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Abstract: The synthesis and characterization of the trifluoromethanesulfonate salt of bis(2,6-xylyl isocyanide)-
tetrakisp-tolyl)porphyrinatoiron(lll), [-TTP)Fe(2,6-xylyINC)]|CF3SG;s (1), is reported. The crystal structure
shows that the porphyrinate ring is strongly ruffled. The equatorialNFeond distances average to 1.961(7)

A for 1, which is quite short for low-spin iron(lll) porphyrinate derivatives. Two additional complexes, having
TPP @) andm-TTP (3) as the porphyrinates, were also synthesized and studied by NMR, EPR, astaver
spectroscopy. All physical properties are consistent with a low-spin iron(lll) porphyrinate with the less-common
ground-state configuration g, )*(dy)*. The *H NMR chemical shift of the pyrrole protons at 297 K is
+10.7 ppm forl. The EPR spectrum df in solution is axial, withgy = 2.15 andg, = 1.94, Yg? = 13.0,

while in the solid statgy = 2.2 andg = 1.94,5g? = 13.4. The M@sbauer spectrum dfat 190 K has an
isomer shift of 0.14 mm/s and quadrupole splitting of 1.81 mm/s. Magnet&shbluer spectra analyzed in the
intermediate spirrspin relaxation regime by the dynamic line-shape formalism of Blume and Clauser confirm
this electron configuration and yield large negative quadrupole splittihBg,= —1.8 to —2.0 mm/s for the

three complexes. To our knowledge, this is the first case in which thesbéuer spectra of low-spin ferriheme
systems have been analyzed in terms of the effect of intermediate rates of spin fluctuations on the appearance
of the spectra. Analysis of the temperature dependence of the quadrupole spliEidor 2 yielded a different
estimate of the energy separation between thgd(g“(d,)* ground state and an excited state than did the
temperature dependence of the NMR isotropic shifts. It is postulated that the excited state is actually the
planar transition state between the two ruffled conformations of the porphyrinate that are related by “inversion”.
To explain the temperature dependence of both NMR isotropic shifts dsdbdaer quadupole splittings, the
planar transition state must have the,(&d,d,,)* electron configuration. The energy barrier appears to be
smaller in homogeneous solution than in the solid state and is considerably lower than that predicted for the
(dkz0h,)%(dxy)? excited electronic state of the ruffled conformation on the basis of the geP&ues.

Introduction ing the twob cytochromes of mitochondrial “complex 111" (also
o ) . known as ubiquinone-cytochroneeoxidoreductase) and chlo-
Investigations of the structural and spectroscopic properties rop|ast cytochromdss. EPR spectroscogyand in some cases
of Fe(lll) porphyrinates have been useful in understanding both n15ssbauer spectroscopef well-defined low-spin heme model

structural and electronilc propzesrties of the bis-histidine- ¢ompounds with high basicity pyridines, imidazoles, or cyanides
coordinated cytochromds® and ¢,*~as well as the membrane- 45 the axial ligands has shown that their “laggge,’ EPR signal

bound cytochromeb with bis(histidine) coordinatidt® includ- is indicative of the (¢)*(dkx0y,)? electronic ground state and
- — — —— —— near degeneracy ofkgand d.. For complexes with planar axial
R TLabo{ato're de Chimie Organdtatlique et Biologique, Universitde ligands gghis cor?elzi’i W:%; perpendFi)cuIar alignr%ent of these
ennes 1.
* Medizinische Universitazu Libeck. ligands?~1° while rhombic EPR signals are correlated with

R §Grou][-)e de Physique Cristalline, UA CNRS 040804, Univérsite parallel alignment of planar axial ligands.
T Bensive}sity of Arizona. Tetraphenylporphinatoiron(lll) bis(4-cyanopyridine)perchlo-
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have strongz-acceptor properties, has been shown to have an NMR spectrum (0 to+10 ppm)?~2° It is also often possible

electronic stabilization of the {gd,,)*(dy)* electronic ground

state. The corresponding tetramesitylporphyrinate, [(TMP)Fe-

(4-CNPy)]ClO4,'2 also reveals properties such as low-intensity
visible!® and near-IR* MCD bands, as well as EP& values
that resemble those of iron chlorifisand proteins that contain
them1516 A Mgssbauer, EPR, and NMR study of tiegt-butyl
isocyanide complexes, [(TPP)E&UNC),]CIO,4 and [(OEP)-
Fet-BUNC)]CIO4," has shown that theg values ¢ = 2.20—
2.28,9, = 1.94-1.83) are consistent with the puresjAd,)*

to determine the energy separation of the two electronic states
from the curvature of the Curie pl&.Some time ago, La Mar
and co-worker&-32recognized that the hyperfine shifts for both
the pyridine ligands and the tetraphenylporphyrin of a series of
[(TPP)Fe(R-Py* are very sensitive to the basicity of the axial
ligands. More recently, Safo et &reported similar trends in
hyperfine shifts for tetramesitylporphinatoiron(lIl) bis(pyridine)
complexes as a function of ligand basicity, and Simonneaux
and co-workers reported that when two moleculetedfbutyl

(dy)! ground-state systems observed thus far, with the most isocyanide are bound to ferric tetraphenylporphyrin, thie

complete quenching of orbital momentufig? as small as 13.5).
Thus, it is now apparent that iron(lll) tetraphenylporphyrinates,
when bound to strongr-acceptor ligands, are good models
of the “green hemes” that include (i) the iron chlorin that is
the prosthetic group of hydroperoxidasé®land cytochrome
bd™® from Escherichia coli, (i) the iron dioxoisobacterio-
chlorin of hemed;, the prosthetic group of the dissimila-
tory nitrite reductase of denitrifying bacted®&and (iii) the
siroheme prosthetic group of bacterial sulfite and nitrite reduc-
tases?

The relative energies of the,dd,, and d, orbitals can be
calculated from the EPR values on the basis of Griffith's
theory?? by adopting the methods and “proper axis system” of
Taylor?® For the complexes showing the “large. EPR

NMR spectrum is indicative of a low-spin compl&é*but with
isotropic shifts very different than those of any low-spin Fe-
(1) porphyrinate reported previous to that time. The hyperfine
shifts were found to reflect the very small magnetic anisotropy
of the iron, and an unusual pattern of unpaired spin density when
nitrogen donor axial ligands are exchanged for isocyanide
ligands, with a completely reversed pattern of delocalizatton.
Subsequently, it was recognized that the unusthINMR
behavior results from the existence of the,(},)*(dx,)* ground
state!! Similar NMR results were later obtained for octaeth-
ylporphinatoiron(lll) bistert-butyl isocyanide), where it could
readily be seen that there is very largespin density at the
mesaopositions of the porphyrinate ring.This, combined with

the extremely small amount of spin density present at the pyrrole
positions of both the TPPand OEP” analogues, indicates that

signal, Messbauer spectroscopy has been used to estimate thgnere is significant spin delocalization to tag() orbital, which

components of thg-tensor which are not observable by EPR.

is possible only if the porphyrinate ring is highly ruffled, causing

Mdssbauer spectroscopy in high magnetic fields and at low tyisting of the nitrogen porbitals from the normal to the

temperatures also allows determination of the sign of the
quadrupole splitting, which has shown to be positive for the
(dyy)?(dxxdy)® electronic ground staté@ and negative for the
(dyz,0h)*(dxy)? electronic ground staté.

NMR spectroscopy is useful for differentiating the two

porphyrin ring!t17.25

Although isocyanides are not natural substrates in biological
systems, their interactions with heme proteins have been studied
extensively. Thus, the reaction between protoheme and methyl
isocyanide was first reported by Warburg et al. in 182%he

electronic ground states at ambient temperatures, where thepurpose was to study the effects of methyl isocyanide on the

(dyy)?(dxzdy)® ground state exhibits pyrrole-H resonances at
negative chemical shifts(12 to—30 ppm, depending on axial
ligands and temperatur&while the (dd,,)*(dy)* ground state

photochemical dissociation of CO-hemoglobin. The formation
of the isocyanide-hemoglobin complex was later described
more thoroughly by Keilirt® St. George and Paulirig,and

exhibits pyrrole-H resonances in the diamagnetic region of the Antonini and Brunor®® Indeed, the idea that interactions with
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1999 121, 11144.
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116, 7760.
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1994 33, 5042.
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1992 309, 157.

(15) Coulter, E. D.; Sono, M.; Chang, C. K.; Lopez, O.; Dawson, J. H.
Inorg. Chim. Actal995 240, 603.

