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porphyrins and that spectral measure of stability cannot be applied.

The phenanthroline complexes produce a pattern of shifts in
the Raman lines of the porphyrin that is quite different from that
observed for the complexes with the viologen dications or for
dimerization of the porphyrin.®® Viologen is strongly bound
electrostatically to the metallouroporphyrin anion which has a
charge of 8—. In both cases, the shift in the oxidation-state marker
line and those of the two oxidation and core-size marker lines are
nearly equal. The shifts are to lower frequency for methyl viologen
and to higher frequency for dimerization. Therefore, different
patterns of shifts are observed for these intermolecular complexes,
and the electronic structure of the macrocycle is presumably
affected in some other fashion. Further RDS studies of these
complexes are necessary to resolve these differences in electronic
structure of the porphyrin. The patterns of the Raman line shifts

for metalloporphyrins in different environments, such as in the
heme proteins,'®1%34 may then be interpreted more reliably.
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Abstract: The preparation and molecular stereochemistry of the six-coordinate high-spin anionic complex difluoro(meso-
tetraphenylporphinato)iron(ITI) are described. The complex is isolated as the 2-methylimidazolium salt. The [Fe(TPP)(F),]”
anion has a crystallographically required center of symmetry at the iron(III) atom; hence, the iron atom is centered in the
porphinato plane. The planar porphinato core is radially expanded with Fe-N, = 2.064 (3) A; this equatorial distance is
substantially larger (~0.02 A) than that observed in related species. The axial Fe-F bond distance is 1.966 (2) A. The
2-methylimidazolium counterion is hydrogen bonded to the fluoride ions of two adjacent [Fe(TPP)(F),]™ anions to form a
quasi-linear hydrogen-bonded chain. The F-~N(im) separations are 2.622 (7) and 2.695(7) A. The compound is crystallized
as the dichloroform solvate. Crystal data: triclinic, space group P1, Z = 1, a = 10.363 (3) A, b = 12.382 (3) A, ¢ = 10.094
(3) A, @ = 103.47 (3)°, 8 = 107.68 (3)°, and v = 72.90 (2)°. Diffraction data were collected by the §—26 scan method on
a four-circle diffractometer; all unique data to 26 < 59.7 were measured. A total of 4597 data points were used in the structure

determination; final discrepancy indices are R, = 0.078 and R, = 0.095.

Ferric porphyrinates have a rich and varied spin-state/stereo-
chemistry that can be controlled by manipulation of axial ligation.?
One important class is the high-spin six-coordinate species which
have radially expanded porphinato cores.* The radial expansion
of the core is conveniently measured by changes in the “radius
of the central hole”, or Ct--N distance. Relative to low-spin ferric
species, the radial expansion is about 0.055 A, the difference
between the low-spin 1.990-A value and the 2.045-A value for
high-spin species having an in-plane iron(III) atom.*> The im-
portance of a radially expanded porphinato core in the stereo-
chemistry of the heme group of a number of hemoproteins has

(1) University of Notre Dame.

(2) Nagoya City University.

(3) Scheidt, W. R.; Reed, C. A. Chem. Rev. 1981, 81, 543555,

(4) (a) Mashiko, T.; Kastner, M. E.; Spartalian, K.; Scheidt, W. R.; Reed,
C. A. J. Am. Chem. Soc. 1978, 100, 6354-6362. (b) Scheidt, W. R.: Cohen,
I. A,; Kastner, M. E. Biochemistry 1979, 18, 3546-3552. (c) Scheidt, W.R.;
Lee, Y. J.; Geiger, D. K,; Taylor, K.; Hatano, K. J. Am. Chem. Soc. 1982,
104, 3367-3374.
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been demonstrated by resonance Raman studies.’

