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Abstract: The synthesis and characterization of isocyanide complexes of (porphyrinato)iron(lll) species, [(Porph)-
Fe¢-BuNC),]CIO4, Porph= OEP, TPP, are reported. The crystal structures of [(TPREE(C),]CIO, and [(OEP)-
Fe¢-BUuNC)]CIO4 have been determined. Consistent with the expected effect from the stracgeptor character

of the axialtert-butyl isocyanide ligands, the X-ray structure of the complex shows that the porphyrinate ring is
strongly ruffled. The spectroscopic properties of these complexes suggest the possibility of “blurring” of the definitions
of the electron configurations of low-spin Fe(lll) macrocycles having{electronic ground states, with the extreme
possibilities being low-spin Fe(lll)-(macrocycte) with the unpaired electron localized in the, drbital of the

metal, and low-spin Fe(Il)-(macrocycle), with the unpaired electron localized on the macrocycle. EPR spectroscopy
of the TPP and OEP complexes shows thatghalues (o = 2.20—-2.28,g, = 1.94-1.83) are consistent with an
electron configuration that is {gd,;)*(dx,)*, the purest (g)* ground state system with the most complete quenching

of orbital angular momentum discovered thus fag{ as small as 13.5). Proton NMR spectra of [OERB(NC),]-

ClO4 in CD.Cl,, recorded over the temperature rang&00 to+37 °C, also support the (! ground state, where
ruffling of the porphyrinate ring makes it possible for unpaired electron spin delocalization 8adlfe) orbital of

the porphyrinate ring. This orbital has very large electron density coefficients ahdéisepositions and hence
explains the very large negative contact shift oftteseH; its size indicates considerable19%) spin delocalization

from low-spin Fe(lll) to the3ay(7r) orbital by porphyrin— Fex donation. Masbauer and IR spectral data are also

consistent with the (g)* ground state.

Introduction

s-acceptor properties of axial liganéfs;'> on the structural and
spectroscopic properties of Fe(lll) porphyrinatgdnvestigation

There have been several recent investigations of the effectyt the molecular structures, EPR spectra, and in some cases

of the relative orientations of planar axial ligand$® and
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of an applied magnetic fielfl® The results confirm that the

Walker et al.

and (b) the novel (d,d,,)*(dx,)* state where the,dd,, pair are

parallel orientation is more stable and that perpendicular degenerate, or nearly so, abdlowthe d, orbital in energy.
alignment of planar axial ligands could lead to a positive shift For symmetrical porphyrinate rings, this latter electronic state

in reduction potential of up te-50 mV over that observed for

leads to araxial EPR spectrum, witlyg > g,” rather than the

parallel alignment, all other structural and environmental factors usual rhombic or larggmax EPR signaf® We then showed,

being equaf These high-basicity pyridine and imidazole

in a study of the “nonhindered” tetraphenylporphyrinate complex

complexes of iron(lll) porphyrinates have been shown to be [(TPP)Fe(4-CNPyJCIO4!® that for axial ligands that have

good models of the bis-histidine-coordinated cytochromasd

strongmr-acceptor properties there is akectronicstabilization

c that are involved in electron transfer in a large number of of the (d.d,)*(dy)* electronic ground state. The strong ruffling

organisms, including cytochromdés!® andcz2° as well as the
membrane-bound cytochroméswith probable bis(histidine)
coordinatior?! including the twob cytochromes of mitochon-
drial “Complex IllI” (also known as ubiquinone-cytochrorne
oxidoreductase) and chloroplast cytochrobge

observed for the tetramesitylporphyrinate complexes was main-
tained for this (TPP)Fe(lll) complex and led us to postulate that
the (dy)* electronic ground state could be stabilized by
electron donation from th8ap(7) orbital of the porphyrinate
ring. Such electron donation becomes symmetry-allowed when

For some years it was common practice to assign the largestthe p() orbitals of the porphyrinate nitrogens are twisted from
g-value to the direction of the heme normal, on the basis of the normal to the mean plane of the porphyrinate thg.

single crystal EPR data for cytochrom& and several model
heme£~11 On the basis of Griffith’s theo®y and Taylor’s
formulation!® this assignment was consistent with the major
contributor to the orbital of the unpaired electron being d

However, Taylor showed that this sometimes leads, as in the

We then studied the MCD spectra of [(TMP)Fe(4-CNJpy)

ClO,4 and showed that they bear a strong resemblence to those

of low-spin iron(lll) chlorins, especially in terms of the low
intensities of the MCD bands in both the visible and near IR
regions of the electronic spectfa.Not only the low-intensity

systems described herein, to larger calculated energy separationSicip|e24 and near IR MCD bands but also the EP&values

between ¢ and d, (V/1) than between their average and the
lowest-energy g orbital (A/1), a situation that he described as
an “improper axis systemt® In such cases, he suggested, by
permutation of the assignment gfvalues one could arrive at

calculated ligand field energy differences that obeyed the

expected relationshig/A < 4/3. This permutation typically led

to a change in the major contributor to the orbital of the unpaired

electron being g, thus placing g higher in energy than,d
and d, Examples of systems for which this permutation of

the assignment aj-values was found to be necessary included

the bis(imidazole) complex of octaethylchlorinatoiron(fif).
There are, however, a number of definite cases in wkighis
> 25, yet the unpaired electron is iR.wrbital>®> However, as
we will show below, the complexes of the current studyndo
violate Taylor’s formulation.

In our recent determinations of the structures of a series of

[(TMP)Fe(L)]CIO4 complexes in which L is a pyridine (4-
NMe,Py 8 3-EtPy! 3-CIPy; 4-CNPy’ and 3-CNPY) or imid-
azole (N-Meln§ or 2-MelmH?) we have shown that, as
expected from their larggmax EPR spectré;” both pyridine and

of iron chlorind®26-30 and proteins that contain théd+! are
very similar to those of [(TMP)Fe(4-CNPYJLI04.13 Thus, it
is now apparent that iron(lll) tetraphepgrphyrinates when
bound to low-basicity, strongr-acceptor ligands, are good
models of the “green hemes” that includg the iron chlorin
that is the prosthetic group of hydroperoxidasé?land
cytochrome b2 from Escherichia coliand i) the iron
dioxoisobacteriochlorin of hems, the prosthetic group of the
dissimilatory nitrite reductases of denitrifying bactéfias well
as (i) the siroheme prosthetic group of bacterial sulfite and
nitrite reductase®’

The unusual EPR and Msebauer parameters of the low-
basicity pyridine iron tetramesitylporphyrinate complexes are
fully reflected in theitH NMR spectra; at-80 °C the pyrrole-H
isotropic shifts varies smoothly from40 ppm (L= 4-NMex>-

