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illustrating the dependence of the relaxation parameters on the cor-
relation times utilize curves generated by the computer system,
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Abstract: 'H and '3C NMR spectra of iron(I11) porphyrin perchlorate derivatives in noncoordinating solvents are anomalous
with respect to the isotropic shift patterns observed for other iron(111) porphyrin species. Both synthetic and natural-derivative
iron(111) porphyrins have been examined. Variation of solution conditions rule out chemical equilibria as an explanation for
the unusual behavior. The perchlorate ion remains coordinated or tightly ion paired in solution. The measurements support
earlier solid-state work which suggests a quantum mechanically admixed .S = 3, .S = % spin siate formulation. The unper-
turbed quartet state is of lower energy. Magnetic anisotropy for the S = %, state is significant with x ; > x . The d2_,2 orbital
is vacant, and the most likely formal ground state for the unperturbed S = 3 species is (d,,)? (d.2)! (dy:, d,.)> Changes in
isotropic shift patterns and magnetic moments wilth temperature presumably reflect thermal population of Kramer’s doublets
with varying amounts of S = %, and .S = % character. Solvent-dependence studies show that aromatic solvents increase the S
= %, character as compared with chlorinated solvents. Solvent perturbation resuits may be relevant to the chemistry of cyto-
chrome ¢’, which is also believed to exhibit quantum mechanical spin admixture.

Introduction

Preparation and physical characterization of metallopor-
phyrins in all possible spin and oxidation states constitutes a
major effort among bioinorganic chemists. Biologically rele-
vant iron(II) and iron(I1I) porphyrin complexes in both high-
and low-spin states have received the most attention in this
regard.! Experimental work?-4 has also confirmed the theo-
retical prediction® of intermediate-spin S = | iron(Il) por-
phyrins. Generation of this spin state demands a square-planar
environment (no axial ligands) in which a vacant d2_,2 orbital
is raised in energy and an occupied d.: orbital is stabilized.
Intermediate-spin iron(I1) phthalocyanines® and macrocyclic
complexes’ are also recognized.

0002-7863/80/1502-0031$01.00/0

Intermediate-spin S = 3 character in ferric cytochrome ¢’
has been invoked by Maltempo to explain unusual ESR
properties and a decrease in magnetic moment at low tem-
perature for this bacterial hemoprotein.®® A quantum-me-
chanical admixture of S = % and S = % states is proposed.
This formulation is to be distinguished from a thermal mixture
of magnetically distinct S = 3, and S = %, states. Quantum-
mechanical admixing is presumably the result of a small energy
separation between pure spin states. A spin-orbit coupling
constant of comparable energy (~300 cm™') provides a direct
mechanism for interaction of the two spin systems. Suggestion
of intermediate-spin involvement is not unreasonable in view
of literature descriptions of S = 3/ bis(N,/V-dialkyldithiocar-
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Figure 1. Variable-lemperature '"H NMR of FeTPP-CiO4, CDClj; solvent,
0.01 M: (a) 228; (b) 251.5; (c) 299; (d) 327 K.

bamato)iron(11)!% and tetraazoiron(I111) complexes.!!

Iron(111) porphyrin perchlorate!2-!* derivatives have re-
cently been prepared and characterized in the solid state.
Magnetic moments decrease with temperature, but Mdssbauer
measurements are consistent with presence of only one mag-
netic species at all temperatures. Infrared measurements
suggest perchlorate coordination in the octaethylporphyrina-
toiron(I!N) perchlorate (FeOEP-ClO,) derivative!? and a
molecular structure determination confirms binding in tetra-
phenylporphyrinatoiron(I11) perchlorate (FeTPP-CIQ,).!3:14
Ethanol of solvation induces only small changes in FeOEP-
ClO4 magnetic properties,'? whereas perchlorate ion is dis-
placed from coordination in the diaquo FeTPP-ClO; adduct.'?
The molecular structure of FeTPP-ClOy reveals a shortened
Fe-pyrrole nitrogen distance, a small Fe-out-of-plane dis-
placement (0.30 A), and a lengthened Fe-perchlorate oxygen
distance (2.03 A) with respect to high-spin derivatives. On the
basis of such structural and magnetic perturbations Reed and
co-workers!# recently proposed an S = 34, S = 3 spin admixed
formulation for iron(111) porphyrin perchlorate adducts, much
as has been formulated for cytochrome ¢’.