We now report the structural characterization of a six-coor-
dinate high-spin species, the ionic complex difluoro(meso-tetra-
phenylporphinato)iron(III), [Fe(TPP)(F),]".6 Our characteri-
zation demonstrates that the species exhibits an unexpected and
unusually large porphinato core expansion. The radial expansion

(5) Woodruff, W. H.; Kessler, R. J.; Ferris, N. S.; Dallinger, R. F.; Carter,
K. R. Antalis, T. M.; Palmer, G. Adv. Chem. Ser., Symp. Ser., American
Chemical Society, in press. Terner, J.; Stong, J. D.; Spiro, T. G.; Nagumo,
M.; Nicol, M.; El-Sayed, M. A. Proc. Natl. Acad. Sci. U.S.A. 1981, 78,
1313-1317. Asher, S. A.; Schuster, T. M. Biochemistry 1979, 18, 5377-5387.
Spiro, T. G.; Stong, J. D.; Stein, P. J. Am. Chem. Soc. 1979, 101, 5482-5489.
Nagai, K.; Enoki, Y.; Kitagawa, T. Biochim. Biophys. Acta 1980, 624,
304-315. Lindqvist, L.; El Moshni, S.; Tfibel, F.; Alpert, B. Nature (London)
1980, 288 729-730. Friedman, J. M.; Lyons, K. B. Ibid. 1980, 280, 570-572.
Armstrong, R. S.; Irwin, M. J.; Wright, P. E. Biochem. Biophys. Res. Com-
mun. 1980, 95, 682-689 and references cited therein.

(6) Abbreviations used: TPP, the dianion of meso-tetraphenylporphyrin;
2MeHIm, 2-methylimidazolium cation; N,, porphinato nitrogen atom; Ct,
center of the porphinato ring.
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is in fact larger than that observed’ for high-spin ferrous species.
An earlier study of the interaction of fluoride ion with ferric
porphyrins in dimethylformamide, at low temperatures, had
demonstrated the existence of six-coordinate difluoride species
with EPR spectroscopy.! The structure of [Fe(TPP)(F),]" is also
compared with the related five-coordinate high-spin Fe(TPP)(F)®
complex.

Experimental Section

Synthesis. In the course of preparing crystals of Fe(TPP)(F),’ by HF
cleavage of the oxo bridge of [Fe(TPP)],0, two different crystalline
forms were observed. The structure of the square-bipyramidal crystals
has been described.® The second form, dark blue rhombs, were obtained
from CHCl, solutions containing residual HF and always coexisted with
a brown powder. The brown powder is probably the 8 form of Fe(TP-
P)(F) as described by Cohen et al.'® This mixture of crystals and powder
was dissolved in chloroform (~50 mg in 5 mL of CHCl;), and a meth-
anol solution of 2-methylimidazole (Nakarai Chemical Co., ~30 mg in
1 mL) was added. The color of the solution changed from dark brown
to greenish brown immediately. Crystals were grown from this solution
by vapor diffusion with 1:1 ether:n-pentane. Crystals of two different
species were always obtained: those of [Fe(TPP)],0!! and a second
material. The two crystalline species were separated by handpicking
crystals, The second species was shown by structural analysis and ele-
mental analysis to be (2MeHIm)[Fe(TPP)(F),]-2CHCI;. The infrared
spectrum was unremarkable except for the disappearance of the ~600-
cm™! Fe-F band characteristic of Fe(TPP)(F). Anal. Caled for Fe-
ClF,N¢CsoH;p. C, 58.39; H, 3.63; N, 8.17. Found: C, 58.06; H, 3.30;
N, 7.89.

Structure Determination. All measurements were derived from a
single specimen with approximate dimensions of 0.2 X 0.3 X 1.0 mm
which was mounted in a thin-walled glass capillary. Preliminary X-ray
study on a Nicolet PT automated difffractometer established a one-
molecule triclinic unit cell. A Delauney reduction did not reveal any
hidden symmetry. Thus the space group is either P1 or P1. Lattice
constants (A = 0.71073 A), a = 10.363 (3) A, b =12.382 (3) A, and ¢
=10.094 (3) A, @ = 103.47 (3)°, 8 = 107.68 (3)°, and y = 72.90 (2)°,
came from a least-squares refinement that utilized the setting angles of
30 reflections, each collected at £26, given by the automatic centering
program supplied with the diffractometer. These cell constants give a
calculated density of 1.466 g/cm?® for a cell content of FeClgF,NgCsoHs
[Fe(TPP)(F),2MeHIm-2CHCl,]; the measured density is 1.44 g/cm’.