Py) to —6 ppm (L = 4-CNPy) as the basicity of the pyridine
ligand decrease’s.Earlier'H NMR investigations of the related
[(TPP)Fe(L}]* complexes by La Mar and co-workébshad
shown a similar but less pronounced trend in the pyrrole-H

hindered imidazole ligands are aligned in perpendicular planes. iS0tropic shifts as a function of pyridine basicity. Thus, whereas
In the complexes of low-basicity pyridines, we noted both large it has been accepted that low-spin Fe(lll) porphyrinates bound

variations and unusually small ERfrvalues and Mssbauer

to basic pyridines, imidazoles, and cyanide haveg(d,,d,,)*

especially the unusually smalEg andg-values were related
to the axial ligandz-bonding properties, which led to significant
changes in the relative energies of thg d,,, and ¢, orbitals?”
Indeed, with very strongr-accepting ligands, such as 3- and

spin delocalization to protons on the periphery of the molecule
via the filled 3efr) porphyrin orbitals,.e., P — Fe & bond-
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m-Acid Ligands in Iron(lll) Porphyrinates

ing,2%37it has recently been recognizeéd14that with certain
kinds of axial ligands (isocyanidé$)ow-basicity pyridine$39
or certain modifications of the porphyrim orbitals (such as
occurs in the reduced hemes), the.,)*(dx)* electron
configuration is stabilized and leads #8 NMR spectra that
show just the reverse types afspin delocalization patterns:
negligible z spin delocalization to thg-pyrrole positions but
large & spin delocalization to thenesopositions”37 In this
case, although thel, orbital set, which has proper symmetry
for 7 spin delocalization, is filled, the,gorbital can acquire
proper symmetry for overlap with thay,(w) orbital of the
porphyrin ring®4° if the porphyrin ring is highly ruffled?

The most extreme example of this latter behavior of 'He
NMR spectra of low-spin Fe(lll) porphyrinate complexes with

J. Am. Chem. Soc., Vol. 118, No. 48, 192411

electronic ground state reported thus far and that the extreme
ruffling of the porphyrinate ring facilitates extensive delocal-
ization of the ¢y unpaired electron into the porphyringa, ()
orbital. These findings have important implications for the
interpretation of the NMR spectra of low-spin Fe(lll) complexes
of the reduced heme macrocycles.

Experimental Section

General Information. All reactions were carried out under argon
in Schlenkware. All solvents were distilled under argon prior to use.
Chloroform, chlorobenzene, and hexane were distilled over calcium
hydride and toluene was distilled from sodium benzophenone ketyl.
tert-Butyl isocyanide was obtained from Aldrich and used without
further purification. HTPP*® was synthesized while JOEP was

s-acceptor ligands reported to date is that of the bis-isocyanide obtained from Midcentury Chemicals and used without further purifica-

complex, initially reported by Simonneaux and co-workers for
[(TPP)Fet-BuNC),]*,14 for which the pyrrole-H shift is very
close to that expected fordlamagnetigoorphyrin®® Following

this interesting report we investigated the EPR spectrum of this

complex and found that the spectrum was axial vgth~2.2
andg, ~1.9, leading to a value gfg? of ~13.5. This extremely
small value suggested that the,j#l ground state of these
complexes was much more “pure” than that of the bis-4-

tion. 5’Fe,0O; was obtained from New England Nuclear. Perchlorato-
(porphyrinato)iron(lll) derivatives were prepared by modification of
reported proceduré$. EPR spectra were obtained at 77 K with a Varian
E-Line EPR spectrometer operating at X-band frequency. Liquid
helium EPR spectra were recorded on a Bruker ESP-300E EPR
spectrometer operating at X-band and equipped with an Oxford helium
cryostat. Spectra were obtained for samples in frozepGTH$olution

and as polycrystalline solids. UV-visible spectra were recorded on a
Perkin-Elmer Lambda 19 spectrometer, and IR spectra were recorded

cyanopyridine complexes, such that there was extreme quench-on a Perkin-Elmer Lambda 883 spectrometer as KBr pelletssshiauer

ing of the orbital angular momentum of the unpaired d electron.

spectra were recorded at various temperatures and magnetic fields on

We then began investigating the isocyanide complexes of otherconstant-acceleration spectrometers. Several preparations of the com-

Fe(lll) porphyrinates and found similar EPR spectra, whose
g-values are somewhat reminiscent of those of the bis-
(isocyanide) complex of Fe(lll) octaethylisobacteriochlorinate,
[(OEIBC)Fe(RNC)]*, which has been formulated as the internal

electron transfer form, Fe(ll)(OEIBC cation radic&l).While

the values ofjn andg, are bothcloserto 2.0 in this casé? one

pounds were studied to assess their homogeneity, and the samples were
obtained from ground single crystals in apiezon or as frozen chlo-
robenzene solutions. The data were analyzed in terms of a spin
Hamiltonian model in the limit of slow or fast spin fluctuation rates,
respectively. Isomer shifts are quoted relative to iron metal at room
temperature. Proton NMR spectra were recorded on a Bruker AM250
NMR spectrometer. Samples (10 mM) were prepared in,@D

of the questions raised by the present work is whether the (Cambridge) and recorded at temperatures ranging frdi®0 to+37
unpaired electron in the isobacteriochlorin case is indeed located°C. The temperature controller was calibrated using the standard

on the iron rather than the macrocycle, or, from another point
of view, whether there is a blurring of the definitions of whether

the electron is metal-based or macrocycle-based, or again,

whether there is a facile “internal redox” possible between the

metal and macrocyclic ligand that means that both forms are
populated to some extent. This question has important implica-
tions for the rates of electron transfer and the nature of enzymatic

reactions of the so-called green hemes.

methanol and ethylene glycol VT samples (Wilmad) using the standard
calibration curve.

Synthesis of [[OEP)FetBuNC);|CIO 4. [(OEP)Fe(OCIQ)] (60 mg,
0.087 mmol) was dissolved in chloroform (7 mL) in a Schlenk flask
and approximately 0.5 mL dfert-butyl isocyanide was added. The
solution immediately changed to a cherry red color. The reaction
mixture was stirred for 5 min, and 5 mL of toluene was added. Hexane
was then layered for crystallization. After 5 days, crystals were
harvested. UV-vis (CHG] excesgert-butyl isocyanide):Amas M (log

In this paper we report the crystal and molecular structure of ¢): 405 (4.90) Soret, 535 (4.02), 559 (4.02), 685 (3.02). IR (KBr pellet),

[(TPP)Fet-BuNC),]CIO, and [(OEP)Fe¢BuNC);]CIO,, the IR,

»(NC), 2193 cmi’. EPR (CHCl, glass, 77 K): g = 2.28,g, = 1.83.

EPR, and Mssbauer spectra of these complexes, and a detailed Synthesis of [(TPP)FetBuNC),JClO,. This compound was pre-

study of thelH NMR spectrum of [(OEP)F&BUNC)]™ in
deuterodichloromethane over most of its liquid range. On the

pared and crystallized as above using either chloroform or chloroben-
zene as solvent. UV-vis (CHglexcesgert-butyl isocyanide): Amax

basis of the structural and spectroscopic data obtained, wenm (loge): 420 (5.03) Soret, 531 (3.99), 715 (2.92), 764 (2.86). IR

conclude that these are the purest examples of tha 4d(dyy)*

(36) La Mar, G. N.; Walker, F. A. iThe PorphyrinsDolphin, D., Ed.;
Academic Press: New York, 1979; Vol. IVB; pp 5161.