(16) Sutherland, J.; Greenwood, C.; Peterson, J.; ThomsonBfchem.

J. 1986 233 893.

(17) Walker, F. A.; Nasri, H.; Turowska-Tyrk, |.; Mohanrao, K.; Watson,
C. T., Shokhirev, N., V.; Debrunner, P. G.; Scheidt, W.JRAm. Chem.
Soc 1996 118 12109.
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R.J. Am. Chem. S0d.989 111, 7046.

(19) Lorence, R. M.; Gennis, R. B. Biol. Chem 1989 264, 7135.

(20) Chang, C. K.; Wu, WJ. Biol. Chem 1986 261, 8593.

(21) Crane, B. R; Siegel, L. M.; Getzoff, E. Bciencel995 270, 59.

(22) Griffith, J. S.Proc. R. Soc. London, A95§ 235, 23.

(23) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137.

(24) La Mar, G. N.; Walker, F. A. IThe PorphyrinsDolphin, D., Ed.;
Academic Press: New York, 1979; pp-6157.

protein residues control the binding of ligands to hemoglobin
was first recognized by St. George and Paffingsing isocya-

nide binding with increasing steric bulk of the alkyl group. More
recent approaches have been developed by Olson, Gibson, and

(25) Walker, F. A.; Simonis, U. IrBiological Magnetic Resonange
Berliner, L. E., Reuben, J., Ed.; Plenum: NY, 1993; Vol. 12, p 132 and
references therein.

(26) Simonneaux, G.; Hindr&.; Le Plouzennec, Mnorg. Chem1989
28, 823.

(27) Nakamura, M.; Ikeue, T.; Fujii, H.; Yoshimura, J. Am. Chem.
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Chem.1998 37, 7, 2405.
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others39-52 Elegant studies of the structureeactivity relation- interactions. The magnetic hyperfine interaction couples the
ships in myoglobin have been developed by assessing the effectsiuclear spirl to the electron spii®, and transitions among the
of substitution in the heme cavity using site-directed mutagen- electronic eigenstatess = +, and ms = —%/, lead to
esis?® In these studies, various alkyl isocyanides were tested, fluctuations in the nuclear Hamiltonian. In most cases, magnetic
along with more classical ligands such as dioxygen and carbonMdssbauer spectra are analyzed either in the slow or the fast
monoxide. The large size of the alkyl isocyanide ligand was relaxation limit. In the limit of slow spin relaxation (fluctuation),
used to amplify the effects of the mutation. typically at temperatures around 4.2 K, the ddbauer spectra
Extensive thermodynamic and kinetic studies of alkyl iso- may be calculated by assuming the electronic Hamiltoilan
cyanide complexation to hemoglobin, myogloBin?® and other to be stationary and the two Zeeman levels to be populated
heme proteit$~55 have been reported, but many questions still according to the Boltzmann factor. At higher temperatures the
remain. First, despite the accuracy of these methods, conflictingfast fluctuation limit applies, and a thermal average of the spin
results persist with regard to the binding of aryl isocyanides to expectation value[$J can be substituted into the nuclear
myoglobin®6:57 Thus, the intrinsic electronic effect on ligand Hamiltonian. This is applicable for the case of spin lattice
binding associated with differences between alkyl and aryl relaxation typically at temperatures above 150 K, or for fast
isocyanides is still under debate. Second, the reason complex-spin—spin relaxation, the latter being often observed in powder
ation of isocyanides with the ferric state is possible with samples. For the case of intermediate relaxation, the resulting
cytochromes P450, whereas no ligation is observed with changes in the energy spectrum of thédgloauer transitions
myoglobin and hemoglobin, is still not clear. Consequently, are observable if the Larmor frequency of the iron nucleus
studies of the reactions of isocyanides with simple synthetic is comparable to the spin transition ratebut large compared

iron(lll) porphyrinates$®-62 which have been more limited,
deserve special attention.
We have found in this study that Msebauer spectroscopy is

to the nuclear decay rate3# 7 x 10f s ~1.63|n this study we
show that the complexes tetpeiplyl)porphyrinatoiron(lll) bis-
(2,6-xylyl isocyanide) trifluoromethylsulfonatel), tetraphe-

extremely informative concerning the effects of the electronic nylporphyrinatoiron(lll) bis(2,6-xylyl isocyanide) trifluorome-
structure of the low-spin Fe(lll) center on the bonding interac- thylsulfonate 2), and tetraft+tolyl)porphyrinatoiron(lll) bis(2,6-
tions with the ligands, as well as the nature of the ground and xylyl isocyanide) trifluoromethylsulfonate3] possess the
excited states and an estimation of the energy separation betwee(t,d,,)*(dx)* electronic ground state. We also demonstrate that
them. This spectroscopic technique measures the nuclear energthe Mtssbauer spectra of these three complexes, even at
levels as they are perturbed by external fields and hyperfine magnetic fields up to 5.35 T at 4.2 K, are influenced by

(39) For fast kinetics studies of myoglobin, see for example refs 40
52.

(40) Gibson, Q. H.; Olson, J. S.; McKinnie, R. E.; Rohlfs, RJ.JBiol.
Chem 1986 261, 10228.

(41) Olson, J. S.; Rohlfs, R. J.; Gibson, Q.HBiol. Chem1987, 262
12930.

(42) Belleli, A.; Blackmore, R. S.; Gibson, Q. H. Biol. Chem199Q
265, 13595.

(43) Jongeward, K. A.; Magde, D.; Taube, D. J.; Marsters, J. C.; Traylor,
T. G.; Sharma, V. SJ. Am. Chem. S0d.988 110, 380.

(44) Wood, M. A,; Dickinson, K.; Willey, G. R.; Dodd, G. HBiochem.
J. 1987, 247, 675.

(45) Olson, J. S.; Mathews, A. J.; Rohlfs, R. J.; Springer, B. A.; Egeberg,
K. D.; Sligar, S. G.; Tame, J.; Renaud, J. P.; NagaiNi&ture 1988 336,
265.

(46) Mathews, A. J.; Rohlfs, R. J.; Olson, J. S.; Tame, J.; Renaud, J. P.;

Nagai, K.J. Biol. Chem.1989 264, 16573.

(47) Rohlfs, R. J.; Mathews, A. J.; Carver, T. E.; Olson, J. S.; Springer
B. A.; Egeberg, K. D.; Sligar, S. Gl. Biol. Chem199Q 265, 3168.

(48) Egeberg, K. D.; Springer, B. A.; Sligar, S. G.; Carver, T. E.; Rohlfs,
R. J.; Olson, J. SJ. Biol. Chem.199Q 265 11788.

(49) Carver, T. E.; Olson, J. S.; Smerdon, S. J.; Krzywda, S.; Wilkinson,
A. J.; Gibson, Q. H.; Blackmore, R. S.; Ropp, J. D.; Sliger, S. G.
Biochemistry1991, 30, 4697.

(50) Smerdon, S. J.; Dodson, G. G.; Wilkinson, A. J.; Gibson, Q. H.;
Blackmore, R. S.; Carver, T. E.; Olson, J.EBochemistryl991, 30, 6252.

(51) Carver, T. E.; Brantley, R. E.; Singleton, E. W.; Arduini, R. M;
Quillin, M. L.; Phillips, G. N.; Olson, J. SJ. Biol. Chem1992 267, 14443.

(52) Smerdon, S. J.; Krzywda, S.; Wilkinson, A. J.; Brantley, R. E.;
Carver, T. E.; Hargrove, M. S. Olson, J. Biochemistry1993 32, 5132.

(53) White, R. E.; Coon, M. 1. Biol. Chem1982 257, 3073.

(54) Sono, M.; Dawson, J. H.; Hall, K.; Hager, L. BiochemistryL986
25, 347.

(55) Imai, Y.; Okamoto, N.; Nakahara, K.; Shoun,Blochim. Biophys.
Acta 1997, 1337, 66.

(56) Caughey, W. S.; Barlow, C. H.; O'Keeffe, D. H.; O'Toole, M. C.
Ann. N.Y. Acad. Scil973 206, 296—309.

(57) Patel, M. J.; Kassner, R. Biochem. J1989 262, 959.

(58) For ferrous porphyrinate isocyanide derivatives, see for example
refs 59-61.

(59) Caughey, W. S.; Barlow, C. H.; O’Keeffe, D. H.; O'Toole, M. C.
Ann. N.Y. Acad. Scil973 206, 296.