Intensity data were collected with graphite monochromated Mo Ko
radiation at the ambient laboratory temperature of 19 = 1 °C. The 6-26
scan technique was used with variable scan rates of 2-12 ®/min. The
26 scan range used was 0.75° below Ka, to 0.75° above Ko, Back-
ground counts were taken at the extremes of the scan for a duration of
0.5 times the time required for the scan itself. All reflections having (sin
)/ < 0.690 A~ were scanned. Four standard reflections, well dis-
tributed in reciprocal space, were monitored every 50 reflections
throughout data collection. The intensities of the standard reflections
showed no systematic variation during the time required to collect the
data. Net intensities were reduced to relative squared amplitudes, |F,|?,
with correction for the absorption of X-radiation (¢ = 0.719 mm™) as
described previously.!? Reflections having F, > 30(F,) were taken to
be observed. A total of 4597 unique reflections, 72.2% of the theoretical
number possible, were used in the subsequent solution and refinement of
the structure.

For the initial structure solution, the noncentrosymmetric space group
P1 was assumed. Subsequent developments (vide infra) suggested that
the structure was better described in the centrosymmetric space group
P1, which was used in the final calculations. The structure was solved
with the direct methods program MULTAN78.!>  The positions of 47

(7) Reed, C. A.; Mashiko, T.; Scheidt, W. R.; Spartalian, K.; Lang, G. J.
Am. Chem. Soc. 1980, 102, 2302-2306.

(8) Momenteau, M.; Mispelter, J.; Lexa, D. Biochim. Biophys. Acta 1973,
320, 652-662.

(9) Anzai, K.; Hatano, K.; Lee, Y. J.; Scheidt, W. R. Inorg. Chem. 1981,
20, 2337-2339.

(10) Cohen, I. A.; Summerville, D. A.; Su, S. R. J. Am. Chem. Soc. 1976,
98, 5813-5816.

(11) Hoffman, A. B.; Collins, D. M.; Day, V. W.; Fleischer, E. B.; Sri-
vastava, T. S.; Hoard, J. L. J. Am. Chem. Soc. 1972, 94, 3620-3626.

(12) Scheidt, W. R. J. Am. Chem. Soc. 1974, 96, 84-89.
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atoms, including the iron atom, were obtained from the E map. A series
of difference Fourier syntheses, phased by these atoms, revealed two
axially coordinated fluoride atoms, two chloroform solvate molecules, and
an apparently disordered 2-methylimidazolium cation. The two chloro-
form molecules were positioned in an approximately centrosymmetric
relationship, with the iron atom located at the inversion center. The
disordered 2-methylimidazolium group appeared to possess an inversion
center at the carbon atom bearing the methyl substituent. This atom
position was related to the iron atom position by a translation of 0,0,0.5.
These observations suggested that the space group was P1, with a cen-
trosymmetric [Fe(TPP)(F),]” group (iron at the inversion center at
0,0,0), and a disordered 2-methylimidazolium group located at the center
at 0,0,0.5. Accordingly, the transformation of coordinates to the space
group P1 was made. Each atom of the disordered 2-methylimidazolium
cation was assigned an occupancy factor of 0.5. This model was refined
by full-matrix least-squares methods; there were no structural features
that appeared to be unreasonable during any stage of the refinement.
After several cycles of refinement, a difference Fourier synthesis revealed
electron density concentrations appropriately located for all hydrogen
atoms except those of the disordered group. Hydrogen atoms coordinates
were then idealized (C-H = 0.95 A and N-H = 0.87 A) and included
all hydrogen atoms of the porphyrin and the N-H’s of the cation. The
hydrogen atoms were assigned isotropic temperature factors one unit
higher than its associated atom. With these 16 hydrogen atoms included
as fixed contributors, the structure was refined to convergence by using
anisotropic temperature factors for all heavy atoms. At convergence, no
coordinate parameter shift was larger than 5% of its estimated standard
deviation (esd) and no thermal parameter shift was larger than 20% of
its esd. The final value of R, was 0.078 and that of R, was 0.095,'* and
the error in an observation of unit weight was 2.75. The final data/pa-
rameter ratio was 15.6. A final difference Fourier synthesis had one peak
(1.2 ¢/A% 0.95A from the iron atom, a second peak (0.8 e/A?) near Cly;
all other peaks were less than 0.6 e/A%. A final listing of observed and
calculated structure factors is available as supplementary material. Final
atomic coordinates and the associated anisotropic thermal parameters are
listed in Tables I and II (Table II is in supplementary material), re-
spectively.