(37) Walker, F. A.; Simonis, U. IrBiological Magnetic Resonance,
Volume 12: NMR of Paramagnetic Molecul&erliner, L. J.; Reuben, J.,
Eds.; Plenum Press: New York, 1993; pp +234.

(KBr pellet), »(NC), 2200 cmt. EPR (CHCI, glass, 77 K):go =
2.21,g|| =1.93.

Synthesis of [(TPPYFet-BuNC),]JCIO,. [(TPPFFeCl] (60 mg,
0.085 mmol, 57% enriched) was synthesized as desctfdidsolved
in CH,Cl, (50 mL), and washed with two 50-mL portionf2M KOH
and then with water. The resultingoxo complex was converted to

(38) It must be noted that since the temperatures at which EPR and NMR the perchlorato complex by washing with two 50-mL portions of 60%

spectra are recorded;Z7 K vs ~190-340 K, respectively, there is not

HCIO, and then with 10% HCIQ The organic layer was dried over

necessarily a direct correspondence between the electron configurationgnhydrous magnesium sulfate and concentrated to 10 mL, and dry

observed by EPR spectroscopy and that observed by NMR spectro€copy.
This appears to be particularly true of the low-spin Fe(lll) complexes of
the reduced hemé§:4°

(39) Keating, K. A.; La Mar, G. N.; Shiau, F.-Y.; Smith, K. M. Am.
Chem. Soc1992 114, 6513.

(40) Licoccia, S.; Chatfield, M. J.; La Mar, G. N.; Smith, K. M.;
Mansfield, K. E.; Anderson, R. Rl. Am. Chem. Sod.989 111, 6087.

(41) More recently Simonneaux and co-workers have reported two
additional ligands that appear to yield{d,,)*(dy)* states: trifluoroeth-
ylisocyanide (Gee, C.; Legrand, N.; Bondon, A.; Simonneaux, I&org.
Chim. Actal992 195, 73) and phosphonites (Guillemot, M.; Simonneaux,
G. J. Chem. Soc., Chem. Comma®d95 2093).

(42) Sullivan, E. P.; Strauss, S. Horg. Chem.1989 28, 3093.

pentane was added. [(TPMBe(OCIQ)] was precipitated. The
precipitate was washed twice with pentane and dried (yield 60 mg). A
4 mg (0.006 mmol) portion of this complex was dissolved in 0.3 mL
of chlorobenzene in a nylon Mgbauer sample holder, and an excess

(43) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour,
J.; Korsakoff, T.J. Org. Chem1967, 32, 476.
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711.
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Table 1. Crystallographic Data for [(TPP)ReBuNC)2]CIO, and [(OEP)FefBuNC),]CIO,4

molecule [(TPP)Fe&{BuNC)]ClO4-(CeHsCl)o.75 [(OEP)Fet-BUNC)]CIO,
formula C54H41C|Fe’\h04‘(C6H5C|)0,75 C46H62C|Fe’\L304
FW, amu 1013.68 854.34
a A 10.507 (13) 9.756 (6)
b, A 13.494 (38) 15.065 (8)
c A 37.158 (98) 17.753 (8)
o, deg 90.0 67.38 (5)
S, deg 92.63 (22) 82.29 (4)
y, deg 90.0 74.43 (4)
Vv, A3 5263 (36) 2318.5(8)
space group P2i/c P1
crystal system monoclinic triclinic
VA 4 2
u, mnr? 0.418 0.427
temp, K 293 (1) 293 (1)
R 0.104 0.052
R, 0.116 0.073

(2 drops) oftert-butyl isocyanide was added, sealed, frozen, and used ment was used for all non-hydrogen atoms. Hydrogen atoms were
for solution Mtssbauer measurements. included as fixed, idealized contributors. The refinement converged
Structure Determinations*” A suitable dark purple crystal of to a final value ofR = 0.104 andwR, = 0.116. The maximum and
[(OEP)Fef-BuNC),]CIO, was examined with graphite-monochromated minimum electron density on the final difference Fourier map was 0.62
Mo Ka radiation on an Enraf-Nonius CAD4 diffractometer at 293 K. and —0.68 e//&, respectively. Final atomic coordinates are listed in

Precise values of unit cell parameters were determined by least-square§able S2.

treatment of setting angles of 25 reflections. Final cell constants are

reported in Table 1. Profiles of a total of 9545 reflections wié 2 Results and Discussion

54.9 were measured using tle—20 scan technique. Four standard

reflections were monitored during data collection, and no significant  Structures of the Bis(isocyanide) Complexes.The com-
decay was observed. The intensity data were reduced using theplexes [(TPP)Fe&{BuNC),]CIO, and [(OEP)F&¢(BUNC)]CIO,
Blessing® data reduction programs with corrections for Lorentz and have been characterized by UV-vis, IR, EPR;ddbauer, and
polarization effects. A total of 6716 reflections willy = 3.00(F))  gjngle.crystal X-ray structure determinations. [(TPP)Fe(
were considered as observed and used in all subsequent CaICUIatlonSBuNC)z]+ has previously been characterized By NMR

The structure was solved by direct methods using MULTANThe -
positions of 46 non-hydrogen atoms were found. The remaining atoms spectroscopy; and [(OEP)FefBUNC)]CIO, has been similarly

were found in difference Fourier maps. For all non-hydrogen atoms, characterized in the present work. The molecular structure of

anisotropic full-matrix least squares refinement was used. Hydrogen [(TPP)Fe{-BUNC)]CIO, is displayed in Figure 1 which also
atoms (whose locations were suggested by difference Fourier) wereshows the numbering scheme for the atoms. Averaged values
included in subsequent cycles of least-squares refinement as fixed,for the chemically equivalent bond distances and angles are
idealized contributors (EH = 0.95 A, B(H)= 1.3 x B(C) A?). The shown in Figure 2; complete distance and angle tabulations are
maximum electron density on the final difference Fourier map was given in the Supporting Information. The average values for
0.49 _e/,&’ atQ.97Afrom the Fe atom and the minimum was 0.42elA  the distances and angles within the porphyrin core are not
The final refinement converged to a conventioRal= 0.052 andR; remarkable. However, the average-f¢s bond distances of

= 0.073 and goodness of fit w&= 2.17. Final atomic coordinates . . . .
are listed in Table S8, 1.951(23) A is quite short for a low-spin iron(l1l) porphyrinate.