Prior to report of the FeTPP-C104 molecular structure we
had noted anomalous 'H NMR shift behavior for this species
generated in situ by addition of perchloric acid to the u-oxo-
bridged dimer. Solid-state characterization of the product'3
stimulated our detailed examination of iron(I11) porphyrin
perchlorates in solution. Objectives of this study were to discern
ifaS =3h,S =% admixture is a viable formulation or simply
a “solid-state” effect, and what solution equilibria might be
apparent for perchlorate derivatives. Preparation of this
manuscript was coincident with appearance of detailed solid-
state and preliminary solution characterization of FeTPP-ClOy
by Reed and co-workers.'*

Nuclear magnetic resonance constitutes perhaps the most
powerful spectroscopic technique for solution characterization
of metal complexes with short electronic relaxation times.
Application to metalloporphyrins has been productive in elu-
cidation of electronic structure, spin delocalization mecha-
nisms, equilibria, dynamical effects, and molecular structure. '3
Of particular concern here is establishing formal d-orbital
occupation by comparison of isotropic shift patterns. Corre-
lations have been made between single occupation of the d,2—)2
orbital and shift direction for pyrrole and ring methyl (or
methylene) proton resonances.®'® Thus, for first-row transi-
tion-metal complexes single occupation of the o-bonding dy2— )2
orbital results in predominant unpaired spin density through
a o-type porphyrin MO and downfield shifts for pyrrole and

ring methyl protons. Lack of unpaired spin in d,2—,2 and single
occupation of w-bonding d, and/or d,. places unpaired spin
density in a w-type porphyrin MO, resulting in an upfield
pyrrole proton shift and a downfield ring methyl shift. These
rather straightforward correlations, as well as more subtle
observations, have been utilized in solution characterization
of iron(I11) porphyrin perchlorate derivatives.

Experimental Section

Iron(IIl) Porphyrin u-Oxo-Bridged Dimers. Iron(111) tetraphen-
ylporphyrin compounds were prepared as the chloride derivatives or
as the w-oxo-bridged dimers by literature methods.!®17 Iron(111)
octaethylporphyrin and iron(111) etioporphyrin 1 (FEETIO) were
prepared by total pyrrole synthesis,'8 iron insertion, and chromato-
graphic purification.!” Natural-derivative iron(111) porphyrin di-
methyl ester complexes were prepared by standard methods.!? All
iron(111) porphyrins were converted to the u-oxo-bridged dimer by
passage through a deactivated alumina column.!® Products were
characterized by NMR and UV -visible spectroscopy.

Silver Perchlorate Preparation. The perchlorate derivatives of
FeTPP, FeTPP(p-CHj3), and FeTPP(m-CH3) were prepared by silver
perchlorate reaction with the corresponding chloride analogues in
THF solvent.!%20 The products were not recrystallized from toluene,
$0 as to avoid interfering aromatic signals in the NMR spectrum from
toluene of solvation.'* Two THF molecules of solvation were retained
in the unrecrystallized product as judged by NMR integrations. This
solvent of crystallization was not removed by direct heating under
vacuum at 105 °C. However, THF could be removed if the material
was first dissolved in CHCl; or CHCl3, evaporated under a nitrogen
stream, and heated under vacuum at 108 °C. Caution: We have not
observed detonation of iron porphyrin perchlorates under these con-
ditions, but care is urged. In practice, milligram amounts of sample
were placed in NMR tubes and a metal, heated vacuum desiccator
was employed. Unless otherwise noted, THF of crystallization was
removed from FeTPP-CiOy prior to spectral examination. The diaquo
derivative of FeTPP-ClO,4 was prepared by recrystallization from THF
containing aqueous perchloric acid.!?

Perchloric Acid Preparation. Cleavage of the u-oxo-bridged dimer
by shaking with aqueous perchloric acid affords FeOEP-C104.12 This
general technique was applied to generation of both synthetic and
natural-porphyrin derivatives. As prepared by Dolphin et al.,'? the
FeOEP-ClO, contains ethanol of crystallization, which may be re-
moved under vacuum at 60 °C. In our hands the product homogeneity
(as judged by NMR) was improved by avoiding the ethanol crystal-
lization step and direct vacuum drying of the evaporated CH,Cl;
solution at 105 °C. As noted above, preparations were restricted to
the milligram scale and heating was performed in a metal vacuum
desiccator. Materials prepared by acid cleavage were identical with
those prepared by silver perchlorate reaction.