(60) Jameson, G. B.; Ibers, J. korg. Chem.1979 18, 1200.
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electronic spir-spin relaxation in the intermediate relaxation
regime. We have analyzed the 'b&bauer spectra by using the
dynamic line shape formalism of Blume and Clau¥ethis
method has been applied previously to spin fluctuation rates of
high-spin ferrous rubredox§fand to catalytic intermediates of
horseradish peroxidagecytochrome P45\, protocatechuate
dioxygenase, and horseradish peroxidase compounds | &hd II.
Magnetic M@ssbauer spectra of low-spin ferric hemes have been
analyzed in terms of either fast or slow relaxation limits in the
past’*17To our knowledge, this work is the first which studies
the influence of electron spin fluctuations on the ddbauer
spectra of low-spin ferric heme compounds, either models or
proteins. The reasons these particular complexes should be in
the intermediate spin fluctuation regime and the likelihood of

" observing this phenomenon in a heme protein are discussed.

Experimental Section

General Information. As a precaution against the formation of the
u-oxo dimer [Fe(TPPYD.®” all reactions were carried out in dried
solvents in Schlenk tubes under an argon atmosphere. Solvents were
distilled from appropriate drying agents and stored under argon.
NMR spectra were recorded on a Bruker AC 300P spectrometer in
CDCl; at 300 MHz. Tetramethylsilane was used as internal reference.
Temperatures are given to within 1 K. Visible spectra were measured
on a Uvikon 941 spectrometer in GEl,. Infrared spectra were recorded
on a Nicolet 205 FTIR instrument in GBI, solution. Elemental
analyses were performed by the Service Central of Analyses (CNRS)
at Vernaison, France. EPR spectra were recorded on a conventional
X-band spectrometer (Bruker 200D SRC) equipped with a He flow
cryostat (ESR 910, Oxford Instruments). Spectra were taken at 10 K

(63) Winkler, H.; Schulz, C.; Debrunner, P. 8hys. Lett 1979 69A
360.

(64) Clauser, M. J.; Blume, MPhys. Re. B 1971, 3, 583.

(65) Schulz, C. E.; Rutter, R.; Sage, J.P.; Debrunner, P. G.; Hager, L. P.
Biochemistryl984 23, 4743.

(66) Schulz, C. E.; Nyman, P.; Debrunner, P.J5Chem. Phys1987,
87. 5076.

(67) Fleischer, E. B.; Palmer, J. M.; Srivastava, T. S.; Chatterjed, A.
Am. Chem. Sod 971, 93, 3162.
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and a microwave power of 20W, a modulation frequency of 100
kHz, and a modulation amplitude of 5 G. M&bauer spectra were

recorded using a conventional spectrometer in the constant acceleration

mode. Isomer shifts are given relative deFe at room temperature.

The spectra obtained at 20 mT were measured in a He bath cryostat

(Oxford MD 306) equipped with a pair of permanent magnets. Spectra
obtained &1 T were measured in an in-house-made bath cryostat
equipped with a superconducting magnet. For the high-field spectra
(5.35 T), a cryostat also equipped with a superconducting magnet
(Oxford Instruments) was used. Magnetically split spectra of paramag-
netic samples were simulated in the spin-Hamiltonian approximation
described below.

Reagents. The following iron porphyrin® were prepared by
literature methods: [(TPP)Fe€F0Oy],%° [(p-TTP)FeCRSQs],"*and (-
TTP)FeCRESQ;].7° The 2,6-xylyl isocyanide (2,6-xylyINC) was obtained
from Fluka. Aromatic isocyanides are probably not very strong
coordinating ligands for the ferric state due to a decrease of basicity of
the ligand in comparison to that of alkyl isocyanidé&thus making
iron(lll) complexation more difficult. Using triflate, a weak axial
ligand® " as an intermediate permits solving this problem.

Syntheses. [§-TTP)Fe(2,6-xylyINC),JCF3sSO; (1). To a solution
of 0.2 g (0.23 mmol) of [-TTP)FeCESQO;] in 10 mL of dichlo-
romethane was added 8 equiv 2,6-xylyINC in 2 mL by a syringe while
the solution was stirred at room temperature. Then 40 mL of hexane
and 1 mL of toluene were added, and the solution was set aside for
days for crystallization at 28C. Purple crystals ol were collected
by filtration and washed with hexane. The yield was 0.22 g (85%).
UV —vis (toluene): Ama/nm 417 € 118 mM™ cm™?), 505 € 12), 569
(€ 8).

[(TPP)Fe(2,6-xylyINC)]CF3S0O;s (2). To a solution of 0.20 g (0.23
mmol) of [(TPP)Fe]CESO; in 16 mL of dichloromethane was added
8 equiv of the ligand by syringe with stirring at room temperature.

Then 60 mL of pentane was added, and the solution was set aside for,

2 days for crystallization at 0C. Purple crystals o2 were collected

by filtration and washed with hexane. The yield was 0.20 g (72%).
Anal. Calcd for GsH4eNeO3FsSFe: C, 70.06; H, 4.26; N, 7.78. Found:
C, 70.08; H, 4.56; N, 7.65. UWvis (toluene): Ama/nm 418 € 120
mM~1 cm™), 505 € 11), 569 € 8).

For the preparation of then-tolyl derivative, [(nTTP)Fe(2,6-
xylyINC),]JCFsSG; (3), the same procedure was used with the corre-
sponding triflate analogue in dichloromethane solvent and the ligand.
However, for them-tolyl derivative, a partial decomposition was

observed; the solutions were reduced in volume to ensure precipitation,

due to the high solubility of thentolyl derivative in dichloromethane.
Data for [(m-TTP)Fe(2,6-xylyINC)]CFsSG; follow. Yield: 78%. UV—
vis (toluene): Ama/nm 417 € 120 mMt cm™t), 505 € 12), 569 € 7).
X-ray Structure Determination. The X-ray study was carried out
on an Enraf-Nonius CAD-4 diffractometer using graphite-monochro-
matized Mo Ko radiation. The cell parameters were obtained by fitting
a set of 25 highp reflections. Crystallographic data are collected in
Table 1. Crystals of the compound were obtained as reported above
Atomic scattering factors were taken from tiéernational Tables for
X-ray Crystallography All calculations were performed on a Silicon
Graphics Indy computer with the Molen pack&ger refinement and
ORTEP calculations.
Single-Crystal Structure Determination on [(p-TTP)Fe(2,6-
xylyINC) 2]CF3SO;s (1). The data collection @nax = 54°, scanw/260
=1, tmax= 60 s,h,k,Irangeh = 0.14,k = 0.38, = —23.23, intensity
controls without appreciable decay (0.15%)) gave 14 105 reflections
from which 3613 reflections satisfied > 30(l). After Lorentz and

(68) Abbreviations used: HPP, tetraphenylporphyrin; ¥m-TTP),
tetrakism-tolyl)porphyrin; H(p-TTP), tetrakisg-tolyl)porphyrin; (2,6-xy-
lyINC), 2,6-xylyl isocyanide.

(69) Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kasner, M. E.; Scheidt,
W. R.; Spartalian, K.; Lang, Gl. Am. Chem. Sod.979 101, 2948.

(70) Goff, H.; Shimomura, EJ. Am. Chem. S0d.98Q 102 31.

(71) Malatesta, L.; Bonati, Hsocyanide Complexes of MetaM/iley
(Interscience): New York, 1969.

(72) Singleton, E.; Oosthuizen, Bdv. Organomet. Cheml983 22,
209.

(73) ENRAF-NONIUS Molecular Determination Package, Delft Uni-
versity, The Netherlands, 1990.
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Table 1. Crystallographic Data for
[(p-TTP)Fe(2,6-xylyINC)ICFsSO; (1)

compound 1-%,(CH,Cly)
empirical formula GrHsaFeRNsOsS, 1/2(CHCI,)
FW 1259.19
crystal system monoclinic
space group P2:/c
a, 11.330(2)
b, A 30.343(7)
c, A 18.096(9)
p, deg 102.34(3)
vV, A3 6077(5)
z 4
Pcalc, g'Cm_3 1.376
u, et 4.295
T, K) 294

0.080
final R 0.075

polarization corrections the structure was solved by direct metHods,
which revealed the non-hydrogen atoms of the cation and the anion.
After scale factor calculations and difference Fourier, several peaks
were found and assigned to the nonstoichiometric dichloromethane and
toluene. After anisotropic refinement, all the hydrogen atoms of the

cation moiety were found with a Fourier difference map. The whole

structure was refined by the full-matrix least-squares techniques (use
of F magnitudey, y, z,4;; for Fe, N, and C atoms, y, z,andB for
triflate anion; andx, y, zfor hydrogen atoms; 780 variables and 3613
observationsy = 1/0(Fo)? = [0(1) + (0.04-:%)7~Y?) with the resulting
R = 0.075,R, = 0.080, andS, = 2.95 (residualAp < 0.45 e A3).