A crystal of [(TPP)FetBUNC),]CI0,+0.75(GHsCl) was examined A second qoteworthy and important feature is the core cc_)nfor-
with graphite monochromated MocKradiation on an Enraf-Nonius ~ Mation.  Figure 2 displays the values of the perpendicular
FAST area detector diffractometer at 293 K. Unit cell parameters were displacements, in units of 0.01 A, from the mean plane of the
determined from 250 reflections collected for three rotations, separated 24-atom porphyrin core. The strongfruffling of the core is
by 45°. Data collection procedures with an area detector are described quite apparent. Indeed, this compound is among the most
elsewheré? a summary is given in Table S1. Intensities of all strongly ruffled iron(lll) derivatives yet characterized. As
reflections were reduced using Lorentz and polarization corrections. A pointed out by Hoar82 core ruffling and short M-Np bonds
total of 4551 reflections were considered as obserigd-(1.9(F,)), are tightly coupled parameters, with core ruffling leading to

of which 2664 were unique. The structure was solved by Patterson shortened M-Np bonds. In general, it has been presumed that

methods from the SHELXSB6 progrélf Positions of most atoms were the coordination requirements of the metal ion leading to short

revealed. Several atoms from a phenyl ring and a perchlorate anion .

and all from a chlorobenzene molecule were found in subsequent M —Np bonds predominate and ruffled cores thus ensue.

difference Fourier maps. Anisotropic full-matrix least-squares refine- ~ The shortest FeNp distance for a low-spin iron(lll) complex
(47) An initial structure determination for [(TPP)E&UNC)]CIO4 was is the 1.937(12) A-value found for [(TMP)Fe(2-Melmdti)

undertaken, but not completed. The cell was similar to the one reported ClO,;*2 this species also has a strongly ruffled porphyrinato core.

here (thec-axis was approximatgl2 A longer and contained additional ~ FoOr this complex, the origin of the strong ruffling and the
solvent). All structural results were essentially the same as for the derivative concomitant short FeNp bond distances are the steric interac-
reported hergln. Nasri, H.; Haller, K. J.; Scheidt, W. R., unpublished. tions between the porphyrin core and the bquy axiahfeth-
(48) Blessing, R. HCryst. Re. 1987, 1, 3. L . . .
(49) Programs used in this study included SHELXS86 (Sheldrick, G. Ylimidazole ligands, which are found in orthogonal planes. The
M. Acta Crystallogr., Sect. A99Q A46, 467), local modifications of Main,
Hull, Lessinger, Germain, Declerg, and Woolfson’s MULTAN, Jacobson’s (50) Scheidt, W. R.; Turowska-Tyrk, Inorg. Chem.1994 33, 1314.
ALLS, Zalkin's FORDAP, Busing and Levy’'s ORFFE and ORFLS, and (51) The numbers in parentheses for this and other averages represent
Johnson’s ORTEP2. Atomic form factors were from Cromer, D. T.; Mann, an esd calculated on the assumption that all averaged values are drawn
J. B. Acta Crystallogr., Sect. A968 A24, 321. Real and imaginary from the same population. The relatively large value seen in the TPP
corrections for anomalous dispersion in the form factor of the iron atom derivative but not the OEP derivative reflect the lower precision obtained
was from Cromer, D. T.; Liberman, D. J. Chem. Phys197Q 53, 1891. for the TPP structure. Nonetheless, there is good internal consistency
Scattering factors for hydrogen were from Stewart, R. F.; Davidson, E. R.; between the two derivatives.
Simpson, W. TJ. Chem. Phys1965 42, 3175. (52) Hoard, J. LAnn. N. Y. Acad. Scll973 206, 18.
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Figure 2. Formal diagram of [(TPP)FEBUNC)]" showing the

displacements of the atoms, in units of 0.01 A, from the mean plane of .
the Zﬁ-atom core. Avelrageﬂ values of bond distances and angles in the di;)?:yerg?:]e;%i:esggg ;:gewi(t)ff] t[ffgﬁfr)n T)fl}ijrll\lgcs?zgr?;?n‘; ll‘zr the
porphinalo core are aiso shown. atoms. Averaged values for the chemically equivalent bond

) distances and angles are shown in Figure 4; distances and angles
bulky methyl groups are accommodated by a ruffling of the \ithin the porphyrin core are unremarkable. Complete distance
core with the short FeNp bonds thus following. For [(TPP)-  ang angle tabulations are given in the Supporting Information.
Fet-BuNC)]CIO,, there are no apparent steric reasons for the A ryffled core and relatively short FeNp distances are again
observed conformation, which immediately leads to the conclu- noteworthy features that are clearly seen in the figures.
sion that the ruffling and short FeNp distances result from Although the porphinato core is not as ruffled as in the

electronic factors. _ analogous TPP derivative, the magnitude of the ruffling is still
In order to further test the idea that the ruffled core gypstantial. The ruffling also leads to an average Rebond

conformation and the resultant short-Hép bonds in bis-  gistance of 1.9769(13) A, again quite short but not as short as

(isocyanide)(porphyrinato)iron(lll) complexes result from elec- i, e TPp derivative, consistent with the lesser degree of

tronic effects, we have determined the molecular structure of \ ing - we believe that at least part of the variation in ruffling
the octa}ethylporphynn_ana_llogug, [(OEP)FB('NC)Z]QO“: A . results from differences in the intrinsic core flexibility of the
comparison of otherwise identical TPP and OEP derivatives two types of porphyrin ligand® However, the relatively

I('Vllmlh ?n)é'meltal) ShIOWS that the OEPhder![\r/]anves grel mUCI‘ll MOre nusual stereochemistry allows us to conclude that these coupled
Ikely to display a pianar core even when the preciSely analogous gy +ra| features of core ruffling and short-H¥s bonds are
TPP derivative shows a substantially ruffled core. Indeed,

significantly ruffled cores in OEP derivatives are quite rare, and ~ (53) Cheng, B.; Munro, O. Q.; Marques, H. M.; Scheidt, W. R.
to our knowledge there are none for iron(lll) derivatives. Manuscript to be submitted.
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Table 2. Selected Bond Lengths and Distances in [(TPR}BalCN),]JCIO4 and [(OEP)FafBuCN)]CIOs»
A. Distances, A
bond TPP OEP bond TPP OEP
Fe—N(1) 1.962 (16) 1.9848 (23) FeC(1) 1.928 (22) 1.929 (3)
Fe—-N(2) 1.954 (16) 1.9515 (28) FeC(6) 1.902 (18) 1.925(3)
Fe—N(3) 1.969 (15) 1.9771 (24) C(EN(5) 1.129 (22) 1.145 (4)
Fe—N(4) 1.918 (16) 1.9944 (28) C(6N(6) 1.117 (20) 1.144 (4)
B. Angles, deg
angle TPP OEP angle TPP OEP
N(1)—Fe—N(2) 91.0 (6) 89.95 (10) C(HFe-N(3) 94.1 (8) 96.94 (11)
N(1)—Fe—N(3) 178.5 (6) 179.55 (10) C(HFe—N(4) 91.2 (7) 84.25 (12)
N(1)—Fe—N(4) 89.0 (6) 90.08 (11) C(6)Fe—N(1) 88.8 (7) 96.10 (11)
N(2)—Fe—N(3) 90.5 (6) 90.43 (11) C(6)Fe—N(2) 88.4 (7) 90.91 (12)
N(2)—Fe—N(4) 179.2 (6) 179.34 (9) C(6)Fe—-N(3) 91.3(7) 83.66 (12)
N(3)—Fe—N(4) 89.5(7) 89.55 (11) C(6)Fe—N(4) 92.3(7) 89.74 (12)
C(1)-Fe—N(1) 85.9 (7) 83.26 (11) C(6)Fe—-C(1) 173.6 (8) 173.96 (12)
C(1)-Fe—N(2) 88.0 (7) 95.09 (12) FeC(1)—N(5) 174.8 (9) 166.34 (26)
Fe—C(6)—N(6) 173.8 (9) 169.80 (26)

aThe numbers in parentheses are the estimated standard deviations.
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the Fe-C bond distance is 1.798(10)%. Collins et al %8 have
reported that two isocyanides can be the trans axial ligands to
iron in an iron(IV) macrocycle; in this case the-F€ distances

are 1.973 and 1.965 A. The £€ bond lengths can be
compared with the FeC distances in six-coordinate mono- and
bis(cyano)iron(lll) derivatives and are similar to slightly
longer>9-52