Results and Discussion

Figure 1 presents a perspective view of the [Fe(TPP)(F),]~ anion
as 1t exists in the crystal. Figure 1 also presents the labeling
scheme for the crystallographically unique atoms and selected
interatomic separations. Selected values of individual bond dis-
tances and bond angles are given in Table III.

In addition, Figure 1 displays features of the hydrogen bond
network and the two observed orientations of the 2-methyl-
imidazolium cation in the crystal. The F.-N; separation of
2.622(7) A for the imidazolium cation in the upper right-hand
portion of the diagram is consistent!’ with a hydrogen bond be-
tween these two atoms. Moreover, the fluoride ion is less than
0.03 A out of the best plane of the imidazole group and the
F-H(N3)-Nj angle is 172.1°. The other N-H group of this cation
hydrogen bonds to a fluoride ion (F”) of the [Fe(TPP)(F),]™ anion
translated by 0, 0, 1, with an F”-N, separation of 2.695 (7) A
and a F’-H(N,)-N, angle of 170.6°. Since the 2-methyl-
imidazolium cation is disordered about the center of symmetry
located at Cy;, there is also an equivalent set of interactions in
which F and F” are interchanged. A further set of (identical)
interactions results between the remaining fluoride ion (F’) and
the imidazolium cation translated by 0,0,1. This cation is shown
in the bottom left of the figure.16 There is thus a hydrogen-bonded
chain of [Fe(TPP)(F),]” anions and imidazolium cations extending

(13) Programs used in this study included local modifications of Main,
Hull, Lessinger, Germain, Declercq, and Woolfson’s MULTANT?8, Jacobson’s
ALFF and ALLS, Busing and Levy’s ORFFE, and Johnson's ORTEP2. Atomic form
factors were from Cromer and Mann (Cromer, D. T.; Mann, J. B. Acta
Crystallogr., Sect. A 1968, 24, 321-323), with real and imaginary corrections
for anomalous dispersion in the form factor of the iron and chlorine atoms
from Cromer and Liberman (Cromer, D. T.; Liberman, D. J. J. Chem. Phys.
1970, 53, 1891-1898). Scattering factors for hydrogen were from Stewart
et al. Stewart, R. F.; Davidson, E. R.; Simpson, W. T. Ibid. 1965, 42,
3175-3187.

(14) Ry = TUF,| - |Fl /T IFo| and R, = [Ew((Fol = |FY/ Tw(F)1'/2

(15) Hamilton, W. C.; Ibers, J. A. “Hydrogen Bonding in Solids™; W. A.
Benjamin: New York, 1968; p 16. Pimentel, G. C.;: McClellan, A. L. “The
Hydrogen Bond”; W. H. Freeman: San Francisco, 1960; pp 60, 290.

(16) Alternatively, this cation orientation can be obtained by two consec-
utive inversion operations, first at C; and then at Fe.
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Table I. Fractional Atomic Coordinates in the Unit Cell
of [Fe(TPP)(F), | [2-MeHIm]-2CHCL,¢

Scheidt et al.

Table III. Selected Interatomic Distances (&) and Angles (deg)
for [Fe(TPP)(F),][2-MeHIm]-2CHC1,¢