Mossbauer Theory and Spectral Analysis. (a) Spin-Hamiltonian
Formalism. The Zeeman interaction of a spBwith an applied field
B, with § representing the electronig-tensor, is described by the
Hamiltonian

Hert = ugSIB 1)

whereug denotes the Bohr magneton.

Magnetic Mssbauer spectra were simulated using eq 1 to derive
the spin-expectatiof®together with the nuclear Hamiltonidh?®

. (V. U .
N :Afl(%_l)[slf— I(1 4+ 1)+ (i% = 12)] — gyuy | B + [SAI
)

Here,| denotes the nuclear spin-quantum number of the ground and
excited nuclear state® the nuclear quadrupole moment of the excited
nuclear statey,,the main component of the electric field gradient (efg)
tensory = (Vi — Vyy)/Vz, the asymmetry parameter of the efg, apd

the nucleag-factor of the ground and excited statéas the hyperfine
coupling tensor.

(b) Analysis of Mdssbauer Spectra in the Presence of Electronic
Relaxation. If spin—Ilattice relaxation is the dominant process; ddo
bauer spectra are analyzed in general for two limiting cases. In the
limit of slow spin fluctuation, typically at temperatures around 4.2 K,
the Mossbauer spectra may be calculated by assurtingo be
stationary and the two Zeeman levels to be populated according to the
Boltzmann factor. At higher temperatures the fast fluctuation limit
applies and a thermal average of the spin expectation V&llEn be
substituted in eq 2. However, if Msbauer spectra are influenced by
intermediate spin fluctuation rates caused by temperature-independent
spin—spin relaxation, neither fast nor slow relaxation limits may apply.
Such samples then exhibit sbauer spectra in the intermediate
relaxation regime where the nuclear Larmor frequency is comparable
to the spin transition rate over the whole experimentally accessible

(74) Sheldrick, G. M. IrCrystallographic Computing 3: Data Collection,
Structure Determination, Proteins and Databgseleldrick, G. M., Kiger,
C., Goddard, R., Eds; Clarendon Press: Oxford, 1985.

(75) Wickman, H. H.; Klein, M. P.; Shirley, D. APhys. Re. 1966
152, 345.

(76) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, HStruct.
Bonding1991 78, 1.
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Table 2. Selected Bond Distances (A) and Bond Angles (deg) for
[(p-TTP)Fe(2,6-xylyINC)|CFsSO; (1)?

Distances

Fe-N(1) 1.937(7) Fe-C(49) 1.95(1)

Fe—N(2) 1.965(7) Fe-C(58) 1.92(2)

Fe—N(3) 1.967(7) C(49-N(5) 1.13(1)

Fe-N(4) 1.974(7) C58-N(6) 1.16(1)

Angles

N(1)—Fe—N(2) 89.9(4) C(49)Fe—N(3) 86.5(4)
N(1)—Fe—N(3) 179.4(4) C(49yFe—N(4) 92.2(4)
N(1)—Fe—N(4) 89.6(4) C(58)yFe—N(1) 93.5(4)
N(2)—Fe—N(3) 90.4(4) C(58)yFe—N(2) 91.9(4)
N(2)—Fe—N(4) 179.4(4) C(58)yFe—N(3) 86.0(4)
N(3)—Fe—N(4) 90.1(4)  C(58)Fe—N(4) 87.8(4)
C(49)-Fe—N(1) 94.0(4) Fe-C(49-N(5)  172.8(9)
C(49)-Fe—-N(2) 88.1(4) Fe-C(58)—N(6) 172.8(9)

C(49-Fe-C(58)  172.5(4)

a Standard deviations in parentheses.

3 2/38\ /-42\ T9
o 0

/ s
15\.31 \25 _—

Nl

42
46\-24/ \28
\-10—23

Figure 2. Formal diagram of the porphyrinato core ip{{TP)Fe-
(2,6-xylyINC),]CFsSG; (1) showing deviations of each unique atom
from the mean plane of the core (units 0.01 pm).

dihedral angles between the porphyrinate plane and the planes
of the four phenyl rings are 119.4(3), 67.7(3), 108.9(3), and
66.1(3y for 1, these values are well removed from°3ut are

not unusual.

Selected individual bond distances and angles fofT[{P)-
Fe(2,6-xylyINCY]CFs;SO; (1) are given in Table 2, and the
complete lists of distances and angles are given in Tables S1
and S2 (Supporting Information), respectively. Positional pa-

v rameters and general displacement parameBeraie given in
Figure 1. ORTEP diagram of [ TTP)Fe(2,6-xylyINC)|CFsSC; (1) Tables S3 and S4 (Supporting Information), respectively. The
(a) looking at the complex along the mean plane of the porphyrin and metal-carbon bond distances of the isocyanide ligands average
(b) looking down on the porphyrin ring. Labels assigned to the 5 1 935(10) A forl and are slightly longer than those observed
crystallographically_ gnique atoms are displayed. Atoms are contoured in the analogous iron(lll) complex containirtgrt-buty! iso-
at the 50% probability level. - . . . .

cyanide ligands (1.915 (20) AY.This is consistent with the

temperature range. The ferric low-spin samples discussed in this work 9réatera” donor ability of alkyl isocyanide ligands compared
exhibit such spectra. The case of intermediate spin fluctuation is treatedWith that of aryl isocyanides and with a concomitant increase
by using the dynamic line shape formalism of Blume and Clatfser, in o bonding from the axial ligand to iron.

which has been elaborated by Winkler efal The equatorial FeN bond distances average to 1.961(6) A
) ) for 1, which is quite short for low-spin iron(lll) porphyrinate
Results and Discussion derivatives’”:78 These short distances are consistent with the

Structure Determination. The molecular structure of the  significant ruffling of the porphyrinate core, which is very
cation of [p-TTP)Fe(2,6-xylyINC)JCFsSO; (1) is shown in the similar to that recently reported in perchlorato derivatives of
ORTEP diagrams of Figure 1a and 1b (and of the complete bis(4-cyanopyridine)tetraphenylporphyrinatoiron{itfj*and of
molecular unit in Figure S1 in the Supporting Information), bis(tert-butyl isocyanide) octaethyl- and tetraphenylporphyri-
along with the numbering scheme for the crystallographically natoiron(li)*” Deviation of each unique atom from the mean
unique atoms. As shown in Figure 1b’ the Xy|y| rings of the plane of the core of is shown in Figure 2. The ruffling of the
axial ligands are not in parallel planes. The dihedral angles core is quite apparent in the complex and similar to the ruffling
between the planes of the individual xylyl groups and the Observed in bisgrt-butyl isocyanide) octaethyl- and tetraphe-

N1,N3 axis are 39.6(2) and 15.5Q)yielding a dihedral angle (77) Scheidt, W. R.; Reed, C. Ahem. Re. 1981, 81, 43.
between the planes of the two xylyl groups of 55.The (78) Scheidt, W. R.; Lee, Y. Btruct. Bonding (Berlin)L987, 64, 1.




Ground-State Low-Spin [(p-TTP)Fe(2,6-xylyINJOF3:SG;

J. Am. Chem. Soc., Vol. 122, No. 18, 2001371

S S T™S
p-CH;
X
m-H L m-H <| |L2ecH
pyrr-H Lp-H! X o-H
aLJ |
1 I

™

(ppm)

Figure 3. 'H NMR spectrum of [p-TTP)Fe(2,6-xylyINC)]CFsSG; (1) recorded at 297 K in CDGI Assignments of the various resonances are
indicated; S marks the residual solvent peaks (chloroform and dichloromethane), and x marks minor impurities.

nylporphyrinatoiron(Il1}” and [(4-CN-PyjFe(TPP)ICIQ.11 The
55.1° dihedral angle between xylyl planes mentioned above is
apparently not related to the ruffling of the porphyrin ring, and
hence the observed angle may arise from crystal packing
considerations. A packing diagram is shown in Figure S2
(Supporting Information).

