, were obtained

Inorganic Chemistry, Vol. 36, No. 9, 19971907

Table 1. Values of Stability Constants for Perchlorate and Nitrite
Association to Iron(lll) Picket Fence Porphyrin in Acetonitrile

n=20 n=1 n=2
Qnp? 1.86x 1C° 4.25x 10° 2.87x 10°
Ki? 3.24x 10 5.35x 108 2.18x 10
K¢ 1.49x 104 4.0x 10¢

aResults of this work according to eqs 6, 4b, and 5b,;CN
solution, 0.010 06 M (TPA)CIQ uncorrected for ionic strength. The
designatiom = 0 refers to no nitro ligands but one perchlorato ligand;
n = 2 and 3 refer to the stepwise coordination equilibria of nitrite.
b Stability constants corrected to zero ionic strength by activity
coefficients calculated by eq 7Previous measurement (ref 3), &b
solution with no ionic strength medium. lon size parametersnd
activity coefficients,f, for 0.010 06 M (TPA)CIQ that were used in
determining corrections of the conditional equilibrium quotients to zero
ionic strength are given for the following ions: GIQ PuN*t, NO.—,
and all singly charged porphyrins P Thea values are 3.5, 8, 3, and
12, respectively. Thévalues are 0.7304, 0.7650, 0.7259, and 0.7891,

respectively.
—
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Figure 5. Changes in absorbance at 434 nm upon addition of nitric
oxide to [Fé' TpivPP(NQ)] in acetonitrile. The conditions are the same

as those described in Figure 4. Observed changes in absorbance shown
with the ® symbols are defined as the difference between the measured
absorbance and absorbance of the initial mononitroiron(lll) picket fence
porphyrin solution, corrected for dilution. The dashed line corresponds
to the the best fit of the data to eq 9. This calculation gkwe =
(1.21+ 0.08) x 10°* andAe = (1.56+ 0.02) x 1P M~ cm™.

spectra in Figure 6AD. Corrections to these equilibrium
quotients for ionic strength using Debyeliickel theory were
applied to estimate the thermodynamic values of the equilibrium
constantsKy,, at zero ionic strength. Activity coefficientg,

for the ionic species were determined by eq 7 using ion size
parametersg, listed in Table 1. These values@#fre estimates

log(y) = —~AZu"I(1 + Bau'") (7)

only, as they were taken from values for aqueous media. The
porphyrina value is also an estimate. The valtfes = 1.646
M~12 B = 0.486 M2 A~1 were used in these calculations.
The resulting activity coefficientsy, are listed in Table 1B.
Expressions for the thermodynamic stability constants for
association of nitrite alone, as implied by the simpler expressions
of egs 4a and 5a, are more useful for comparision with literature
values and for the thermochemical cycle presented later. These

with these changes. Models with separate terms for the reactiongerms will be approximated a6 = Ky, = 5.35 x 10° andK»

in eq 5b showed no improvement in the fit and were not able
to resolve distinct equilibrium quotients for dissociation of
perchlorate fromBa prior to association of the second nitrite
ligand.

Values for all the fitted association quotier@y,, determined
in this latter model (eqs 4b, 5b, and 6) are listed in Table 1.
The calculated molar absorptivities for each of the equilibrium
porphyrin species, 7, 3a, andla, are shown with interpolated

=Ky, = 2.18x 10%. Comparisons of these valuesky,2° Ky,
andKs to literature valuesare also listed in Table 1. Reference
numbersl and 1a will be used interchangeably to designate
the ion-paired equilibrium of andlain the remainder of this
paper.