atom 10%x 10%y 10%z
Fe 0 0 0

N, 2021 (3) 17 (2) 1138 (3)
N, -133(3) 1452 (2) -755 (3)
F -651(2) 905 (2) 1654 (2)
Ca, 2833 (4) -694 (3) 2094 (3)
Ca, 2711 (4) 839 (3) 1248 (4)
Cas 923 (4) 1999 (3) -495 (4)
Cas -1254 (4) 1975 (3) -1735 (4)
Cp, 4060 (4) -285 (3) 2850 (4)
Cp, 3992 (4) 647 (3) 2342 (4)
Cy, 437 (4) 2890 (3) ~1359 (4)
() -879 (4) 2884 (3) -2082 (4)
Cons 2240 (4) 1733 (3) 442 (4)
Crn: -2512 (4) 1643 (3) -2339 (3)
C, 3232 (4) 2460 (3) 619 (4)
C, 4562 (5) 1962 (4) 414 (4)
o 5484 (5) 2641 (4) 593 (4)
C, 5088 (5) 3799 (4) 960 (4)
C, 3785 (5) 4294 (3) 1158 (4)
C, 2854 (4) 3644 (3) 1014 (4)
C, -3629 (4) 2366 (3) -3334 (4)
C, -3447 (4) 2444 (3) -4612 (4)
o -4476 (5) 3156 (4) -5502 (4)
Cyo -5676 (5) 3770 (4) -5118 (5)
C,, -5874 (5) 3682 (4) -3872 (5)
C, -4841 (4) 2975 (4) -2982 (4)
N,b -825 (10) 67 (7) 3735 (8)
N, b -472(10)  -450(7) 5694 (8)
C,,? 0 0 5000
C.%  -1849(13)  -475(9) 3624 (11)
C.,% -1656(14)  -803(11) 4876 (12)
C, b 1220 (14) 656 (11) 5476 (16)
C,, -523(5) 3299 (4) 2758 (5)
cl, -1480 (2) 3500 (2) 3994 (2)
cl, -12242) 4348 (2) 1698 (2)
cl, 1221 (2) 3288 (2) 3642 (2)

% The numbers in parentheses are the estimated standard
deviations in the last significant figure. ° The atom refers to the
disordered cation with the occupancy tactor of 0.5.

along the ¢ axis of the unit cell. The dihedral angle formed by
the imidazolium plane and the best plane of the porphinato ligand
is 32.4°. The Fe-F-N; and Fe-F'-N, angles are nearly equal
with values of 125.4 and 124.8°, respectively. This hydrogen-bond
interaction may approximate the hydrogen bonding between the
distal histidine and the fluoride ligand in fluoromethemoglobin.!”
There are no other significant intermolecular contacts in the cell.

The earlier EPR studies of Momenteau et al.® demonstrate the
integrity of the difluoro complexes in solution at low temperature.
Momenteau et al. also detected features in the EPR spectra that
were interpreted as resulting from hydrogen bonding between F~
and added imidazole. However, the hydrogen-bonding interactions
they observed were between coordinated imidazole and ionic
fluoride. (The hydrogen-bonded species they observed were all
low-spin complexes requiring at least one imidazole ligand in the
coordination sphere).

The axial Fe—F distance in [Fe(TPP)(F),]" is 1.966 (2) A. This
Fe—F distance is only slightly longer than the values observed,
about 1.92 A, for terminal Fe!'F distances in polymeric fluor-
ides'® or in monomeric octahedral complexes.!® This axial Fe-F
distance is, however, substantially longer than the 1.792 (3) A

(17) Deatherage, J. F.; Loe, R. S; Moffat, K. J. Mol, Biol. 1976, 104,
723-728.

(18) Von der Muhll, R.; Ravez, J. Rev. Chim. Miner. 1974, [ 1, 652-663.
Von der Muhll, R.; Daut, F.; Ravez, J. J. Solid State Chem. 1973, 8, 206-212.
Von der Muhll, R.; Anderson, S.; Glay, J. Acta Crystallogr., Sect. B 1971,
27,2345-2353. Babel, D.; Wall, F.; Heger, G. Z. Naturforsch., B: Anorg.
Chem., Org. Chem. 1974, 29B, 139-148. Hepworth, M. A.; Jack, K. H.;
Peacock, R. D.; Westland, G. J. Acta Crystallogr. 1957, 10, 63-67.

(19) Haegele, R.; Verscharen, W.; Babel, D. Z. Naturforsch., B: Anorg.
Chem., Org. Chem. 1975, 30B, 462-464. Teufer, G. Acta Crystallogr., 1964,
17,1480-1485. Edwards, A. J. J. Chem. Soc., Dalton Trans. 1972, 816-818.
Knox, K.; Mitchell, D. W. J. Inorg. Nucl. Chem. 1961, 2], 253-256.