Infrared Spectra. The IR spectra of the complexes exhibit
v(NC) stretching frequencies at 2193 and 2200 tifTable 3)
compared to 2127 to 2143 cthobserved for the free ligarfd.
These frequencies are not unusual for metal complexes of
isocyanide.

UV-vis Spectra. The UV-vis spectra of the isocyanide
derivatives are typical of metalloporphyrin derivatives with
neutral porphyrin rings. In particular, they are quite unlike that
reported for carbonyl(pyridine)iron(ll) tetrabenzporphytitat-
ion radical®* This zz-cation species has the typical broad, very
weak bands in the visible region, quite unlike those of the
isocyanide derivatives.

Figure 4. Formal diagram of [(OEP)FeBUNC)]* showing the EPR Spectra. The EPR spectra of [(TPP)ReBUNC),]CIO,
displacements of the atoms, in units of 0.01 A, from the mean plane of in the polycrystalline solid state and in frozen &Hp solution
the 24-atom core. Averaged values of bond distances and angles in thegre shown in Figure 5. As can be seen, the spectra are extremely
porphinato core are also shown. similar in these two media, witgy = 2.20,g, = 1.94 in the
driven by electronic factors specific to the nature of the axial S°lid state andj; = 2.21,g; = 1.93 in frozen solution. EPR
isocyanide ligands. g-values and crystal _f|eld parameters c_alculated for_ both
Table 2 presents the distances and angles around the ironCOMPIexes are listed in Table 3, along with the coordinated
(Il) atom in the two complexes. The lack of ideal geometry 1Socyanide N-C stretching frequency(NC). The crystal field
around the iron(lll) atom in both complexes is immediately Parameters, the rhombic splitting/4, tetragonality A/4, and
evident in the ORTEP diagrams (Figures 1 and 3) and the valuestombicity, V/A,1"*¢are indicative of a nearly pure (998%)
in the table. The €Fe—Np angles vary between 897° and (dxy)* character with little spin-orbit mixing with the.gand d,

the C—Fe—C angles are decidedly nonlineas74). The Fe- orbitals. It should be noted that the Taylor model as used here
C—N groups are also not quite linear. A similar lack of ideal ignores electron delocalization and does not enforce normaliza-

geometry around the iron atom was seen in a bis(isocyanide)-
iron(Il) porphyrinate compleX* The average FeC distance 56, 3501.
in the OEP derivative is a short 1.927 (3) A; the values in the  (57) Hahn, F. E.; Tamm, MJ. Chem. Soc., Chem. Comm@895 569.
; imi i (58) Coallins, T. J.; Fox, B. G.; Hu, S. G.; Kostka, K. L.; Mck, E.;
TPP specu'e&s are similar. These dl_stances are somewhat Short“?{ickard, C.E. F.. Wright, L. 30, Am. Chem. S04093 114 8724,
(1'90_1(3) ) in the analo_gous 'ron_(”) sp_e(ﬁésand are (59) Scheidt, W. R.; Haller, K. J.; Hatano, K. Am. Chem. S0d.98Q
consistent with expected differencesznbonding between a 102 3017. _ _
d® and a @ metal ion. There are also two bis(isocyanide)- K (6H0)tSChe}l<dtl, W. R(.:;hLee,l;(é ;2 2Lu1a5nl%dllok, W.; Haller, K. J.; Anzai,
: g 56 .; Hatano, K.Inorg. Chem. ) .

(phthalocyanato)iron(ll) derivativé8;>6each has Fe_C bonds (61) Scheidt, W. R+ Hatano, Kicta Crystallogr., Sect. @991, C47,
of 1.911 to 1.913 A. To our knowledge there is only one 2201.
nominally iron(Ill) derivative; in this organometallic derivative (62) Schappacher, M.; Fischer, J.; Weiss|rierg. Chem1989 28, 389.

(63) Malatesta, L.; Bonati, F. Insocyanide Complexes of Metals
Wiley-Interscience: London, 1969; p 25.

(64) Vogler, A.; Rethwisch, B.; Kunkely, H.; Huttermann, Angew.
Chem., Int. Ed. Engl1978 17, 952.

(56) Hanack, M.; Renz, G.; Strahle, J.; Schmid]JSOrg. Chem1991

(54) Jameson, G. B.; Ibers, J. korg. Chem.1979 18, 1200.
(55) Hanack. M.; Renz, G.; Strahle, J.; Schmid,Chem. Ber.1988
121, 1479.
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Figure 5. EPR spectra of [(TPP)FeBuUNC)]CIO, (a) as the ground
polycrystalline sample and (b) in a GEl; glass, both recorded at 77
K.

Table 3. Infrared and EPR Data for [(OEP)FEe§uNC),]CIO, and
[(TPP)Fe{-BuNC)]CIO,4

[(TPP)Fet-BUNC),]CIO,

[(OEP)Fet-BuNC),]CIO,

»(NC), cnT? 2200 2193
Frozen CHCI, Glassy EPR Spectra
oo 2.21 2.28
o 1.93 1.83
> 02 13.49 13.75
V/A2 0.00 0.00
AlA2 —8.33 —5.47
VIA2 0.00 0.00
%d.y 98% 95%

a Calculated assuming Taylor’s “proper axis system”, vaith= —0gx
=goandg, = —gu.'8

tion of the unpaired electron wave function. We have explicitly
chosen the direction to be the heme normal agdof the axial
EPR spectrum to bg, for the Taylor model (see footnote, Table
3). This is consistent with the effective geometric axial
symmetry and all other physical measurements.