Solvents were generally distilled and stored over molecular sieves,
as traces of water (in the absence of acid) will convert the perchlorate
derivative to u-oxo-bridged dimer. Likewise, HCl in chlorinated sol-
vents will displace the perchlorate ion. Accordingly, chloroform and
methylene chloride were shaken with water, dried, distilled, and stored
over activated 3A molecular sieves. Deuterated chloroform was also
treated in this manner.

Nuclear magnetic resonance spectra were recorded in the pulsed
Fourier transform mode using a Bruker HX-90E instrument. Proton
and carbon-13 spectra were observed at 90 and 22.6 MHz using sweep
widths up to 12 and 20 kHz, respectively. Temperature calibration
was by the Van Geet thermometer.2! Chemical shifts are reported with
respect to internal MesSi. Downfield shifts are given a positive
sign.

Results

Variable-Temperature Measurements. The 'H NMR
spectrum of FeTPP-CIO4 in CDCl3 is anomalous when com-
pared with those of known high-spin five-coordinate,>? high-
spin six-coordinate,? or low-spin?* iron(III) porphyrin com-
plexes. Figure lc illustrates the room temperature spectral
result where phenyl and pyrrole proton resonances are observed
in the 6-13-ppm region. Pyrrole signals in the 70-80- and
—15-ppm region would be apparent for respective high-
spin?223 and low-spin24 species. Variable-temperature spectra
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Figure 2. Pyrrole proton resonance values for FeTPP-ClQ4 at variable
solution conditions, CDClj3 solvent, 0.01 M: (@) pure CDCl3: (0) 0.02
M THF: (a) CDCl; saturated with | M HCIO,4 in D;0; (A) 0.1 M
BusNCIOy; (O) 0.001 M FeTPP-ClOy in pure CDCl;. The curve is drawn
only to illustrate deviation from linearity.

of FeTPP-ClOy in Figure 1 show unexpected behavior in that
the pyrrole proton signal is found in a downfield position at
near ambient temperature (Figures Ic and 1d) and in an up-
field position at low temperature (Figures la and 1b). Un-
equivocal assignment of the pyrrole and phenyl resonances was
made by examination of m-methyl, p-methyl, and perdeu-
terated phenyl derivatives. The curve in Figure 2 summarizes
variable-temperature dependence of the FeTPP-C10O,4 pyrrole
proton resonance. This complex temperature dependence is
paralleled in part for phenyl proton resonances, as may be seen
in Figure 3. A magnetically simple molecule is expected to
follow Curie-law behavior in that a plot of 6 vs. 1/7 is linear
with an intercept equal to the resonance in an analogous dia-
magnetic complex. The meta-proton resonance clearly shows
nonlinear behavior. Although plots for ortho and para signals
are reasonably linear, intercepts of 2.9 and 5.4 ppm are to be
contrasted with values of 8.0 and 7.7 ppm, respectively, for
diamagnetic nickel(I1) complexes.?

Synthetic iron(I1I) porphyrin perchlorates with alkylpyrrole
side chains also exhibited, in part, anomalous variable-tem-
perature behavior. Both FeOEP-ClO,4 and FeETIO-ClO4 were
examined. The 'H NMR spectrum of FeETIO-ClOy in Figure
4a may be compared with that of the chloride analogue in
Figure 4d. The downfield ring methyl shift and larger meth-
ylene group splitting for FeETIO-ClQ4 should be noted.
Methylene proton resonances are very broad at room tem-
perature, but collapse into a singlet with addition of potential
ligands (Figures 4c and 4d). Iron inversion through the por-
phyrin plane may serve to explain such behavior, This obser-
vation, as well as the possibility of hindered ethyl group rotation
at low temperature,2? accounts for Curie-plot intercepts of
approximately 20 ppm. The largest Curie deviation occurs,
however, for the meso-proton resonance (Figure 5). At room
temperature the signal is upfield from MesSi (—11.4 ppm),
and as temperature is lowered the resonance moves toward the
Me.Si reference. This shift is opposite that expected for normal
Curie behavior, suggesting magnetic complexity as was ob-
served for FeTPP-ClO.. Natural-derivative iron porphyrin
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Figure 3. Curie plot for phenyl proton resonances, CDCl3solvent, 0.01 M:

(m) m-H; (@) o-H; (&) p-H of FeTPP-CiOy; (¢) p-CHj of FeTPP(p-

CH3)-ClOy; (¥) n1-CHj; of FeTPP(m-CH3)-ClO4. Lines are drawn only

to illustrate deviation from linearity.
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Figure 4. 'H NMR spectra of FeET10-X, CDClj solveni, 0.005 M, 299
K: (a) FEETI0-ClOy in pure CDCl3; (b) FEET10-ClO4 in CDClj satu-
rated with | M HClO4 in D;0; (¢) FeET10-CIO, with 0.1 M BuyNClOy;
(d) FeETIO-CI.

perchlorates and FeOEP-ClO4 exhibited the same meso-proton
behavior.

Magnetic vs. Chemical Equilibria. Experiments were carried
out in an attempt to explain the anomalous shift patterns in
terms of chemical equilibria. Results for FeTPP-CIQy in
chloroform solvent are summarized in Figure 2 and repre-
sentative spectra are shown in Figure 6. Equilibria involving
perchlorate coordination-dissociation are ruled out by addition
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Figure 5. Curie plot for proton resonances of FeEET10-Cl0O4, CDCl; sol-

vent, 0.005 M: (@) ring methyl: (B) methylene; (A ) inethyl proton of ethyl
group; ( #) meso proton. Lines illustrate deviations from linearity.

of excess perchlorate ion as the tetra-#-butylammonium salt
(Figure 6d) and by examination of solutions at variable con-
centrations. Although small spectral deviations are observed
in Figure 2 when solutions contain excess perchlorate ion, no
gross effect is observed. Identical results for FeTPP-ClOy, so-
lutions at | and 10 mM further refute perchlorate equilibria,
as dissociation should be favored at the lower concentration.
Lack of concentration dependence also eliminates dimer for-
mation as explanation for anomalous variable-temperature
results.

Possible equilibria involving water or other ligands in trace
amounts were also evaluated. Saturation of a FeTPP-ClQy4
chloroform solution with 1.0 M aqueous perchloric acid pro-
duced a significant upfield bias in pyrrole resonances as com-
pared with a dry chloroform solution. A representative spec-
trum is included in Figure 6c and variable-temperature data
are shown in Figure 2.

As isolated from the FeTPP-Cl-AgClQOy4 reaction the
product contains two THF molecules of solvation, Examination
of this material (before usual vacuum removal of THF) re-
vealed THF resonances which were broadened and slightly
shifted at room temperature (Figure 6b). This suggests rapid
THF ligand exchange, but an equilibrium constant such that
only a small fraction of THF molecules are bound. At low
temperature THF peaks were broadened and shifted beyond
observability, indicating direct interaction with the iron center
by a larger mole fraction. Perturbation of pyrrole proton res-
onances (Figure 2) remains rather small except at the lowest
temperature investigated. The same effects were noted for the
previously isolated diaquo derivative [FeTPP(H10),]ClO4-
2THF, suggesting dissociation of water ligands in chloroform
solvent.

Addition of aqueous perchloric acid or THF to iron por-
phyrin perchlorate solutions induces little change in resonance
positions, but does produce significant line narrowing. An even
more dramatic example is noted for FeETIO-CIQy in Figure
4b, where previously split methylene resonances are collapsed
to a single, relatively sharp line. Figure 4c also indicates that
excess perchlorate ion will produce methylene signal col-
lapse.

THF
X pyrr A
| -
pyrr
g -
20 0 B 0
PPM

Figure 6. 'H NMR spectra of FeTPP-CIO, for variable solution conditions,
CDClj solvent, 0.01 M FeTPP-ClO,, 299 K: (a) pure CDCl3; (b) 0.02 M
THF; (¢) CDCl3 saturated with | M HCIO, in D,0; (d) 0.1 M BusNCIOy;
(e) 0.25 M trinitrobenzene.