(19) Goodwin, J. A.; Stanbury, D. M.; Wilson, L. J.; Eigenbrot, C. W.;
Scheidt, W. RJ. Am. Chem. S0d.987, 109, 2979-2991.
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Figure 6. Calculated molar absorptivities (M~* cm™%, symbols), and
interpolated spectra (natural spline fit) obtained from the SPECDEC
analysis of the titration of [FETpivPP(QSOCR)] (6 x 10°5 M) with
tetrapropylammonium nitrite (5 1075—5 x 1073 M) in 0.010 06 M
tetrapropylammonium perchloratacetonitrile medium under nitrogen
atmosphere at 28C, as described by eqgs 4b, 5b, and 6. Calculated
molar absorptivies shown by the labeled lines correspond to the
equilibrium species as follows: (A) the uncomplexed'[FeivPP]

(6), held fixed in the SPECDEC calculation; (B) [IFepivPP(CIQ)]

(7); (C) [Fe"TpivPP(NQ)(CIO4)]~ (3a); and (D) {[Fe"TpivPP-
(N02)2]7P|'4N+} (1a).

440 450

Association Equilibrium of [Fe'! TpivPP(NO,)] with Nitric
Oxide. Figure 4 illustrates the change in the position of the
Soret band that accompanies the reaction of NO wdth
according to eq 8. Note that supporting electrolyte was not

[Fe" TpivPP(NG)] + NO, — [F€" TpivPP(NG)(NO)]
3 ° ®

added to this system as a simplification of the equilibrium, so
that species and not3a is specified in eq 8. The resulting

peak position at 434 nm is comparable to that observed by Settin

and Fanningt for the FeTPP derivative and by Yoshiméfa
for the FeTPP and the iron protoporphyrin(IX) methyl ester
derivative. This addition of NO occurs on the stopped-flow

time scalé and results in a change in absorbance that appears

to be completely reversible, with regeneration of the spectrum
of the starting material upon sparging with nitrogen. If NO is
constantly bubbled through the solution, the ferric species is

stable for hours. The changes in absorbance at 434 nm thatformation of [FaTpiVPP(NO)(NQ)]~ (2) could be measured

occur upon incremental additions of nitric oxide are shown in
Figure 5. Equation 9 shows the relationship between the chang
in absorbancehA, and the two parametel§yo, the equilibrium

(20) Perchlorate coordination to FeTPP was investigated in the solution
and solid states: Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner,
M. E.; Scheidt, W. R.; Spartalian, K.; Lang, G. Am. Chem. Soc
1979 101, 2948-2958. It was studied in solution in the following:
Goff, H.; Shimmura, EJ. Am. Chem. Sod98Q 102 31—-37. Its
unique UV~visible spectral features discussed in the first paper are
consistent with the calculated molar absorptivites of Figure 6B. The
evidence in the latter paper for equilibrium dissociation at perchlorate
and porphyrin concentrations of about 1 mM each in THF and GHCI
solution are consistent with the value of the equilibrium constant
determined here. A reviewer has pointed out the possibility of
employing more weakly coordinating anions to avoid these complica-
tions. Considering the complications in spectral stability under the

conditions of excess perchlorate, it appears that other competing

association equilibria from contaminant water or solvent would

continue to dominate the system in the absence of a more strongly

coordinating ligand.
(21) Settin, M.; Fanning, J. Gnorg. Chem.1988 27, 1431-1435.
(22) Yoshimura, Tlnorg. Chim. Actal984 83, 17—21.
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Table 2. Half-Wave Potentials Determined by Cyclic Voltammetry

Ei

couple solvent measd vsSHE ref
Fe/l TpivPP(NO)(NQ) CH:CN +0.3  4+0.54  this work
Fe'" TpivPP(CIQ) CHCN —-09% —0.71 this work
Fel/l TpivPP(NOY CHCN +0.14 40.38  this work
Fe"' TpivPP(NQ) CH:CN —-0.92  —-0.68 thiswork
Fel TpivPP(NQ), CHCN —120¢ —0.96 this work
Fe' TpivPPCI DMF -0.10® +0.138 33
FeTPP(NQ), DMF —0.4% —-0.21 30
Fel OEP(NQ), DMF -0.83% —059 30
Fel TPP(NO} py +054 +0.78 34
Fe'' OEP(NOY BuCN +063 +0.87 28
Fe'+iBC(NO) BuCN +0.22 +0.46 29
NO, /NO, CH3CN +0.4¢ +0.64 this work
NO, /NO; CH;CN +0.453 +0.69h 23
NO; /NO, CH:CN +0.078f +0.32 24
NO, /NO, CHsCN +0.4 25
NO/NO* CH;CN +0.94 +1.18 this work
NO/NO*™ CHCN +1.28 +1.52 26
NO/NO* CH;CN +0.82 +1.06 23