For these “purest” (g)* electronic ground states of Fe(lll)
porphyrinates found thus far, thgvalues lead to & ¢?> =
13.49-13.75,A/A = —8.3 to—5.5 (the negative sign indicates
that d, and d, are lower in energy thansg and an average
g-value of 2.12-2.14. Thus, a considerable amount (compared
to [(TPP)Fe(4-CNP¥]CIO4, whereg? = 14.76 andlgl=
2.2283) of orbital angular momentum is quenched in these
complexes, yet thg-values clearly identify the unpaired electron

as predominantly occupying a metal d rather than a porphyrinate

ot molecular orbital composed of C and Maubitals. (However,

IH NMR results discussed below indicate that the porphyrinate
character is large~19%).) The difference ig-values in this
case still corresponds to a magnetic field differenge+HHp

= 380-540 G, which ismuchlarger than that observed for the
bist-BuNC) complex of the reduced heme (octaethylisobacte-
riochlorin) complex, (OEIBC)Fe(lll) €40 G)*2 or for anion
radical complexes of Ni(ll) porphyrins or chlorins:20 G)%°
(The latter have a different electronic ground stadey((*)) %,

J. Am. Chem. Soc., Vol. 118, No. 48, 192815
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Figure 6. Mossbauer spectra of polycrystalline [(OEPYBUNC),]-
ClO, (upper trace) and [(TPP)ReBUuNC)]CIO, (lower trace) at 150
Kina 4.6 T field parallel to thez beam. The solid line is a simulation
based on a spin Hamiltonian in the fast fluctuation limit with the
parameters listed in Table 4.

than that of interest here, but are probably representative of the
possible degree of splitting of; andg of a carbon-based radical
center; fewlow-temperatureEPR spectra of3a)! ground-
state cation radical centers have been reported thus far.)
Therefore, it is not yet clear whether there is a smooth transition
from the (dy)* ground state, with small contributions from spin-
orbit coupling, to the3ap)! ground state, or whether these two
cases can clearly be distinguished on the basis of a significant
difference in g andg, values alone. We have found, however,
that almost identical EPR parameters are observed for the bis-
N-methylimidazole complex of bis(dimethylglyoximato)iron-
() (go = 2.256,g, = 1.950)% suggesting that thesmuld be

the limiting g-values for a “pure” (d)' ground state. For
reasonable values af/A of —6 to —10 or even—15, thesmallest
possible g — gy value is 0.15, corresponding to a peak
separationAH = H, — Hp of about 230 G at X-band (even for
an unreasonably larg&/A = —20, AH = 170 G), and so the
“gap” between this point and the20 G peak separations of
simple porphyrin radicaf§ would have to be filled by systems

in which there is complete delocalization between megghdd
porphyrin p orbitals. Thus, the 40 G separation of [OEIBC)-
Fet-BuNC)]™ 42 remains intriguing and in need of further
characterization, and other systems which may allow narrowing
this gap should be sought.

Mossbauer Spectra of the Bis(isocyanide) Complexed.he
Md&ssbauer specta of the two bis(isocyanide) complexes, in pure
form, displayed a single quadrupole doublet that was magneti-
cally broadened even at ambient temperatures, the left line being
broader than the right. The quadrupole splitting decreased
slightly with increasing temperature, in the case of [(OEP)Fe-
(t-BUNC)CIO, from AEq ~2.06 mm/s at 4.2 K te~1.67 mm/s
at 300 K. Polycrystalline samples showed further magnetic
broadening in a 200 mT field at 4.2 K, but under these
conditions the magnetic hyperfine interaction was largely
averaged out by spin fluctuations.

In strong fields the doublets were observed to split in the
manner expected for a negative quadrupole interactigns
0, and small asymmetry parameter= (Vix — Vy)/Vz as
illustrated in Figure 6. The temperature dependence of the
splittings at constant field, moreover, allowed us to draw
conclusions about the sign and approximate symmetry of the

(65) Fajer, J., personal communication.

(66) Young, D. M. and Walker, F. A., unpublished results.
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Figure 8. Mdssbauer spectrum of [(TPH}e¢-BuNC)]CIO, in frozen
chlorobenzene solution at 25 K in a 4.3 T field parallel to heeam.
The solid line is a simulation based on a spin Hamiltonian in the limit
of slow spin fluctuations with the parameters listed in Table 4.
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Table 4. Mdssbauer Parameters of [(OEP)YFB(UNC),]CIO, and

[(TPP)Fe(-BUNC)ICIO.
Figure 7. Mossbauer spectra of [(OEPFet-BuNC),]CIO, in frozen OEP
chlorobe_nzene solution at 4.2 K in a 220 mT field _parallel (top) and polycrystalline solution TPP
perpendicular (bottom) to thebeam. An extraneous line at 0.31 mm/s (150 K) (4.2 K) solution (4.2 K)

was subtracted as discussed in the text. The solid lines are simulations

based on a spin Hamiltonian in the static limit with the parameters AEQ” (mm/s) — —1.93 —1.80 —1.89
listed in Table 4 U 041 —0.14 0.09

: T (mmis) 0.23 0.31 0.36
_ _ _ o _ A(gyiy) (T)  (20.6,13.4,  (18.8,12.2, (8.7, 2.3,
internal field and hence the magnetic hyperfine interaction. The —23.4) —36.3) —34.2)

last step of this argument rests on the approximate isotropy of o, 8, y°(deg) (0,41, 0) (9,18,0) (0,14,0)

g”. To be specific, for negativé;,the left line of the quadrupole a AEq is given the sign oW or the quadrupole tensor component
doublet arises from thgl/2 +-1/2(%to |3/2£3/20nuclear transi-  of largest magnitude® Euler angles that describe the rotation from the
tions, and since the splitting of this feature was observed to principal axes ofy andA to the axes of the quadrupole tensor.
increase with temperature at constant field, the internal field . .
and hence the produgtA, must be negative. The right (higher Flgur7e 8 shows a frozeq chlorobenze_ne solution spectrum of
energy) line of the quadrupole doublet, on the other hand, arises[(Tpp.)5 Fe(['BUNC.:)Z]Clo": Ina 4'3.'3 T f|gld _at 25 .K .W'th a
from the|1/2 41/2[to |3/2 A1/20nuclear transitions, and since superlmposepl spin Hamiltonian simulation in the limit of slow
the splitting of this feature was observed to decrease with spin fluctuation rates. The parameters deduced from the

increasing temperature at constant field, one concludes that theS'mUI‘letIOn are listed with thosg of the_ OEP derivative In Table
. ) : . 4. Strong fields allow one to differentiate between positive and
productg-Ag must be positive. The simulation shown as solid

S . - .~ negative hyperfine couplings or, more correctly, products of
o o e e S e sfiecieg: anIATEISOrSGA. A% can be see i e e
the limit of fést spin fluctuation rates and that the right feature both bis(isocyanide) complexes have identical signs and com-

. pin Ti 9 parable magnitudes for corresponding components of the
approximates this limit more closely than the left one. For the

TPP derivative (lower tr f Fiqure 6). no simulation is shown magnetic and the electric quadrupole tensors. No striking
. erivative (lowe wrace ot Figure ), nos uiation IS SNOWN - giterences between crystalline and solution samples are notice-
since the left feature is far from the fast fluctuation limit.

able either, apart from the different rates of spin fluctuations,

In order to resolve magnetic hyperfine interaction in the of course. Obviously, the electronic structure of the iron must
opposite limit of slow spin fluctuation rates we studied pe pearly the same in the two compounds.

chlorobenzene solutions 6fFe-enriched TPP and OEP bis-
(isocyanides). Figure 7 shows 4.2 K spectra of [(CER(¢-
BUNC),]CIO, in fields of 220 mT. Practically identical spectra
were observed up to 15 K, indicating that a static spin