Addition of a large excess (10% v/v) of dimethyl-d¢ sulf-
oxide to FeTPP-ClOy4 yielded a spectrum with the pyrrole
proton resonance at 63 ppm consistent with bis ligation by
Me»SO as previously observed for the FeTPP-] derivative.?3

Solvent Dependence, 'H NMR spectra of FeTPP-CIQ, were
examined utilizing CDCl;, CD,Cl,, C¢Ds, and toluene-dsg
solvents. Pyrrole resonance values were considerably different
for chlorinated as compared with aromatic solvents. The
anomalous temperature effect is noted for both solvent types,
but the pyrrole signal was consistently further downfield for
the aromatic solvents. Figure 7 summarizes temperature de-
pendence for the pyrrole resonance. Phenyl-proton shifts for
the various solvents were essentially equivalent.

Possible importance of w-donor-acceptor interactions in
determining the pyrrole proton resonance position is illustrated
in Figure 6e. Trinitrobenzene was titrated into a 0.01 M CDCly
solution of FeTPP-ClO4. At 0.25 M the trinitrobenzene clearly
induced a downfield shift in the pyrrole resonance. This ob-
servation is not surprising in view of the electronic structural
perturbations previously recorded for aromatic group inter-
action with cobalt(II) porphyrins.23.26

Natural Derivative Iron Porphyrins. Perchlorate complexes
of natural-derivative iron porphyrins are readily prepared by
aqueous perchloric acid cleavage of the corresponding u-oxo-
bridged dimers. 'H NMR spectra resemble very closely those
for FeETIO-ClO4 and FeOEP-ClO,4 with the meso-proton
signals shifted upfield and all others in a downfield position.
The spread of ring methyl resonances, shown in Figure 8 for
three derivatives, appears to be a function of 2,4-group in-
ductive power as previously observed for other iron porphyrin
complexes.?” Line widths are considerably smaller than for
corresponding S = 3 chloride derivatives.?® Very low solubility
precluded extensive examination of natural-derivative iron
porphyrin perchlorates.

Other Ligands. Cleavage of (FeTPP),0 by several acids was
carried out in attempts to generate other intermediate-spin
derivatives. Use of 1 equiv of aqueous HNO;, HPFg, and either
1 or 2 (proton) equiv of H,SOy yielded species formulated as
FeTPP-NOj;, FeTPP.PF,, FeTPP-HSO4, and FeTPP-
(SO4) /2, respectively. Spectra resemble those for high-spin
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Figure 7. Solvent dependence for pyrrole proton resonance of FeTPP-ClOy:
(m) toluene-ds; (@) CDCl3; (4) CD,Cls. Lines are drawn only to illustrate
deviations from linearity.

derivatives,>? except that lines are unusually sharp and the
pyrrole proton signal is observed at 73 ppm (26 °C) rather than
at 79 ppm. Approximate Curie-law behavior is observed for
these species. The meta- and ortho-proton signals are split,
indicating an out-of-plane iron structure. Addition of BusN-
ClO4 at 0.1 M to the FeTPP-(SQ4),,2 solution resulted in no
spectral change. This indicates that perchlorate does not ef-
fectively compete with sulfate as a ligand or as an ion pair.

Attempts to prepare a BF4~ derivative by addition of
aqueous HBF, to (FeTPP);O resulted in a mixture of
species.??30 Work with this acid is complicated by inevitable
contamination with fluoride ion and hydrolysis to BF;0H™.
The major product exhibited a pyrrole proton peak at 80 ppm
with a line width considerably smaller than that for the fluoride
derivative. Interestingly, for one species of the product mixture,
a resonance was detected upfield from MesSi (=11 ppm at 26
°C, =25 ppm at —22 °C) which diminished in intensity at
lower temperature. The tetrafluoroborate ion does not effec-
tively compete with perchlorate, as addition of BuyNBF, at
0.05 M resulted in no significant changes in the FeTPP-CIO4
spectrum,

13C NMR Measurements. '*C NMR spectra were obtained
for FeTPP-ClQ, at various temperatures in CDCl; solution.
Spectra are considerably different than those for known
high-spin and low-spin iron(I1l) complexes,?! in that line
widths and isotropic shifts are smaller, and splitting is not
observed in 0- and m-phenyl resonances. Variable-temperature
measurements reveal nonstandard Curie-law behavior such
that, with the exception of the quaternary phenyl resonance,
peaks shift further downfield as temperature increases. Such
a shift pattern is consistent with increased high-spin character
(based on spectra of FeTPP-Cl) at elevated temperature and
serves to confirm 'H NMR interpretations.