IR Spectroscopy.Determination of the isocyanide stretching
frequencies in heme isocyanides provides an opportunity to
demonstrate clearly the sensitivity of ligand binding to the
electronic properties of the second axial ligand and the metal-
loporphyrin. For example, the(CN) stretching frequency of
CNR is increased upon coordination of the aromatic isocyanide
to iron(Ill) porphyrin from 2135 cm? for the free ligand to
2195 cntl in [(p-TTP)Fe(2,6-xylyINCYCFsSQ; (1). This
increase of the stretching frequency, which indicates a higher
bond order in the complex than in the free ligand, is consistent
with the formal positive charge on the iréhHowever, the data

Table 3. Observed Shifts and Separation of the Isotropic Shift into
Contact and Dipolar Contributions in
[(p-TTP)Fe(2,6-xylyINC)ICF;SG; (1) in CDCl; at 297 K

proton type Oopd Oisd? Odip® Ocon
o-H —3.42 —11.44 0.76 —12.20
m-H 16.51 8.9 0.35 8.55
(0.86) (—1.65) (0.22) €1.87)
p-CHs 12.36 9.72 0.23 9.49
1.1y (-6.53)  (0.31) €6.84)
Pyrr-H 10.69 2.49 1.48 1.01

aChemical shifts in ppm® Isotropic shifts with the diamagnetic
complex (TPP)Fe{BuNC), as referencé! ° Calculated from the-H
dipolar shift of the [TPPFe(NMelra)" complex?® scaled by the ratio
of the axialg-anisotropies of the isocyanide complexes of this study
divided by that of the NMelm compleX.Other dipolar shifts calculated
from that ofo-H, based on the relative geometric factors (3?abs-
1)/r3.2429 d m-CHj shift of [(M-TTP)Fe(2,6-xylyINC)] * in parentheses.
ep-H shift of [(MTTP)Fe(2,6-xylyINC)]" and [(TPP)Fe(2,6-xy-
IyINC),]" in parentheses.

suggest that the observed isocyanide stretching frequencies upon

complexation are also influenced by the electronic nature of
the phenyl group on the isocyanide ligand. As expected, the
v(CN) stretching frequency of ligated 2,6-xylylisocyanide is
lower than that of ligated-BuNC upon coordination of the
isocyanide to [f-TTP)FeCESO;]; »(NC) increases from 2195
cm1 for 1 to 2220 cnt in [(TPP)Fef-BUNC)]CF:SO; (Av

= 25 cnt1).17 This is consistent either with a greateracceptor
ability of the aryl isocyanide ligand as compared with that of
the alkyl isocyanide ligand and with a concomitant increase in
7 back-bonding from iron to the CN bond, or with a weaker
o-donating ability of the aromatic isocyanide ligand relative to
that of the alkyl isocyanide ligand.

NMR Spectroscopy.The IH NMR spectrum of [p-TTP)-
Fe(2,6-xylyINCY|CFsSG; (1) at 297 K is shown in Figure 3.
The isotropic shifts are listed in Table 3. The peaks for the
phenyl protons of the porphyrin ring are assigned completely
by methyl substitution in combination with 1D proton NMR
decoupling experiments (not shown). For the isocyanide ligands,

at a downfield position, 10.7 ppm, as compared to 9.7 ppm for
[(TPP)Fet-BuNC)]JCF3S(:.26 This contrasts with the pyrrole
proton signals of most other low-spin Fe(lll) porphyrinates at
ambient temperature, including [(TPP)Fe(N-Melj8)O,4 (6 =

—17 ppm¥® and [(TPP)Fe(P(MePh)]ClO4 (6 = —19.4 ppm)?®

and provides confirmation of the ,gh,)*(dx)* electronic
structure in these aryl isocyanide derivatives. Magnetic mea-
surements using the method of Ev&¥3 were made for 0.03

M CDCI, solutions ofl at 297 K, employing MgSi as the
reference. The solution magnetic momept € 1.9 ug) is
compatible with the low-spin stat§ = 1/,.

The temperature dependences of the isotropic shifts of the
protons ofl in CDCl; are shown in Figure 4. The isotropic
shifts appear to vary almost linearly withTldver the range of
measurement, but the linearly extrapolated lines do not pass
through the origin at I = 0. The deviations of the intercepts
are+8.5 (0-H), —11 (p-CHj3), —4.5 (mH), and—3.5 ppm (pyrr-

H). Hence, the temperature dependencd @fas analyzed in

the relative intensities determine the assignment. The shifts ofterms of the possibility of a thermally accessible excited state.

the isocyanide ligand are independent of the presence of excess

ligand, and hence axial ligand dissociation does not appear to

be significant at ambient temperature. The spectrunpef [(P)-
Fe(2,6-xylyINCY]CFsSO; (1) shows the pyrrole proton signal

(79) Sodano, P.; Simonneaux, Borg. Chem.1988 27, 3956.

(80) Evans, D. FJ. Chem. Sacl1959 2003.

(81) For superconducting magnets, the revised equation must be used:
Sur, S. K.J. Magn. Reson1989 82, 169.
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Figure 4. Curie plot of the isotropic shifts vs 1008 reciprocal 250 300 350 400

temperature (K) for j§-TTP)Fe(2,6-xylyINC)]CFsSG; (1) in CDCls,
showing extended Curie law fisto AE = 70 (- - -) and 740 cmt

(—). Symbols: B, p-CHs; A, mH; @, pyrrole-H;+, o-H. B [mT]

Figure 5. EPR spectrum of (a) ¢ TTP)Fe(2,6-xylyINC)|CFsSGCs (1)

and (b) [(nTTP)Fe(2,6-xylyINC)ICFsSO; (3) in the solid state,
recorded at 10 K. Experimental conditions: microwave frequency, 9.649
GHz; microwave power, 2@W; modulation frequency, 100 kHz;
modulation amplitude, 1 G.

This analysis showed that acceptable fits could be obtained
assumingAE values between ground and excited states of 70
to greater than 700 cm. Example fits for 70 and 740 cth
values of AE are included in Figure 4. Although the smaller

AE value appears to fit somewhat better, the high-temperature ., [(TPP)Fe(t-BUNC)]* 17 which leads, in Table 3, to a positive
data points may be less reliable due to the possibility of some \,5e for the contact shift of the pyrrole-H of about 1 ppm.
ligand dissociation (although none was detected). As is evidentThis is not consistent with spin delocalization via porphytin
from the fits shown in Figu_re 4, the relatively gentle temperature qpita129 and suggests that either the dipolar shift has been
dependence of the experimental data dowr§®°C does not hqerestimated or there is a small amountafpin delocal-
allow the determination of a unique fit. As discussed below, j;ation 1o the pyrrole-H position. The latter possibility seems
the temperature dependence of the quadrupole splittifig, unlikely, because the,gdorbital has nodes at the porphyrin
obtained from the Mssbauer data, are consistent Witk = nitrogens with respect to-bonding.

740 chrl, but there may be reasons why the valueA is . The chemical shifts observed for the axial ligandls-¢n, =
larger in the solid state, and the process represented b Ehis —0.85 PPM:dm_n = 5.46 ppmidy_n = 6.70 ppm) are close to

value may not be simply an excited electronic state (see below). e expected for groups located in the shielding region of the
To characterize the iron bis-isocyanide electronic structure, porphyrin ring. There should be only very small dipolar shifts
the isotropic shifts were calculated farby using [(TPP)Fét  for those protons because of their distance from the iron. Thus,
BUNC)] and relatecb- andm-methyl substituted diamagnetic  {here appears to be essentially no spin density on the axial
complexes as referenc®sAnalysis of the isotropic shift was ligands, as expected because of the orthogonality of the

made according to the method of La Mérand as found for isocyanide p orbitals and the metalyglorbital that contains
the relatedert-butyl isocyanide comple¥ there is a relatively  he unpaired electron.

large contact contribution to theesephenyl-H resonances of EPR S

. : ; pectroscopy[(p-TTP)Fe(2,6-xylyINC)|CFsSO;s (1)
1=3. The mechanism of spin transfer is thus, as expected, gng (Tpp)Fe(2,6-xylyINGJCFSOs (2) exhibit identical axial
significantly different from that observed for low-spin ferric bis-  gpp spectra, witly values ofgy = 2.2 andg, = 1.94 (Figure
imidazoleé*2>2°and bis-phosphir@2 complexes of synthetic g5 These values are identical with those reported for [(TPP)-
porphy_rms, where thene;epheqyl shlfts 7\évere_ found to be Fet-BUNC)]CIO,Y7 which also exhibits the (gld,)(chy)*
essentially completely dipolar |n+or|gﬁ‘h l2J43|ng the o-H ground state. Assuming this ground state, the mixing coefficients
S st (TP o) 1290 K sled byt & ande naFady i, and domc ol sy