A comparison of the parameter sets in Table 4 reveals striking
similarities in the hyperfine interactions of the two bis-
(isocyanide) complexes. The magnetic as well as the electric
guadrupole interaction have roughly axial symmetry arognd

Hamiltonian applies at these temperatures. Spectral simulationshe direction of the smallest component of téensor, which
based on such a model are indicated by the solid lines in Figurecan be assumed to coincide with the heme normal. The product
7. They match the spectral shapes reasonably well andgA, is negative, while both perpendicular components are
reproduce, in particular, the dependence of the slope on thepositive, as was already argued qualitatively in connection with
direction of the field. The hyperfine parameters deduced from Figure 6, based on the temperature dependence of the high-
the simulations are listed in Table 4; their discussion will be field spectra. The quadrupole interactions show a related pattern
combined with that of the related parameters of the TPP of approximate axial symmetry. The asymmetry paramefers
derivative discussed below. It should be noted that the spectraare small, and the components of largest magnitude are negative,
of Figure 7 have been corrected for the presence of ansuggesting extra electron density along the approximate sym-
extraneous line and may contain residual correction artifacts. metry axis or less electron density in the perpendicular plane.
The5"Fe-enriched solution sample of [(OEP)FBUNC)]CIO4 While a small rotation of the quadrupole tensors by Euler angles
actually contained a single-line impurity a&t= 0.31 mm/s, o andg relative to the axes of the magnetic tensors improved
which had also been encountered in earlier polycrystalline the simulations, the main features of the spectra could be
preparations. Since this extraneous line, which accounted forreproduced with coaxial tensors as well. By and large, therefore,
only 20% of the spectral area, had a peak absorption of aboutin the bis(isocyanide) complexes the heme normal appears to
5% on the scale of Figure 7 and evidently was not affected by be the symmetry axis of the quadrupole tensor as well as of the
the magnetic field, we have subtracted it for clarity in both traces magnetic tensors. Moreover, the suggested lower electron
of Figure 7. density in the heme plane is consistent with,g fible, the
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electron configuration already proposed on the basis of the B-CH,
unusualg-values and the pattern of proton NMR shifts discussed +Bu B
below. s

The signs and magnitudes of the magnetic hyperfine com-  «CH,
ponents, finally, are compatible with &dhole as well. Given
the wave functions of thexd hole as deduced from Taylor’s

modeli8 one can calculate tha-tensors according to Larfg. meso-H
Since orbital reduction was ignored in Taylor's model, we set

k=1 as well, and we adopt the valwe= 0.35, wherec scales x AN
the isotropic Fermi contact term of the magnetic hyperfine tensor JU_J{

relative to the orbital and spin dipolar terms. The result is
Al(gnpn) = P[—0.234, 0.234, 0.752] for the OEP aAdgnSn)
= P[—-0.132, 0.132, 0.812] for the TPP derivative. HePds
an overall scale factor, which assumes a maximum value of
= 64 T. Comparing these predictions with the empirical
A-values of Table 4, it is clear that they match the symmetry
but not the magnitude as long &sis kept at its maximum.
Since P is proportional toli—3of the unpaired electron and
therefore decreases as the spin is delocalized, it is fair to treat
it as a scale factor that can be adjusted to match the data. The o
best match<{12.0, 12.0, 38.5)T for OEP ane-6.6, 5.6, 34.2)T
for TPP requires reductions iR from its maximum by 20%
and 34%, respectively, implying very large spin delocalization -_—
in the TPP derivative. 0 -0 -20 30 -40 -50 -60

An analogous approach predicts a valence contribution to the Figure 9. 'H NMR spectra of [(OEP)FeBUNC)ICIO; in CD;Cly

electric quadrupole splitting oAEq = —2.83 mm/s for OEP ded at (2) 303 K and (b) 195 K. Assi s of th
and—2.93 mm/s for TPP, respectively, with= 0 in both cases. frgoéivin ?n ((?). and (b) - Aissighments of fhe resonances

Here, it has been assumed that a single 3d electron in a pure

crystal field eigenstate produces a splitting#o = 3 mm/s.  gg|ocalization of the unpaired electron intesymmetry orbitals

Again, the prediction has the correct symmetry but too large a o the porphyrinate ring having large electron density at the

magnitude. The discrepancy in scale can be blamed onmegecarbon positions but very small electron density at the

delocalization as an analogous facibriClcontrols the scale of B-pyrrole carbon positiorf$:6° The Curie plot, while apparently

the valence contribution, but here the average includes all 3d|inear for each type of proton, does not extrapolate to zero at

electrons. The most plausible explanation is full occupancy of infinite temperature for either the-CH, or meseH groups of

the d; and g, orbitals and roughly/; of an electron in g as  the OEP ligand, as shown in the dashed lines of Figure 10. These

a result ofr .donatlon from the porphyrn?oagu orbital. Such _ two positions of the porphyrinate ring, tffepyrrole andmese

an explanation matches the 34% reduction of the magnetic ;5o positions, are extremely sensitive to the expected electron

hyperfine coupling in the TPP derivative noted above as well gensity distribution in the filled porphyrinateorbital involved

as the Iarg_e spin density observed m#@, orbital from proton in spin delocalization by porphyrin- Fer donationt86° While

NMR studies of the OEP complex discussed below. ~ the3ey(x) orbitals have nodes at tieesopositions and fairly
Thus, Mtssbauer spectroscopy can clearly differentiate large electron density at tiiepyrrole positions, only th8ap ()

between these two possible electron configurations as well asgpital has essentially zero electron density atgq/rrole but

between the (d,dy)*(dy)* and (dy)*(0kdy)* ground states. For  yery Jarge electron density at theesecarbon position& The

systems having the latter pure electronic ground statEg, is largemeseH contact shift! observed for this complex is about
large AEq = +2.28 mm/s for [(TMP)Fe(N-Melm]CIO.?), 19% that which can be calculated for theeseH of a full
while for systems having somewhat “mixed” ground statets, 3ay () 7 cation radical species, based upon the EPR data
is small AEq = 0.65 mm/s for [(TPP)Fe-(4-CNPJIO,"), obtained for [Zn(Me)P]+.72 While this comparison may not

andAEg is again large (and negative)kq = —1.89 mm/sfor  pe guantitatively meaningful because of the probable large
[((TPP)Fet-BUNC)]-ClO, (this work)) for cases in which the  gifference in core conformations of these two porphyrinates, it
ground state is fairly pure (dd)*(dy)". Thus magnetic  certainly indicates considerable spin delocalization tc3tag()
Mossbauer spectroscopy, in which not only the size but also gppjtal of [(OEP)FetBUNC)]CIO,. Thus, the largemeseH
the sign of the quadrupole splitting is determined, is one of the ghitts observed (Figures 9 and 10) are extremely strong evidence
most sensitive techniques for determining the nature of the for major spin delocalization from theydorbital of the metal
electronic ground state of low-spin Fe(lll) complexes. to the 3ap(7) orbital of the porphyrinate ring by porphyrir