@ Measured potential vs Ag/AgNfn). Corrections to SHE depend
on the use of the internal reference ferrocene, as described in the text.
b Measured potential vs SCElrreversible oxidation; reported potential
is Epa ¢ Irreversible reduction; reported potentiaBgc. © Derived from
voltammetric measurements of irreversible oxidation in acetonitrile.
fDetermined in acetonitrile by ac polarography, Pt electrédon-
verted to SHE by the same method used in this work. This assumes
a consistent value of the Ag/AgNQ, reference electrodé Value
used in thermochemical analysiDerived from measurements in
aqueous media.

constant, and\e¢, the change in molar absorptivity, where=
Kno([Felo + [NOJo) + 1. The termKyo is defined by eq 8;

AA= Ae — [b— (b = 4(Kyo) TFelo[NOl) 2Kyl (9)
[Felo and [NO} are the analytical concentrations of the
porphyrin and nitric oxide in solution, respectively. The results
of the best fit of this quadratic equation to the data shown give
Kno = (1.21+ 0.08) x 10° and Ae = (1.56 & 0.02) x 10F
M~1cm™L. Figure 5 shows the best-fit line according to eq 9.
Electrochemistry. Electrochemical studies were designed
to determine the reduction potential for the conversion of the
ferric porphyrin species [FETpivPP(NO)(NQ)] (5) to
[FE'TpivPP(NO)(NQ)]~ (2), since this value was required for
the thermochemical cycle used in evaluationAds°(x/xo) Of
eq 3, discussed below. Since this species is stable in solution
under NO sparge as described, the reduction potential for the

without the difficulty of chemical preparation and isolation. To
understand and support the assignment of the cyclic voltammetry
of 5 as resulting in the formation &, a general investigation
of the electrochemistry of the simpler porphyrin derivatives and
free ligands was necessary.

The cyclic voltammogram of free nitrite shows an irreversible
oxidation wave at variable potentials in the vicinity-60.4 V
vs AQ/IAgNO;any = +0.64 V vs SHE. Also, a reversible
oxidation occurs a#0.60 V vs Ag/AgNQan) = +0.84 V vs
SHE. The first values listed in Table 2 may be compared with
those of Castellano et &8,Salzberg?* and Ebersof? that are

(23) Castellano, C. E.; Calandra, A. J.; Arvia, AElectrochim. Acta 974
19, 701-712. This reference contains an unfortunate typographical
error that switches the values for the potentials of the couples reported
here: NO/NO and NQ/NO,. The correct values are reported in
Table 2, and their consistency with other reported values is apparent.
(24) Salzberg, H. WJ. Electrochem. Soc.: Electrochem. Sci. Techt®¥4
121, 1451-1454.
(25) Eberson, LActa Chem. Scand.984 B38 439-459.
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Figure 7. Cyclic voltammograms of (A) [F&TpivPP(CIQ)] under
nitrogen, (B) [F&TpivPP(NO)] with 0.15 mM NO, (C) [P&TpivPP-
(ClO4)(NO,)] under nitrogen with analytical concentration of nitrite as
(TPA)NO, = 0.12 mM, and (D) [FETpivPP(NO)(NQ)] with 15 mM
NO. All experiments are in acetonitrile with 0.050 M (TPA)GIG
platinum working electrode, vs Ag/AgN{y) reference electrode, at
a scan rate= 20 mV/s. Porphyrin concentrations arex110™* M in
solution. Corrections to SHE are described in the text and Table 2.

also shown. Castellano’s mechanistic study of nitrite oxidation

Inorganic Chemistry, Vol. 36, No. 9, 19971909

concentration of electrolyte used ensure complete association
of the perchlorate porphyrin complex in this experiment.