Distances
Fe-N, 2,064 (3) C,-C, 1.397 (6)
Fe-N, 2.064 (3) Cc,-C, 1.364 (6)
Fe-F 1.966 (2) C,-C; 1.362 (6)
N,-Cy,, 1.372 (4) C,-C, 1,385 (6)
N,-C,, 1.374 (4) C,-C, 1.388 (5)
N,-C,, 1.380 (4) c,-C, 1.364 (6)
N,-C,, 1.380 (4) C;-C, 1.399 (5)
Ca,-Cyp, 1.437 (5) Cy-C, 1.369 (6)
21Cm 2 1.404 (5) C,0-Cy, 1.367 (6)
C1,-Ch, 1.443 (5) C,,-C,, 1.397 (6)
Ci:-Cmn: 1.409 (4) C,5-N, 1.309 (8)
Cas-Cos 1.445 (4) C,;-N, 1.262 (8)
Cy5-Cin: 1.401 (5) C,;-C¢ 1.594 (14)
24~ Chs 1,438 (5) C.,-N, 1.379 (14)
24~ Cm 2 1.398 (5) C,,=C,s 1.356 (15)
Co:~Cyp 2 1.344 (5) C,s-N, 1.382 (16)
Cp:Crs 1.338 (6) C,,-Cl, 1.750 (5)
Cim:—C, 1.502 (5) C,-Cl, 1.727 ()
Cp.-C, 1.501 (5) c,,-Cl, 1.753 (5)
C,-C, 1.392 (6) F-N, 2.622 (7)
C,-C, 1.395 (5) F-N,” 2.695 (7)
Angles
N, FeN, 89.5 (1) Cm,C,C, 120.5 (3)
N, FeF 88.9 (1) Cim:C,C 121.0 (4)
N,FeF 92.2 (D) C,C,Cq 118.4 (4)
FeN,C,, 125.4 (2) C,C,C, 120.2 (4)
FeN,C,, 126.5 (2) C,C,C, 120.4 (4)
Ca N, Cy, 107.4 (3) C,C,C, 119.7 (4)
FeN,C,, 126.5 (2) C,C,C, 121.4 (4)
FeN,C,, 125.5(2) C,C.C, 119.8 (4)
Ca3N,Cy, 107.7 (3) C.C.C, 121.1 (4)
N,Ca; Gy, 108.7 (3) Cm.C.C,, 120.2 (3)
N,C,,Cs’ 126.2 (3) C,C.C,, 118.7 (3)
Cb:Ca,Crns’ 125.0(3) C,C,C, 120.4 (4)
N,Cy,Ch, 108.7 (3) C,C,C, 119.8 (4)
N,C4.Cin, 125.7 (3) C,C,0C,, 120.2 (4)
Cy2CayCin, 125.6 (3) C,,C,,Cy, 119.9 (4)
N,Ca3Chs 108.2 (3) C,,C.,C, 121.0 (4)
N,Ca3Cin: 125.8 (3) C,,N,C,, 106.0 (7)
13Ca23Cm: 125.9 (3) C,;N,C,, 111.2 (7)
N,C;.Ch, 108.2 (3) N,C,sN, 110.6 (5)
N,C..Chm» 126.0 (3) N,C,,C,, 117.2 (7)
Cb4CasCins 125.7 (3) N.C,;C, 131.2 (6)
Ca1Cy: Cp, 107.8 (3) N,C,.C,; 109.0 (11)
Ca:Cy . Cy, 107.3 (3) N.C,,C,, 102.9 (10)
C2:Ch:Ch, 107.7 (3) Cl,C,,Cl, 111.0 (3)
CasC.Cos 108.3 (3) Cl,C,,Cl, 109.2 (3)
Ca.Cm i Cas 125.2 (3) C1,C,,Cl, 110.9 (3)
Cy:Cm C, 116.9 (3) FN,C,, 130.6 (6)
Ca3Cn, C, 117.9 (3) N,C,, 1233 (7)
Ca: ' Cm2Cas 125.8 (3) F’N,C,, 128.1 (6)
Ca.'Cin, C, 116.6 (3) F”N,C,; 120.4 (6)
Cy:Cm,Cs 117.6 (3)

@ The estirnated standard deviations of the least significant
digits are given in parentheses. Primed atoms are related to
unprimed atoms by the transformation (—x, —y, —z), Double-
primed atoms are related to unprimed atoms by the transtor-
mation (-x, -y, 1 —z).

observed in five-coordinate high-spin Fe(TPP)(F),® again con-
firming that the axial bond distances in the five-coordinate
iron(ITI) porphyrinato species are unusually short.?