'H NMR Spectra. Proton NMR spectra of [(TPP)Re(  Fezx donation, which is only possible if there is marked ruffling
BUNC),]CIO4 in CD:Cl, as a function of temperature have been of the porphyrinate ring, such that the prbitals of the
reported previoushf and were the catalyst for the investigations
reported herein. In this work we have investigated the proton  (68) La Mar, G. N.; Walker, F. A. IThe PorphyrinsDolphin, D., Ed.;
N.MR spectrum of [(OEP)FeBUNCRICIO, in CDCl; over a Ace(igS)e)n\ql{lcaIT([-:‘er?SI‘:.. E?stiggﬂ?s,lg.??ﬁéi\éggi% Rﬂgéhetic Resonance, Vol.
wide temperature range. Example spectra at 293 and 193 K12: NMR of Paramagnetic MoleculeBerliner, L. J., Reuben, J., Eds.;
are shown in Figure 9, and a Curie plot of the data obtained Plenum Press: New York, 1993; p 133.

over the temperature range 17310 K is shown in Figure 10. 19%0)1'501‘%2”'“9@”& H. C.. Rector, C. W.; Platt, J.RChem. Phys.
As can be seen in both Figures 7 and 8, theseH resonance (71) —84.3 ppm, corrected for the calculated dipolar shift, based on the

is strongly shifted to negative ppm values, indicating very large g-values of Table 2.
(72) Fajer, J.; Davis, M. S. InThe Porphyrins Dolphin, D., Ed,;
(67) Lang, G.Quart. Re. Biophys.197Q 3, 1. Academic Press: New York, 1979; Vol. IV; p 201.




12118 J. Am. Chem. Soc., Vol. 118, No. 48, 1996 Walker et al.

100 . n-CH, The nonzero intercepts of the Curie plot for the £ahd
P BT e meseH resonances (dashed lines shown in Figure 10) suggested
.10:1_"‘%"‘;“. that there might be a thermally-accessible excited state that
ke Tt affects the Curie dependence, as we have discussed re€ently.
= ™ s (The temperature dependence of the quadrupole splitting noticed
3040 — “‘Hc% in the M@ssbauer spectra may have the same origin.) A two-
i ADD ] H level fit of the NMR data according to eq 8 of ref 73 yields an
g o] \-.._\ energy sep.ara.tion of 295 cﬁwbetweerj the (d,d,)*(dx)* ground .
& il TPPRTY state and its first excited state, Whlch_should_ have the config-
-] '\\ uration (d»dy;)3(dx)?. The corresponding Curie plots are also
fhinisn by shown in Figure 10 as the solid lines. It is interesting to note
S0 — \ that although the energy separation between the ground state
00 “u, and the first excited state is only about 1.5Tkat room
e ] temperature, the NMR spectra are much more indicative of the

18 ' 1'0 ' EII.':- ' :|I:| : "l} ' 5'3 : sin (dky)! ground state than are those of [(TPP)Fe(4-CNPy
and [(TMP)Fe(4-CNPy] ™ "7“where there is significantly less
1000/ T guenching of the orbital angular momentum. Comparison of
Figure 10. Curie plot of themeseH anda-CH; resonances of [(OEP)-  the purest (g)* electronic ground state system, [(OEP)Fe(
Fe(-BuNC)]CIO,. The dashed lines show the linear dependence, while BUNC),]-ClO4, to green heme systems theatuld have a (g)*
the solid lines show the temperature dependence expected on the basiground state shows some striking differences. Licoetial.
of a thermally-accessible excited stdtaith AE = 296 cntt. The studied the NMR spectrum of the dicyanoiron(lll) chlorin
derived orbital coefficients for the ground and excited state orbitals complex where the chlorin ligand was pyropheophorbéde
?hr: (&_%332 ?22 %gg\?; f°r;mii'ghal‘i&%F%%i%gfgn?'sogi fgr ~ methyl estet’ and found that the pattern of isotropic shifts was
proximatezlyy ong—quarte};.an d twice those expected foBdg() an dp most consistent with partial Qelocallzatlo_n into th_e c_h_Ionn 0_rb|tal
analogous to the porphyriday () orbital. Significant in

3ey() orbitals, respectively, on the basis of simplédiel calcula- : . h

tions’ although the exact size of teeseH orbital coefficientis very ~ "€aching this conclusion was the fact that theseH of the
dependent upon the energies of theodbitals of the metal and thus ~ chlorin showed very small contact shiffs.The smallmeseH

the degree of mixing o8ey(r) and4e,(r*) orbitals, which cannot be shifts observed for the dicyanoiron(lll) complex of pyropheophor-
defined in this work. Thex-CH; orbital coefficients are in the right  bide a methyl ester ar@ot consistent with major spin delocal-
relative size order for those expected for fhpyrrole carbons for these  ization into the3ap(:z) orbital, in contrast to that for [([OEP)Re(
two orbitals pc = 0.004 and 0.051, respectively). While the value of  BuNC),]*. It will be interesting to see whether this difference
AE predicts a separation of ground and excited states much smallerjs que to the nature of the axial ligands or a combination of the

(AE/Z = 0.74 assuming. = 400 cnT) than that expected from the i) jigands and the degree of reduction of the macrocycle
value of|A/A| determined from EPR spectroscopy (Table 3), the orbital Studieg of thé-BuNC con?plex of iron(lll) pyropheophorbige
coefficients of the excited state orbital areot consistent with thvl est . . laborat

involvement of 1a,(), since that orbital has nodes at theeso a metnyl ester are in progress in our laboratory.
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porphyrinate nitrogens are significantly rotated from the normal
to the mean plane of the porphyrin ring. This rotation of the p
orbitals allows some fraction of;gharacter to be mixed into
the mean plane of the porphyrin ring, such that partial overlap
with the dy orbital of the metal is possible. This same
conclusion was reached for [(TPP)Fe(4-CNF®IO,4, as shown

in Figure 10 of ref SAFO ET AL, 1994, but the magnitude of
the population of th&ay () orbital was not estimated for that

mesephenyl complex. The considerable delocalization of the Supporting Information Available: Tables S+S12, com-
unpaired electron to thea () orbital by donation helps 1o pjete crystallographic details, atomic coordinates, anisotropic
explain the high degree of quenching of the orbital angular iparmal parameters, fixed hydrogen atom positions, bond
momentum that gives rise to a smallgfivalue for these bis-  jistances and bond angles for [(TPPYFRUNC)]CIO.
(isocyanide) complexes than has been reported for other iro”‘0.75(C5H5CI) and [(OEP)Fe{BUNC)]CIO, (23 pages.) See

(Il porhyrinates having a predominantly,(}t ground staté* any current masthead page for ordering and Internet access
and suggests that it may be possible to find other low-spin Fe- jstryctions.

(Il complexes that will more closely approach the interface

between the (g)! and @2)! ground states. It also helps to JA961971A

explain the required reduction in the 8&bauer scale factor, (73) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795.

P, by 20% for this complex, as discussed above. (74) Watson, C. T.; Shokhirev, N. V.; Walker, F. A. To be submitted.