The cyclic voltammogram of [FgpivPP(NO)] @) in aceto-
nitrile under an atmosphere of 1% NO with the same solvent,
electrolyte, and reference electrode as in Figure 7A is shown
in Figure 7B. The new feature, an irreversible oxidation with
Epia = +0.14 V vs Ag/AgNQan) = +0.38 V vs SHE listed
in Table 2, accompanies the original reversible wave of Figure
7A but with a smaller current. The value of the potential of
the irreversible wave may be compared to the resutt0f78
V vs SHE obtained for [FETPP(NO)(py)] by KadisP also
listed in Table 2. Similar results of 0.87 V vs SHE for
[FE'OEP(NO)] in butyronitrile (BUCN) are also given in Table
2. Inthe latter study, Fujita and Faj@identified the oxidation
as metal-centered, in contrast to ring-centered oxidations
observed at this stage for analogous isobacteriochlorins (iBC)
or sirohemes, which are generally ring-oxidized at less positive
potentials than the porphyrins.

The current of the oxidation wave at0.14 V vs Ag/
AgNOs@ny in Figure 7B is comparable to the reversible
reduction atEyc = —1.06 V vs Ag/AgNQan) = —0.82 V vs
SHE. For comparison, the nitrosyliron(ll) TPP and OEP
analogues showed reversible reductions to theP{O)]
species at-0.98 V vs SCE=-0.74 vs SHE and at1.10 V vs
SCE= —0.86 V vs SHE, respectively.

Since the irreversible oxidation of [[F€pivPP(NO)] occurs
at a potential that is 400 mV cathodic of the previously assigned
metal-centered irreversible oxidation waves, a metal-centered
oxidation is suggested for this case, too, rather than a ring
oxidation. The similarity of the potentials for reduction among
these porphyrins supports the irreversible formation of the
[FETpivPP(NO)] derivative at-0.82 V vs SHE.

The cyclic voltammetry of [PETpivPP(NQ)(CIO,)] (3a) in
the same medium is shown in Figure 7C. The irreversible wave
observed at-0.18 V vs Ag/AgNQan differs from the potential
of 0.4 V for irreversible oxidation of free nitrite measured
separately in solution under the same conditions. The second
irreversible wave at-0.75 V is also inconsistent with the cyclic

reactions in acetonitrile appears to be the most thorough, andvoltammetry of free nitrite, which has a second reversible wave
so we have used this value in our thermochemical calculations.at +0.60 V, already discussed. Upon addition of more than 1
That value of 0.69 V vs SHE, converted from the same reference equiv of nitrite, however, these irreversible waves continue to
electrode as used in this work, is quite close to the potential we grow in current intensity. The irreversible wave-80.75 V

observed for the irreversible oxidation.

Cyclic voltammetry of nitric oxide in the region of immediate
interest revealed a reversible oxidation wave-6t94 V vs Ag/
AgNO3@an) = +1.18 V vs SHE. This value, shown in Table 2,
differs from that reported by Kochi and co-workers-61.52
vs SHE in acetonitril@® However, it agrees well with the
potential of+1.06 vs SHE reported earlier by Castellano et al.

To obtain cyclic voltammograms of the iron porphyrins with
nitro and nitrosyl ligands required preparation of the ferric

vs Ag/AgNG;sany = +1.38 V vs SHE gradually shifts to show
the expected reversibility and potential of free nitrite as excess
nitrite is added, but the irreversible wave remains unshifted from
the potential observed for the nitro complex and, as expected,
remains irreversible. With the clear dependence of current
magnitude on the concentration of nitrite for these waves, it is
apparent that they correspond both to free and coordinated nitrite
oxidation.