) b Iculated f t lueg? ding t

1-3 divided by that of the imidazole complé%the dipolar can be calculated from thgvalues® according to

shift of theo-H of complexesl—3 could be calculated. Then,
using the relative geometric factcdibthe dipolar contribution

to the pyrrole-H and all other protons can be obtained. The — 2l(at 0 — b
resulting dipolar and contact contributions are included in Table Yy = [a+c) ]

3. The chemical shift of the pyrrole-H resonance of complexes g,,=2[@+ b)2 _ c2] 3)
1-3 at ambient temperatures is larger (more positive) than that z

G = 2[&° — (b + ©)7]

2 2 2
(82) Simonneaux, GCoord. Chem. Re 1997, 165, 447. a+b+c=1
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Table 4. Rhombicity and Tetragonality Parameters as Obtained T T T T T T T T T
from the EPR Data According to Eq 4 1.00 1
2andl 3 0.99 B=20mT |y
VIA 0 0 T=190K
AJA —8.90 - 0.98 - 7
% dyy 98% 100%
1.00
We follow the convention that the heme normal is frexis?23 098] (b B=20mT |y _|
The g values can be used to calculate the relative energies of 096 | ¥ T=42K ]
the Fe formerly 4, orbitals and their tetragonalA(1) and é
rhombic /1) splitting parameter& in terms of the spif-orbit 2 ?'23 L ]
coupling constant, according to g
2 098
ii=—2 4+ % = oo
g; + gy g, — O« & 0.94
4) .
Ap=—2 S Ly 1001
9,t9, 0 —0 2
0.98
The parameters calculated in this way are listed in Table 4. The 0.96
EPR spectrum only provides the absolute values of the diagonal ‘
elements of the-tensor. They-tensor consistent with a,gbl,,)*- 1.00 |
(dyy)* ground state i§ = (—2.2, 2.2,—1.94) according to eqs
3. 008 L B=5.34T lly
The [[(M-TTP)Fe(2,6-xylyINCYCF:SO; complex @) exhibits T=4.2K
an isotropic EPR signal at= 2.14 in the solid state. The EPR 0.96 [ .
spectra of CHCI; frozen solutions of complexels 2, and3 all T
show axial EPR signals with; = 2.15-2.18 andg, = 1.94- 4 6 4 2 0 2 4 6 8

1.95 (data not shown). The difference between solution- and Velocity [mm/s]

solid-state EPR spectra of the porphyrin compernay be  Figure 6. Mossbauer spectra of [(TPP)Fe(2,6-xylyINJOFsSO; (2)
caused by a slightly different structure in the solid state than in oPtained at (a) 190 Kand 4.2 K in fields of (b) 20 mT, (¢) 1 T, and (d)
solution, or, more likely, it may be a result of exchange >34T perpendicular to thg-beam, as well as in a field of 5.34 T
. . - . . - parallel to they-beam (e). The solid lines are simulations with the spin-

narrowmg due to spiAspin mteracuons in the solid state. On Hamiltonian parameters given in Table 5 and the relaxation rates (a,
the basis of the NMR data discussed above, we have found thatyy 5 5 . 18 572, (c) 1.9x 10 5%, and (d, €) 6.0« 107 L.
the ground states of all three complexes are of thetype.
This is supported by the fact that the EPR spectra of their CH Table 5. Mdssbauerand Spin-Hamiltonian Parameters Obtained
Cl, frozen solutions are almost identical. Therefore, based on from the Simulations Shown in Figures 6, 8, and 9
the strong evidence from the NMR and the frozen solution EPR 0 AEq r _
spectra of comple8, we assume thg-tensor to by = (—2.14, g (mm/s) (mm/s) (mm/s) n Algnun (T)
2.14,—-2.14), which is consistent with g,dHOMO. 1 (—2.2,2.2-1.94) 0.14 —-181 0.26 0 £5.5,5.5,27)

Mussbauer Spectroscopy.The Mossbauer spectrum of 2 (—2.2,2.2,-1.94) 0.08 —1.99 026 0 {5.5,5.5,40)
[(TPP)Fe(2,6-xylyINC)|CF5SO; (2) obtained at 190 K in an 3 (-2.14,2.14-2.14) 0.12 +1.94 026 1 (25,25,32)
applied field of 20 mT is shown in Figure 6a. At 4.2 K, also at aThe spectrum of [(TPP)Fe(2,6-xylyINGTF:SO; (2) obtained at
20 mT, basically the same magnetically broadened asymmetric190 K (Figure 6a) has been analyzed with= 0.05 mm/s and\Eq =
doublet is observed, with an isomer shift &= 0.08 mm/s —1.90 mm/swith all other parameters as quoted in the table. That of
and a quadrupole splitting\Eq| = 1.99 mm/s (Figure 6b). This \[IflﬁhT-gP):':eé?ig X%mgcg]fd'fggz(l)_(f ?grﬁfnfj)s h;‘r? dbfhe; e:)r]lagzed
lack of change with temperature is explained by the fact that t1p)Fe(2,6-xylyINC)JCF:SOs (3) (Figure 9a) withd = 0.10 mm/s
temperature-independent spispin relaxation is reflected in the  andAEq = £1.75 mm/<. ° The sign of the quadrupole splitting cannot
Mossbauer spectra. To slow the spBpin relaxation rate,  be determined sincg = 1.
spectra were collected at 4.2 K in fields of up to 5.34 T parallel
and perpendicular to the-beam; representative spectra are Spin relaxation rates given in the caption of Figure 6. The
displayed in Figure 6€ee. It should be noted that no consistent negative sign of the quadrupole splittingEq = —1.99 mm/s,
hyperfine parameter set could be found to simulate the spectrais indicative of a singly occupied@HOMO, which confirms
shown in Figure 6 according to eq 2, assuming either slow or the analysis of the EPR spectra. As already discussed above,
fast relaxation limits. Even extensive variation of the Euler the Griffith model yields for this situation thg-tensorg =
angles that describe the rotation from the principal axigof (—2.2, 2.2,—1.94). Theg-tensor thus obtained was used to
andA to the axis of the efg tensor, a method used successfully simulate the Mesbauer spectra in Figure 6, and an experimental
for dissolved [(TPP)Fe&BUNC),]CIO,,'" did not reproduce the  A-tensor ofA/gyun = (—5.5, 5.5, 40) T was found.
Mossbauer pattern. As reported by Lang, it is possible to calculate féensor

Since relaxation effects influence the Bsbauer spectra under  from the expressiofg 85
all conditions applied, they have been analyzed by using the 3 Oose o W T L S Crer P984 50 4361
cynamic [ne shape formalsm of Blume and CiauiétThe (69 Sesialus W T+ ot &, Cler, FySSia o0 1361
solid lines shown in Figure 6 are spin-Hamiltonian simulations  (gs) Rhynard, D.; Lang, G.; Spartalian, K.; YonetaniJTChem. Phys
for anS= 1/, system with the parameters given in Table 5 and 1979 71, 3715.

(_
(_
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A = —P[—4bc— (1+ k)@ —b*—c?) + T T T T et
3 6 20 = ]
(e — 37— 3¢) + Sa(b + c)] wEer B1T
15k h
A= +P[—4ac— L+ K02 —a— )+ 2
5 S10F 7
307 - 3° - 3 + S(a+ c)] ©) s | s
_ 2 2 2 L . L : . : : ' -
A= +P’—4ab L+ K-+ 0 02 03 04 05
P(m_=+1/2)

3 2 a2 42,0
Y(C 34 30%) + 70(&l * b)] Figure 7. Relaxation rates obtained from the S&bauer analysis of

[(TPP)Fe(2,6-xylyINC)ICFsSC; (2) (Figure 6) as a function of the

The proportionality constarR is taken as-62 T and the Fermi ~ Boltzmann population of the upper Zeeman lew{im, = +'/;)
contact constant = 0.35 as for most heme protefgand heme calculated from eq 6 for the different indicated applied fields.
models?