Solution Magnetic Measurements. Evans’ magnetic mea-
surements3? were made for 0.01 M CDCl; solutions of
FeTPP-ClO; employing Me4Si as the reference. Solvent
density changes with temperature were taken into account.??
The previously measured susceptibility of mesoporphyrin and
appropriate atomic constants were utilized to calculate the
diamagnetic correction.’* Solution magnetic moments for
FeTPP-ClOg are listed in Table 1. Corresponding solid-state
measurements for FeTPP-ClO,'3 and FeOEP-CIQ,'2 are also
listed.

35

/N
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Figure 8. Ring methy! proton resonances for natural-derivative iron por-
phyrins, CDClj; solvent, 299 K: (a) iron(111) mesoporphyrin dimethyl ester
perchiorate (R = -CH,CHj); (b) iron(111) protoporphyrin dimethyl ester
perchlorate (R = -CH=CH,); (c) iron(111) deuteroporphyrin dimethyl
ester perchlorate (R = H).

Table I. Magnetic Susceptibilities

species T.K HMeft
FeTPP-ClOy, soln? 327 4.9
313 4.8

299 4.8

275 4.7

252 4.6

232 4.6

215 4.3

FeTPP-ClOy, solid? 298 5.0
40 4.1

FeOEP-CIQq, solid¢ 295 4.8
191 4.4

127 4.2

84 4.1

4 CDClj solvent, 0.01 M, solvent density corrected for temperature.
b Reference 13. ¢ Reference 12.

Discussion

Spin State Admixing. Observation of FeTPP-CIO4 pyrrole
proton resonances downfield at high temperature and upfield
at low temperature could conceivably be explained by either
chemical equilibria or magnetic complexity. However, lack of
sizable NMR spectral change suggests no perturbation of
equilibria upon addition of species reasonably involved (per-
chlorate ion, water, or THF). Small isotropic changes are in-
deed apparent (and expected) for water-saturated CDCl; so-
lutions and THF-containing solutions as a consequence of li-
gation or perchlorate solvation. An equilibrium process which
cannot be easily distinguished is one involving coordinated and
tightly ion paired perchlorate ion. However, this possibility is
disfavored by correspondence with solid-state magnetic mea-
surements and the solution infrared spectrum as discussed
below.

Solution results are fundamentally compatible with solid-
state findings for whicha § = 3, S = % quantum mechani-
cally admixed spin state is invoked.!?'? Magnetic moments
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are comparable (Table I) for FeTPP-ClQy in the solid state and
in CDCl; solution. More importantly, the trends in tempera-
ture dependence of magnetic moments are essentially parallel.
For quantum-mechanical admixing, the relative contribution
of each unperturbed spin state to the five resulting Kramer's
doublets is determined by the ratio of a crystal field parameter
and the spin-orbit coupling constant. Assuming that the un-
perturbed quartet state is lower in energy than the sextet, the
two lowest energy Kramer's doublets exhibit relatively more
S =3 character and the two highest energy doublets relatively
more S = %, character. The intermediate energy Kramer’s
doublet has total sextet character. Thus, the theoretical model
of Maltempo? dictates temperature dependence of ur as a
consequence of thermal population of Kramer’s doublets, and
not as result of an equilibrium between spin states.

Thermal population of Kramer’s doublets also serves to
explain the unusual NMR isotropic shift patterns. Higher
temperatures effectively favor increased S = 35 character,
whereas lower temperature enhance the S = 35 components.
At near ambient temperatures and above, the pyrrole proton
signal of FeTPP-ClO4 moves in a downfield direction as ex-
pected for an S = 3 species. Movement of the FeETIO-ClO4
meso proton in an upfield direction with increased temperature
follows from the known —40-ppm resonance for S = % de-
rivatives. Downfield ring methylene signals are consistent with
a g-spin delocalization mechanism involving a singly occupied
MO of dy2_,2 origin,>!® or 7-spin delocalization from singly
populated d, and/or d,; orbitals. These ring functional groups
are thus not very sensitive to the relative spin contributions.