The reversible reduction observed for [FepivPP(NQ)-

species as outlined in egs 6, 4b, and 8. The separate cyclic(c|o,)] (3a), centered at-0.92 V vs Ag/AGNQan) = —0.68

voltammograms of [F&TpivPP(CIQ)] (7), [Fe"TpivPP-
(NOL)(CIO4)]~ (3h), [FE'TpivPP(NO)] @), and [Fé!' TpivPP-
(NO)(NO,)] (5) are shown in Figure 7AD. In Figure 7A, the
cyclic voltammogram of under nitrogen atmosphere with 0.050
M (TPA)CIO4 shows a reversible reduction &0.95 V vs the
silver—silver nitrate electrode prepared in acetonitrile (Ag/
AgNOsz(ay)). This value and the corresponding value-df.71

V vs SHE are also shown in Table 2. The irreversible oxidation
near+0.7 V vs Ag/AgNGan) or 0.94 V vs SHE is attributed
to ring oxidatiord” of the porphyrin. The value df, and the

(26) Lee, K. Y.; Kuchynka, D. J.; Kochi, J. Knorg. Chem.199Q 29,
4196-4204.

V vs SHE, is assigned as the metal-centered reduction, Fe(lll)/
Fe(ll), due to the closeness of this value to that for the reversible
reduction of the simple perchlorate derivativé, For the
dinitroiron(lll) porphyrin derivativela, generated upon addition

of excess nitrite, this reversible wave is cathodically shifted to
—1.20 V vs Ag/AgNQany) = —0.96 V vs SHE. These results
may be compared with those for the FeTPP derivative obtained

(27) Barley, M. H.; Takeuchi, K. J.; Meyer, T.J. Am. Chem. Sod986
108 5876-5885.

(28) Kadish, K. M. Inlron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Addison-Wesley: Reading, MA, 1983; Part II.

(29) Fuijita, E.; Fajer, 3J. Am. Chem. S0d.983 105 6743-6745.
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eq 15 thermochemical cycle sketched in Figure 8 indicates both
[PFe(INNO)NOYI" +'20; === [PFe(ll)(NO,),] literature values and measured values used for this analysis by
2 1 reference to eqs 1014, in which P is used to designate the
picket fence porphyrin. Values for gas phase reactions and for
eq 10 eq 14
[F'P(NO)(NO)]™ — [Fe""P(NO)(NG)] + €& (10)

[PFe(ll)(NO)(NO,)]
5 [PFe(ll)(NO,)] + NOy
+e + 2 02

E,,=0.54VvsSHE  (CHCN, this work)

[Fe"P(NO)(NOQ)] — [F€"P(NO,)] + NOy,,  (11)

eq 11 eq 13 1/Kyo = (8.264 0.5) x 107 M™?

eq 12 Ae = (1.56+0.02)x 1°M *cm*

[PFe(lN(NOy)] [PFe(ll)(NO,)] + NO, + e o — 18 K3/mol i ‘
4 NO +& + 2 O, AG° = 18 kJ/mo (CHCN, this work)
Figure 8. Thermochemical cycle for determination AfG°xxo) for 1 .
the conversion of [P pivPP(NO)(NQ)] (2) to [Fe! TpivPP(NQ);]~ NO) + 7205 = NOy (12)

(1), as shown in eq 15.

AG° = —35.2kJ/mol  (gas phas®)
Table 3. Free Energy Changes (kJ/mol) for Oxo Transfer

Reactions e + NOZ(AN) - N027(AN) (13)
couple (X/XO)  AG°xo) medium ref AG°yand

[FeP(NO)NQ)]/  —50  CHCN this work E,,=069VvsSHE (CHCN)*®
[FeP(NQ)2]~ 3

PhP/PRPCF —268 1,2-dichloroethane 35 -21 - 1l 1l -

NO, /NOs~ ~121  1,2-dichloroethane 25 -71 NO, + [Fe"P(NG)] —[Fe"P(NG,),] (14)