The iron(I11) atom in [Fe(TPP)(F),]” is required by the
crystallographic inversion center to be centered in the porphinato
plane. As in other six-coordinate species with identical axial
ligands,*®® the large high-spin iron(III) atom is accommodated
by an expansion of the porphinato core. One distinct difference
is, however, the magnitude of the porphinato core expansion. In
[Fe(TPP)(F),]", Fe-N, = Ct-«N = 2.064 (3) A, while in the
bis(aquo)* and bis(tetramethylene sulfoxide)* complexes Fe-N,
= CtN = 2.045 (3) A. The porphinato core expansion in

(20) Hoard, J. L. Porphyrins Metalloporphyrins 1975, 313-380. Scheidt,
W. R. Porphyrins, 1978, 3, Chapter 10.
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Figure 1. Computer-drawn model of the [Fe(TPP)(F),]” anion and the hydrogen-bond network with the 2-methylimidazolium cations. The labeling
scheme for the crystallographically unique atoms is shown. Bond distances in the coordination group and the hydrogen-bond separations are shown.

Ellipsoids are contoured to enclose 50% of the electron density.

[Fe(TPP)(F),] is even larger than that observed’ in a high-spin
six-coordinate ferrous complex, Fe(TPP)(THF),, where Fe-N

= CtN = 2,057 (4) A. It would be of interest to examine the
resonance Raman core size marker band (band IV)? of difluoro
ferric porphyrinates to ascertain that the linear correlation applies
to these species.

It can be noted that the Fe-N,, bond distances in [Fe(TPP)
(F),]” are almost as large as the average3 2.069 A value in the
five-coordinate high-spin complexes. In these latter complexes,
however, an important contributor to the large Fe-N,, distance
is the ~0.50 A out-of—plane dlsplacement of the 1ron(III) atom,;
the Ct-N core size is only 2.015 A. It is probable that the overall
negative charge in [Fe(TPP)(F),]", and the concomitant decreased
charge attraction of Fe(III) for its ligands, is the major reason
for the increased Fe—N,, bond distance relative to the six-coordinate
species*®® with neutral axial ligands (and ovetall positive charge).
The only other structurally characterized anionic porphyrmate
is the low-spin complex [Fe(TPP)(CN),]". 22 1n this species, the
Fe—N_ bond distance is 2.000 (6) A, compared with an average
1.990 A value for analogous neutral or posmvely charged species.
Although the magnitude of the increase in bond distance is smaller
in these low-spin species, both series exhibit the same trend with
the overall charge of the complex.

As is appropriate?® for a metalloporphyrin with a significantly
expanded core, the porphyrin ring is essentially planar. Figure

(21) Spaulding, L. D.; Chang, C. C,; Yu, N. T.; Felton, R. H. J. Am.
Chem. Soc. 1975, 97, 2517-2520. Spiro, T. G.; Burke, J. M. Ibid. 1976, 98,
5482-5489. Huong, P. V.; Pommier, J.-C. C. R. Hebd. Seances Acad. Sci.,
Ser. C 1977 285, 519-522.

(22) Scheidt, W. R.; Haller, K. J.; Hatano, K. J. Am. Chem. Soc., 1980,
102, 3017-3021.
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Figure 2. Formal diagram of a porphinato core displaying the perpen-
dicular displacements, in units of 0.01 A, of each atom from the mean
plane of the 24-atom core. A number of bond parameters and important
radii for the ring are also displayed.

2 displays the deviations from planarity of the atoms of the core,
as well as some other important radii. Bond distance and angles
in the porphinato core are fully compatible with an expanded core.
Averaged values for bond distances are as follows:® N-C, = 1.377
(4), C,~Cp, = 1.403 (5), C,—Cy, = 1.441 (4), and C,~C,, = 1.341
(4) A. Averaged values for bond angles are as follows: C,-N-C,
=107.6 (2)°, Fe-N-C, = 126.0 (6)°, N-C,-C_, = 125.9 (2)°,