Formal assignment of a vacant d,2—,2 orbital and singly
occupied d,. and/or d, orbitals for the S = 3, state®!2-14 s
entirely consistent with observed low-temperature NMR shifts.
Thus, an upfield pyrrole proton signal and downfield
methyl/methylene resonances are suggestive of a w-spin de-
localization mechanism involving orbitals (d,., d,.) of ap-
propriate symmetry for overlap with the porphyrin 7 sys-
tem.>!® This argument assumes that observed shifts are largely
contact in origin (vide infra). A very small upfield shift for the
meso proton at low temperature suggests a node in the relevant
MO at this position. The highest occupied porphyrin # MO
(3e) does indeed exhibit a node at the meso carbon and large
7 spin density at the pyrrole position.'® Thus, the low-tem-
perature, predominantly S = 3 shifts are consistent with un-
paired spin transfer via porphyrin — Fe charge transfer. This
spin delocalization mechanism indicates a formal ground-state
configuration for the S = % species of (d,)? (d:2)' (dy=, d}.)?
(dy2—,2)°.3 The variable spread of natural porphyrin ring
methyl resonances (Figure 8) further supports a dominant
m-spin delocalization mechanism.?’

The resonance positions for pyrrole and meso protons
seemingly reflect the net contribution of quartet and sextet
states. Attempts were made to quantitate variable-temperature
shifts with relative population of Kramer’s doublets by eval-
uation of a simple two-term partition function. Fits were un-
satisfactory as might be expected considering possible in-
volvement of more than two Kramer’s doublets. Inclusion of
more terms (and variables) in the partition function?® seems
presumptive in the absence of other detailed physical mea-
surements.

Other formulations should also be considered. Thermal
equilibrium (rather than admixture) of $ = 3, and S = %
states cannot be distinguished from thermal population of
Kramer's doublets by NMR measurements alone. Dynamics
of spin equilibrium are likely to be much faster than the NMR
time scale, such that resonances for “pure’ spin state species
would not be resolved. Visible-UV and infrared measurements
made by Reed et al.'# appear to show the presence of only one
solution species, although the low resolution of these two
techniques makes results less than diagnostic. Evidence which

on the contrary supports a spin equilibrium formulation is
apparent in two sets of Mdssbauer and ESR peaks for frozen
toluene solutions of FeTPP-ClO4.'4 One set appears to be for
a high-spin species and the other for spin-admixed material.
Whether these two sets of signals ( which are not entirely re-
producible) are representative of bulk liquid solutions or
whether they appear as a result of imperfect glass formation
and freezing problems has not been discerned.'4

Spin equilibrium between sextet and doublet states is dis-
favored on theoretical grounds and is not supported by NMR
results. Although the low-temperature proton isotropic shifts
resemble those for low-spin iron(I11) porphyrins in direction,
the magnitudes of shifts are considerably greater for per-
chlorate species. Signal line widths for perchlorate derivatives
are several times greater than those observed for low-spin
iron(I11). Low-temperature '3C NMR spectra of FeTPP-C1O,4
are not at all like those of low-spin bis(imidazole)iron(111).3¢
Furthermore, generation of low-spin iron(IIl) porphyrins
normally requires two moderately strong-field Jigands, and it
is not apparent how the weak perchlorate could provide ade-
quate spin pairing energy.

Examination of other weak anionic ligands has not provided
a definitive answer as to why perchlorate ion induces spin-state
admixture. Several FeTPP-X derivatives (where X = SO42~,
HSO4~, NO;~, PF¢™) exhibit a pyrrole proton signal at 73
ppm rather than at the usual 79-ppm position. Diminished
magnetic moments for the solid PF¢~ derivatives led Reed et
al. to postulate partial § = 35 character for this and other
complexes.'* Our 73-ppm pyrrole peak provides only very
tentative solution evidence for this formulation. More extensive
examination of various anion species, to include the “pure” S
= 3, FeTPP-tricyanomethanide complex,?? is suggested by
these preliminary observations.