0,/03 +163.2 gas 31 +213
aFor the reaction of the [FETpivPP(NG),]~ anion XO with X. K,=218x10°  AG®=—19.0 kJ/mol

b As written in eq 15° As written in eq 2.9 As written in eq 1. (CHSCN, this work)

by Ryan and co-worke®. In that study, mononitroiron  reactions in other solvent systems were used in the absence of
porphyrins were not observed in isolation due to the magnitude those for acetonitrile solution. No corrections for these phase
of the stability constants and the concentrations used in thedifferences were made. Combining egs 10 and 13 provides the
experiments. The half-wave potentials for the dinitro species, free energy for the electron transfer reaction embedded in this
[FETPP(NQ)2]~ and [FEOEP(N@)2] , are given in Table 2 as  cycle asAE = 0.15 V, AG® = —14 kJ/mol. Combining egs
—0.21 and—0.59 V, respectively, and contrast with the value 10-14 gives the oxo-transfer reaction of eq 15, and summation
of —0.96 V (all vs SHE) observed in this work. of the free energies provides its free energy-&s0 kJ/mol.
Figure 7D shows the cyclic voltammogram of a solution of
3a, of Figure 7C, sparged with 1% NO, which gives a [Fe”TpivPP(NO)(NQ)]_ + 1/202—> [Fe'”TpivPP(NQ)Z]_

concentration of 0.15 mM NO. The reversible formatioréof (15)
under these conditions gives rise to a cyclic voltammogram _ ) o ) o
which shows a unique reversible wave +0.30 V vs Ag/ Equation 15 is the reverse of eq 3, and it is written in this form

AgNOzan) = +0.54 V vs SHE. The comparable magnitudes 0 be consistent with the implied reaction #G°x/xo) values
of the oxidizing and reducing currents for this wave suggest as reported in Table 3.
that they arise from the same porphyrin species. The irreversible N combining these results for eq 15 with oxo-transfer half-
wave at+0.75 V is similar to the waves observed in Figure reaction data from the literature, a variety of oxo-transfer
7A.B and is attributed to oxidation of the uncomplexed and reaction energies may be calculated. Table 3 lists literature
monosubstituted porphyrins in solution in addition to the mixed Values ofAG®xxo) and calculated oxtransferreaction energies
ligand species. for the model reaction with triphenylphosphine of eq 148
Certain assignment of the reversible wave as metal-centeregky/mol. For the oxo-transfer reactions of [FepivPP(NQ)7]~
oxidation/reduction, that is, Fe(Il)/Fe(lll), or as ligand-centered, With free nitrite and dioxygen, the oxo-transfer free energies
Fell(NO)(NO)/Fe! (NO)(NO,)™, is not possible within the  are calculated as71 and+213 kJ/mol, respectively. There-
limited scope of these experiments. However, it is likely that fore, the contrasting reactivity of the dinitroiron(llf) picket fence
the metal-centered oxidation potential is dominated by the POrphyrin anion with dioxygen is consistent with its thermo-
nitrosyl ligand as it is in [FETPP(NO)], [FéOEP(NO)], and chem_lstry and raises cqmpelllng guestions about th_e the_rmo-
[Fe'TpivPP(NO)]. This new reversible oxidation wave is Cchemistry of the chloronitroiron(lll) tetraphenylporphyrin anion
similar to the potentials for the irreversible metal-centered IN its oxidation of dioxygen. The moderately favorable driving
oxidations for these simple nitrosyl complexes and is also force for reduction of free nitrite by the dinitroiron(lll) picket
assigned as such. fencg pgrphyrlr_] is notable, given the porphyrln’s_apparent
Thermochemistry. With the electrochemical and equilib- stab|!|ty in solutions of excess nitrite. Itshou_ld be p(_)lnt(_ad out,
rium data, a thermochemical cycle was constructed to estimatethat in analogous anaerobic solutions of nitro derivatives of
the change in free energy associated with oxo transfer. The

(31) The NBS Tables of Chemical Thermodynamic Propertiete, D.
R., Ed.; Journal of Physical and Chemical Reference Data 11,
(30) Fernandes, J. B.; Feng, D.; Chang, A.; Keyser, A.; Ryan, Nn@g. Supplement 2; American Chemical Society and the American Institute
Chem.1986 25, 2606-2610. for Physics: Washington, DC, 1974; p 311.
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