If one calculates thé\-tensor according to this model one 1.00 |
obtainsA/gnun = (—7.4, 7.4, 50.9) T. The experimental values
guoted above are reduced with respect to the calculated values
(egs 5) by approximately 25%, which may be caused by 0.99
covalency effects in the irorligand bonds and/or spin delo-
calization by porphyrin— Fe & donation? 0.98

The relaxation process can be identified as follows: The
populationP(ms = +1/,) of the uppems = +1/, Zeeman level

1.00 =

is given by the Boltzmann factor, & T=4.2K
exp— @
PMy=+1) = T =) ©® g
with the Zeeman energy § 1.00 s
AE = qugB (7) ;Z:éfT Iy
Figure 7 shows a linear relationship of the relaxation rates 0.98 |- =

obtained from the Mssbauer analysis as a functionR{ins =
+1/,) for the different applied fields. This linear relationship is PR S TR U NN NN NS T
characteristic for spinspin relaxation, or to be more specific, -8 -6 -4 -2 0 2 4 6 8
cross relaxatiof? because the probability for the latter rises
linearly with the occupation of the upper level at one of the

neighboring d'O”S' ITh“S’ hth's S't“a}t"’” ca|r|1_ °”'y|_g“se '”l a (obtained at (a) 190 K and 4.2 K in fields of (b) 20 mT and (¢) 5.34 T
concentrated sample such as a polycrystalline solid sample 0fy ;5] 1o they-beam. The solid lines are simulations with the spin-

a low-spin iron(lll) porphyrinate and is not expected to 0cCur Hamiltonian parameters given in Table 5 and the relaxation rates 2.2
for either frozen solutions ¢fFe-enriched samples of ferriheme  « 108 s for (a) and (b) and 6.6« 107 s for (C).

models and proteins or polycrystalline heme proteins, where

the hemes are well separated from each other. shown in Figure 9. The solid lines are spin-Hamiltonian
The Massbauer spectra off{TTP)Fe(2,6-xylyINC)|CFsSOs simulations with the parameters given in Table 5. The spectra
(1), obtained at 190 and 4.2 K in fields of 20 mT and 5.34 T, have been analyzed with relaxation rates corresponding to those
are shown in Figure 8. The solid lines are spin-Hamiltonian ysed for [(TPP)Fe(2,6-xylyING)CFsSOs (2) and [(p-TTP)Fe-
simulations with the parameters given in Table 5. The spectra (2 6-xylyINC),]CFsSO; (1). The magnetic Mssbauer pattern
have been analyzed with the relaxation rates corresponding toof Figure 9b can best be simulated by taking the asymmetry
those used for [(TPP)Fe(2,6-xylyINSELFsSO; (2). Again, the  parameter; = 1. Therefore, we cannot determine the sign of
negative sign of the quadrupole splitting§Eq = —1.81 mm/s,  the quadrupole splitting for complex A pure d, hole would
is indicative of a singly occupieddHOMO. The experimental  exhibity = 0, as in the cases of complexesnd2. However,
A-tensor isA/gnun = (—5.5, 5.5, 27) TAzis reduced from the  the complex [(OEP)F&BuNC),]CIO4 exhibitsy = 0.41 in the
theoretical value of 50.9 T by approximately 50%, indicating solid state, but an almost zero asymmetry parametey of
that the covalency effects ind{TTP)Fe(2,6-xylyINC)|CFsSO; 0.14 in solutiort” The reason for the increase in the asymmetry
(1) are more important than those in [(TPP)Fe(2,6-xylyINC)  parameter in the solid state is not clear. The ruffling of the

Velocity [mms™]
Figure 8. Mdssbauer spectra off{TTP)Fe(2,6-xylyINC)]CF;SO; (1)

CRSGs (2). porphyrin plane present in [(OEP)E&UNC),]CIO, and prob-
The Massbauer spectra off¢TTP)Fe(2,6-xylyINC)|CFs- ably also in comples8 may lead to strong delocalization of the

SG; (3) obtained at 4.2 K in fields of 20 mT and 5.34 T are ¢, iron hole to the porbitals of the porphyrin nitrogens via
(86) Lang, G.Q. Re.. Biophys 1970 3, 1. the apy() filled porphyrin orbital, but whether this admixture

(87) Boyle, A. J. F.; Gabriel, J. Rehys. Lett 1965 19, 451. can lead to such strong changegjahay be questionable. This
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Figure 9. Mossbauer spectra of fETTP)Fe(2,6-xylyINC)|CF:SOs

(3) obtained at (a) 190 K and at 4.2 K in fields of (b) 20 mT and (c)
5.34 T perpendicular to thg-beam. The solid lines for subspectra |
are simulations with the spin-Hamiltonian parameters given in Table
5 and the relaxation rates 2:2 10° s™* for (a) and (b) and 6. 10

s 1 for (c). Subspectrum Il exhibitd = 0.24 mm/s at 4.2 K in (b) and

0 = 0.19 mm/s at 190 K in (a), as well asEq = 0 mm/s andl’ =
0.26 mm/s and was simulated in (c) assum$wg O; it accounts for
4% of the total area and is attributed to ferrous low-spin-T(TP)Fe-
(2,6-xylyINC),] caused by autoreduction of the ferric form.

may be addressed further by molecular orbital calculations once

the structure o8 has been solved. Nevertheless, thésstmauer

spectra have been measured in the solid state, and therefore wi

have used for the analysis reported heregtfi@ctors measured
for the solid complex, § = (—2.14, 2.14,-2.14). From these,
the theoreticah-tensor according to eq 5 follows as= (—4.2,
4.2, 61.1) T. The experimentd-tensor isA/gyun = (—2.5,
2.5, 32) T. As for complexe$ and 2, this deviation of about
50% is also attributed to covalency effects.

The NMR analysis discussed above and shown in Figure

indicates that the complexes under investigation exhibit a

relatively low-lying excited state, presumably the,@},)3(dx,)?
state, at some energy above thg,¢})*(dx)* ground state. Low-
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Figure 10. Temperature dependence of the quadrupole splitting of
[(TPP)Fe(2,6-xylyINC)|CFsSG; (2). The solid line has been calculated
according to eq 4 WititAE = 740 cnt?, the dash-dotted line withAE

= 70 cnT?, and the dotted line witiA\E = 1500 cnr?.

Table 6. Magnitude Per d Electron of the Diagonal Electric Field
Gradient (efg)y Tensor Elements

orbital Vivale =20 (Vyy)valeld—20 (Vzovaleld =30
Oy —217 —2/7 +417

> =2[7 +4/7 =2[7
dy +4/7 -217 -217
de-y -2/7 -217 +4/7
dz +2/7 +2/7 —4/7

aNote that for a hole the signs &¥;le<r—3> reverse.

AEgq is expected, while for a single unpaired electron in either
dyx; or d, a positive sign foAEq is expected. Thus, population

of an excited state with an unpaired electron,jiya d,, should
cause a decrease in the magnitude of the observed quadrupole
splitting.

Figure 10 shows the temperature dependence of the quadru-
pole splitting of [(TPP)Fe(2,6-xyly3)CFsSG; (2) in the range
from 4.2 to 300 K. The simulations of the spectra obtained at
9.2 K in high magnetic fields yield a negative sign of the
quadrupole splitting, which is consistent with g électronic
ground state. Since the rhombicity, of 1, 2, and3 has been
determined to be zero from the EPR analysis, the first excited
state represents a hole either in thgod in the d orbital, which
means that the first excited state is doubly degenerate. Thermal

4population of the doubly degenerate excited state leads to a

decrease in the overall quadrupole splitting, if one assumes fast
relaxation (or almost fast, as in our case), because the excited
states with the hole in aygor d,, orbital exhibit a positive
quadrupole splitting.

lying states may influence the relaxation behavior of paramag-
netic centers via Orbach-like spitattice relaxation processes. To calculate the temperature dependencaf, we assume
Such processes exhibit a relaxation behavior that is field that the electric field gradient (efg) tensor has only orbital
independent but strongly temperature dependent. Tresbier contrllbutlons. If we denot_e the_efg_tensor originating from a
analysis of the solid iron porphyrinates presented in this Noleinady, d, and g, orbital asVyy, Viz andVy; and consider
study clearly shows that a field-dependent and temperature-that the ¢, and g, excited states are degenerate, twice the
independent relaxation process is effective at 4.2 K. The temperature dependence of the efg ten4@dp is given by
mechanism is identified above as sp#pin or cross relaxation.
This type of relaxation process, however, is not influenced by
low-lying excited crystal field states. However, at higher
temperatures, the quadrupole splittimgEq, may vary if an
excited state is populated, if the quadrupole splitting of that with Z being the statistical su@ = 1 + 2e"2FsT for a three-
excited state is opposite in sign to that of the ground state. In level system with a degenerate excited state separated from the
fact, according to the Towne®ailey approximation, for a  ground state byAE. Insertion of the expectation valué¥;]
single unpaired electron in thgydrbital, a negative sign for  eli~3C(see Table 6) into eq 8 yields