Crystallographic studies of FeTPP-ClO4!3'4 and
ZnTPP-CIO4*° prove that perchlorate ion is coordinated in the
solid state. Conclusions regarding the solution structure are
necessarily less definitive, but NMR results are consistent with
either coordination or tight ion pair formation. Perhaps the
strongest support for perchlorate coordination appears in the
parallel magnetic moments noted for solid state and solution
(Table I). A solution infrared measurement is further consis-
tent with perchlorate coordination.'*

Magnetic Anisotropy. Detailed analysis of proton isotropic
shifts can in favorable cases allow determination of metal ion
magnetic anisotropy.3® The isotropic shift is composed of both
contact and dipolar terms, which relate through-bond and
through-space electron-nuclear interactions, respectively. The
magnitude of the dipolar shift is determined by magnetic an-
isotropy and the spatial arrangement of the nucleus with re-
spect to the metal center. Thus, for axial symmetry, with
downfield shifts taken as positive, the dipolar shift is defined
by

1 3cos?f— 1
(AH/H)dip=3—N(XJ—XL)——rT— ()

where r is the length of the metal-nuclear vector and 8 is the
angle between the z axis and the vector. Direct calculation of
molecular susceptibilities in TPP derivatives has been possible
for those cases where phenyl proton isotropic shifts are totally
dipolar in character.3'3:24 Phenyl proton and phenyl methyl
proton resonances in perchlorate derivatives are shifted in a
downfield direction at low temperature (Figures 1 and 3). At
228 K isotropic shift values (using diamagnetic nickel(II)
references?) follow: 0-H, 3.3; m-H, 4.5; p-H, 0.73: m-CHj3,
1.04: p-CH3, 3.2 ppm. Respective values of (3 cos? 8 — 1)/r3
are —3.3, —1.6, —1.5, =1.05, and —1.1 X 10?' cm~3. Thus, the
observed isotropic shifts do not parallel the calculated geo-
metric factors. Deviation from axial molecular symmetry could
account for the discrepancy, but seems unlikely for FeTPP
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derivatives in solution. Although S = 3 character is pre-
dominant at 228 K, a fractional S = %, contribution is expected
to perturb the phenyl isotropic shift values to a small extent.
Spin density in the phenyl ring delocalized through a # MO
will readily account for nonparallel isotropic shifts and geo-
metric factors. If 2- and 1-ppm contributions are assumed for
phenyl and methyl protons (sign of the 7 contribution alter-
nates around the ring), “corrected” isotropic shifts are 5.3, 2.5,
2.7, 2.0, and 2.2 ppm, respectively. These values do indeed
parallel geometric factors, suggesting that they approximate
dipolar shifts for the predominantly S = 34 state. At 228 K
based on this assumption, estimates of the downfield dipolar
term for other resonances follow: pyrrole H, 11; ring methyl,
7. meso H, 18 ppm. The validity of the approach is certainly
not proven, but the overall downfield bias of phenyl resonances
does strongly suggest x | > x| for intermediate-spin iron(I1I)
porphyrins.

Solvent Dependence. Dramatic differences are noted in 'H
NMR spectra of FeTPP-CIOy4 in chlorinated vs. aromatic
solvents (Figure 7). Our results for toluene as a solvent are in
complete agreement with the room temperature 'H NMR
spectrum reported by Reed et al.'4 The statement by these
workers that FeTPP-ClOy, in solution appears to be predomi-
nantly S = % is merely a consequence of their choosing toluene
as a solvent. Solvent effects are expected considering the sen-
sitivity of crystal field and spin-orbit coupling parameters in
determining relative spin state contributions.” Differences in
perchlorate solvation or w—7 porphyrin-solvent interactions
could play a role. Experiments with the w-electron acceptor
trinitrobenzene reveal considerable increase in the amount of
S = %, character. Electronic structural perturbations have also
been noted for aromatic group interaction with cobalt(II)
porphyrins.?¢ A m-acceptor complex involving pyrrole groups
could lower the relative energy of the d,2-)2 orbital and thus
favor the S = % state 26 Alternatively, a m-complexed aromatic
solvent molecule as noted for the #1-xylene solvate of FeTPP-
ClO4'# could serve as a “pseudoligand” and raise the relative
energy of d-2. Effects of aromatic amino acid interaction with
the prosthetic group of cytochrome ¢’ should be considered in
explaining the relative spin state contributions observed for
protein obtained from different sources.® Variable-temperature
NMR studies should provide a particularly powerful physical
method for further elucidation of cytochrome ¢’ electronic
structure.
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