(23) The number in parentheses following each averaged value is the
estimated standard deviation, calculated on the assumption that the individual
values are drawn from the same population.
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C,-C,—C, = 125.5 (4)°, N-C,-C, = 108.4 (3)°, and C,-C,—C,
= 107.8 (4)°. The range of values for any chemical class is
satisfyingly small.
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Abstract: The proton NMR spectra of model porphyrin complexes possessing the ferryl, FelY=0, group are reported and
assigned. The only resonance shifted well outside the diamagnetic region is that of the meso protons. Moreover, these model
compounds exhibit hyperfine shift patterns (particularly for the substituents found in natural porphyrins) that are different
from those found for other characterized iron—porphyrin complexes. Deuterium labeling of the meso position of hemin reconstituted
into sperm whale myoglobin and horseradish peroxidase reveals that both the hydrogen peroxide treated myoblobin (ferryl
myoglobin) and horseradish peroxidase compound II exhibit only meso H resonances with significant hyperfine shift and that
these shifts are essentially the same as those found in the low-spin Fe!Y=0 model complexes. Hence, the '"H NMR data can
be taken as evidence for the presence of the ferryl group at the active site of both ferryl myoglobin and compound II of horseradish

peroxidase.

The ferryl unit (Fe!'Y=0) has been proposed to describe the
heme iron in the reactive intermediates of horseradish peroxidase,
HRP, chloroperoxidase, CP, as well as the reaction product of
hydrogen peroxide with myoglobin, ferryl Mb.1"13  Evidence for
the presence of a low-spin (S = 1) iron(IV) includes magnetic
susceptibility'® and Méssbauer data of horseradish peroxidase
compound I (HRP-II).}>'" The presence of an oxo ligand has

(1) Hager, L. P.; Doubek, D. L., Silverstein, R. M.; Hargis, J. H.; Martin,
J. C. J. Am. Chem. Soc. 1972, 94, 4364-4366.

(2) Dunford, H. B.; Stillman, J. S. Coord. Chem. Rev. 1976, 19, 187-251.

(3) Yamazaki, I.; Araiso, T.; Hayashi, Y.; Yamada, H.; Makino, R. Adv.
Biophys. 1978, 11, 249-281.

(4) Yamazaki, 1. Yokota, K. Mol. Cell. Biochem. 1973, 2, 39-52.

(5) Hansen, L. K.; Chang, C. K.; Davis, M. S; Fajer, J. J. Am. Chem. Soc.
1981, /03, 663-670.

(6) Loew, G. H,; Kert, C. J.; Hjelmeland, L. M,; Kirchner, R. F. J. Am.
Chem. Soc. 1977, 99, 3534-3535.

(7) Schonbaum, G. R.; Chance, B. Enzymes 3rd Ed. 1976, 13, 363-408.

(8) Fox, J. B, Jr; Nicholas, R. A.; Ackerman, S. A.; Swift, C. E. Bio-
chemistry 1974, [3, 5178-5186.

(9) Aasa, R.; Vanngord, T. M.; Dunford, H. B. Biochim. Biophys. Acta.
1975, 391, 259-264.

(10) MclIntosh, A. R.; Stillman, M. J. Biochem. J. 1977, 167, 31-37.

(11) Chu, M_; Dunford, H. B.; Job, D. Biochem. Biophys. Res. Commun.
1977, 74, 159-164.

(12) King, N. K.; Windfield, M. E. J. Biol. Chem. 1963, 238, 1520-1528.

(13) Uyeda, M; Peisach, J. Biochemistry 1981, 20, 2028-2035.

(14) Theorell, M.; Ehrenberg, A. Arch. Biochem. Biophys. 1952, 41,
442-461.

(15) Maeda, Y.; Morita, Y. Biochem. Biophys. Res. Commun. 1967, 29,
680-685.

been confirmed by chemical reactivity for compound I of chloro-
peroxidase (CP-I)! and on the basis of 7O hyperfine structure
in the ESR spectrum of compound I of horseradish peroxidase,
HRP-1.!® 1In the latter case, the absence of proton hyperfine
splittings has been used to argue directly for the Fe!Y=0 unit,
with the second oxidizing equivalent residing on the porphyrin.
The presence of an oxo ligand in proteins one oxidizing equivalent
above the resting ferric state, HRP-II and ferryl Mb,'>!3 is not
as well documented.

1H NMR spectroscopy of paramagnetic hemoprotein provides
a particularly useful tool for characterizing the oxidation/
spin/ligation states of the iron.!%2* The largely scalar interaction
with the unpaired spin(s) at the metal induces large hyperfine shifts
for the heme substituent protons which not only permit resolution
of many of the resonances in regions outside the crowded dia-
magnetic envelope but also allow assignment of electronic structure
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