VM = 0+ U, @0 4 G, 0Ty (g)
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V(T)led =
2 4 2
—_ - — +_
7 7 7
g + - .e—AE/kBT + _ .e—AE/kBT
7 7 7
4 2 2
7 7 7
1+ 2e FeT
2
7
g + _ =z .g AEkeT
7 7
4 4
= ! 9)
1+ 26 T

The quadrupole splittindAEq(T) is proportional to the main
component/,AT) of the efg tensor:

Eo(T) ~ VAW 1+ n(T)’13

(10

Simonneaux et al.

the value of 300 cmt for low-spin ferriheme§? while Levin
and Brill obtained a value of 350 crh for metmyoglobin
complexe$* Walker and co-workers have previously used 400
cm! as the maximum possible value df for low-spin
ferrihemes having the {g2(dx,dy,)* electronic ground stafe,
Horrocks and Greenbetthave used 340 cm, and Turner and
co-worker§8 have used 270 cm for the same types of systems.
The MO calculation¥ show that covalency effects indeed lead
to a reduction oft from the free ion value. Thus, covalency
certainly plays a role for the complexes studied here. However,
we believe that its importance, as suggested by the low value
of A = 83 cn1l, is greatly overestimated; rather, a value42
times this is more reasonable, based upon previous Ho?k.
Thus, we expect the crystal field valdeto be of the order of
1500-3000 cn1?, perhaps nearer the smaller to emphasize the
importance of covalency. Therefore, the temperature dependence
of the quadrupole splitting must be attributed to effects other
than Boltzmann population of excited orbital states, i.e., to
dynamic effects.

Such dynamic effects as rotation of axial ligands at higher
temperatures have previously been observed in low-spin (
0) Fe(Il) porphyrin®”*8However, the axial ligands of this study
have cylindrical symmetry at the binding site to the metal, and
it is very unlikely that rotation of the xylyl groups would in
any way affect the energies of the orbitals of the metal center.
Furthermore, the samples of this study are polycrystalline solids,
in which large-scale motions of parts of the molecule are
prevented by the packing in the crystalline lattice. However,

Insertion of the efg elements obtained in eq 8 gives in the presentine strongly ruffled porphyrin ring, which is stabilized in the

casen(T) = O for all temperatures. ThereforAEq is propor-
tional to V,, and combining eqs 9 and 10 yields, for the
temperature dependence of the electronic contributiokBeg:

exp(—AE/KT) — 1
2 exp—AE/KT) +1

AEY(T) = AE(4.2K) (11)

ruffled conformation by porphyrin-to-metat donation from
the 3ax,(r) orbital to the hole in the metalgorbital * should
have an associated low-energy “inversion” of the ruffled ring.
Such an “inversion” is clearly observed when bulky planar axial
ligands are present on tetramesitylporphyrinatoiron(lll), for it
is required for their rotatiof®191 And even in the absence of
planar axial ligands, such “inversion” must occur and should
be a relatively low-energy process. This “inversion” would move

from eq 11 usingAE = 740 cnt! and AE = 70 cnt?, the

porphyrin ring shown in Figure 2 down, while those displaced

limiting values derived from the temperature dependence of the pejow the mean plane are moved up, with concomitant
NMR spectra. For comparison, we also show the dotted line lengthening of the FeN(por) bonds at the planar transition

which corresponds taA\E = 1500 cnt! as an upper limit.
Clearly, the value forAE = 740 cm?! fits the temperature
dependence of the quadrupole splitting well.

The energy differencAE should correspond to the crystal
field splitting A, which has been calculated from the electronic
g-tensors (see Table 4). If we sAE = A = 740 cn! and
insert the value ofA/A = 8.90 obtained for compleR (Table
4), we obtaimt = 83 cntl. This value is much lower than the
free ion value (460 c).88 Nevertheless, for kFeCN; a value
of A = 80 £ 5 cnr! was determined experimentally by a
combined EPR, NMR, and Msbauer stud$ However,
Bleaney et al. used 278 crhin the interpretation of their EPR
data for kkFeCN;,2° and Figgis et al. reported 27375 cnt1,9:
the range of the latter values being consistent with MO
calculations performed by Reschke efaMaltempo has used

(88) Figgis, B. N.; Lewis, J. InTechniques of Inorganic Chemistry
Jonassen, H. B., Weiss- berger, A., Eds.; Weiley Interscience: New York,
1965; Vol. IV, p 159.

(89) Merrithew, P. B.; Modestino A. JI. Am. Chem. Sod972 94,
3361.

(90) Bleany, B.; O'BrienProc. Phys. Socl956 B69 1216.

(91) Figgis, B. N.; Gerlach, M.; Mason, Broc. R. Soc1969 A309
91

-(92) Reschke, R.; Trautwein A.; Harris, F. E.; Date, SJKMagn. Magn.
Mater. 1979 12, 176.

state. Although such large-scale movements from one ruffled
conformation to the other are unlikely in the solid state, a partial
“inversion,” in which the porphyrin ring approaches planarity,
with Fe—N(por) bonds lengthened, may be possible. From what
has been learned about ruffled vs planar porphyrin rings in this
and previous work, it is reasonable to expect that the planar
porphyrin ring would stabilize the unpaired electron in thgdg,
orbitals, yielding a (d)?(dydy)® electron configuration for this
transition state, the same electron configuration as expected for
the excited electronic state of the ruffled conformation, discussed

(93) Maltempo, M. M.J. Chem. Physl1974 61, 2540.

(94) Levin, P. D.; Brill, A. S.J. Phys. Chem1988 92, 5103.

(95) Horrocks, W. DeW.; Greenberg, E.Bochim. Biophys. Acta973
322, 38; Mol. Phys 1974 27, 993.

(96) Turner, D. L.Eur. J. Biochem1993 211, 563.

(97) Schappacher, M.; Ricard, L.; Fischer, J.; Weiss, R.; Bill, E.; Montiel-
Mantoya, R.; Winkler, H.; Trautwein, A. XEur. J. Biochem1987, 168
4109.

(98) Grodzicki, M.; Flint, H.; Winkler, H.; Walker, F. A. Trautwein, A.
X. J. Phys. Chem. A997 101, 4202.

(99) Walker, F. A.; Simonis, UJ. Am. Chem. Sod991 113 8652;
1992 114, 1929.

(100) Shokhirev, N. V.; Shokhireva, T. Kh.; Polam, J. R.; Watson, C.
T.; Raffii, K.; Simonis, U.; Walker, F. AJ. Phys. Chem. A997 101,
2778.

(101) Polam, J. R.; Shokhireva, T. Kh.; Raffii, K.; Simonis, U.; Walker,
F. A. Inorg. Chim. Actal997 2631—-2, 109.
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in the previous paragraph. Thus, such a partial “inversion” in “inversion” is undoubtedly responsible for the small value of
the solid state, and a complete “inversion” in solution, provide AE, and that this energy term represents an activation energy
an explanation for the temperature dependence of the quadrupoléor reaching the planar transition state of the ruffled complex.
splitting in the solid state and the isotropic shifts of the

porphyrinate protons in homogeneous solution. It also allows  Acknowledgment. The financial support of the MESR
for a different (lower) barrier to inversion of the ruffled (c.M.), the Deutsche Forschungsgemeinschaft (A.X.T.), and the

porphyrinate ring in solution than in the solid state, consistent National Institutes of Health (USA), DK31038 (F.A.W.), is
with the fact that the lower value @fE ~ 70 cn* appears o gratefully acknowledged.

fit the NMR data better (Figure 4), while a much higher value
of AE ~ —740 cn1 fits the Mossbauer data better (Figure 10).
It is interesting to note that a too-small value ME ~ 296
cmt was found and commented on from the temperature
dependence of the isotropic shifts of [[OEPYFBUNC),]*, for
which the tetragonal splitting\/A was found to be—8.33,
similarly suggesting a value & in the range of 15063000
cm~ 117 It is now possible to conclude with some confidence
that in that case, as in the present compleke8, porphyrin JA994190T

Supporting Information Available: Figures showing an
ORTEP drawing of the porphyrinate cation and aniorl ahd
the packing diagram and unit cell df and four tables showing
the bond distances, bond angles, positional parameters, and
displacement parameters fbfPDF). This material is available
free of charge via the Internet at http://pubs.acs.org.



