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Abstract: The molecular stereochemistry of the variable-spin (porphinato)iron(Ill) complex bis(3-chloropyridine)(octa-
ethylporphinato)iron(IIT) perchlorate has been determined at 98 and 293 K. At 98 K, where the six-coordinate molecule is
predominantly in the low-spin state, the average Fe-N,, distance is 1.994 A and the axial Fe-N distance is 2.031 A. At 293
K, the magnetic susceptibility is 4.7 up, consistent with a 55:45 thermal mixture of high- and low-spin states. The determination
of the “average” structure at 293 K yields an Fe-N, distance of 2.014 A and an axial distance of 2.194 A. These increased
distances are consistent with the presence of a substantial fraction of a high-spin state. A crystallographic resolution of spin
isomers at 293 K was accomplished. This gives resolved 3-chloropyridine ligand positions which lead to a low-spin axial Fe-N
distance of 2.043 A and a high-spin distance of 2.316 A. No motion of the iron(III) atom is required in the spin-state transition.
Crystal data: (98 K) @ = 10.798 (4) A, b = 11.400 (3) A, ¢ = 9.740 (3) A, a = 113.08 (2)°, B = 95.66 (3)°, v = 72.87
(3)°, ¥ =1053.9 A%, Z = 1, space group PT; (293 K) a = 10.929 (3) A, b = 11480 (2) A, c = 9.954 (2) A, @ = 112.27
(1)°, 8 = 94.30 (2)°, v = 73.34 (2)°, V = 1106.5 A3, Z = 1, space group PI.

A number of examples of hemoprotein derivatives possessing
an electronic structure in which the iron(III) atom is in thermal
equilibrium between the S = 1/, low-spin and the S = %/, high-spin
states have been reported. These hemoprotein species include
myoglobin and hemoglobin,!™* cytochrome P-450,>¢ and cyto-
chrome ¢ peroxidase.” Measurements of the spin interconversion
rates in myoglobin derivatives®® have demonstrated that the rates
are extremely fast (rate constants > 107 s71), Differences in the
temperature-dependent magnetic moments of various hemoprotein
species having the same axial ligands demonstrate that the protein
matrix can have a significant effect on the spin state equilibrium.
However, there is little direct information concerning the ste-
reochemical changes of the heme (i.e., the coordination geometry
of the iron(III) atom) upon a change in spin multiplicity for the
hemoproteins.

Although a large number of iron(IIT) complexes that undergo
a low-spin high-spin thermal equilibrium are known,'*!2 it was
only recently that (porphinato)iron(III) species exhibiting this
phenomenon were reported.’*'5  The observation by Hill, Buchler,
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and co-workers!* that a number of bis(substituted pyridine)(oc-
taethylporphinato)iron(III) complexes display temperature-de-
pendent magnetic moments which could be interpreted in terms
of a spin equilibrium between the S = !/, and S = 5/, states is
especially interesting. The bis(3-chloropyridine) complex displays
the largest variation in temperature-dependent moments. This
complex is reported to show a magnetic moment at 77 K corre-
sponding to an almost pure low-spin state and a moment at room
temperature appropriate for an approximately 50:50 mixture of
the low-and high-spin states. Gregson has recently reported® a
quantitative interpretation of the temperature-dependent magnetic
properties of these complexes. We have prepared one of these
species, bis(3-chloropyridine)(octaethylporphinato)iron(III), as
the perchlorate salt, hereinafter written!’ as [Fe(OEP)(3-
Clpy),](ClO4). We have determined the molecular stereochem-
istry of [Fe(OEP)(3-Clpy),] (ClO,) at 98 K by single-crystal X-ray
diffraction methods; the molecular stereochemistry at this tem-
perature is cleanly interpreted in terms of a low-spin iron(IIT)
porphyrinate complex. We have also examined [Fe(OEP)(3-
Clpy),](ClO,) at room temperature (293 K) and have interpreted
the diffraction data both in terms of the “average” structure of
the molecule'® and a crystallographic resolution!® of the structures
of the 56:44 mixture of the two spin isomers (S = */,, 1/,). This
latter analysis provides a direct description of the structural
changes accompanying the low-spin to high-spin transition in an
iron(IIT) porphyrinate. It is expected that similar coordination
group changes will be found in the hemoproteins undergoing this
spin-state transition.

Experimental Section

Synthesis of [Fe(OEP)(3-Clpy),]C10,. In a typical preparation, 200
mg (0.29 mmol) of Fe(OEP)(OCIO;)? in 35 mL of benzene was treated
with 1.0 mL (10.5 mmol) of 3-chloropyridine and allowed to stir for 1
h. A purple precipitate formed and was collected on a medium frit and
recrystallized from chloroform and Skellysolve F (180 mg, 0.2 mmol,
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69%): IR »(ClO,) 1105, 1090, 628 cm™; »(3-Clpy) 1570, 1412 cm™; Ay
(CHCl,) 360 (sh), 398, 512, 550 (sh) nm.

Large, well-formed crystals of [Fe(OEP)(3-Clpy),](ClO,) were ob-
tained via vapor diffusion of hexane into a 10:1 chloroform/3-chloro-
pyridine solution of [Fe(OEP)(3-Clpy),](ClO,). The crystals so obtained
were used for magnetic susceptibility studies and the structure deter-
minations.

Synthesis of [Fe(TPP) (3-Clpy),IC10,. [Fe(TPP)(OClO;)}* (120 mg
(0.14 mmol)) was added to a stirred solution of chloroform (50 mL) and
3-chloropyridine (3.0 mL). After 3 h, the volume was reduced to 25 mL
and upon addition of an equal volume of hexane the purple precipitate
was collected on a medium frit (110 mg, 0.11 mmol, 79%): IR »(ClO,)
1107, 1090, 628 cm™; »(3-Clpy) 1570, 1412 cm™; Ay, (CHCI,) 418, 533
(sh), 573, 635 (sh) nm.

Magnetic Data, Magnetic susceptibilities of crystalline [Fe(OEP)-
(3-Clpy),](ClO,) were measured on a Faraday balance equipped with
a Cahn-Ventron R-100 balance and a Varian Fieldial Mark I field-reg-
ulated magnet. Field strengths of 7.0, 8.0, and 9.0 kG were employed.
The sample was maintained in a nitrogen atmosphere and Ni(NH,),(S-
0,),6H,0 was used as the standard. The following diamagnetic cor-
rections were applied: octaethylporphine, 470 X 107%; 3-chloropyridine,
—63 X 107%; and perchlorate, —34 X 107 cgs/mol. No field dependence
was observed. The average magnetic moments at the given temperature
follow: 77 K, 2.7 ug; 100 K, 2.9 pg; 110 K, 3.0 ug; 133 K, 3.1 pg; 170
K. 3.3 pp; 294 K, 4.7 ug. The soli tate susceptibility data are in
agreement with those reported for the :xafluorophosphate salt.!* So-
lution susceptibilities were determined 1n methylene chloride (9.8 mg/
mL) by the Evans method?? on a Varian XL-100 Fourier transform
NMR spectrometer. The magnetic moments found are as follows: 173
K, 3.6 ug; 193 K, 3.8 up; 203 K, 3.9 ug; 213 K, 4.1 up; 223 K, 4.1 ug;
233 K. 4.3 ug; 248 K, 4.3 pug; 263 K, 4.3 ug; 273 K, 4.5 ug; 303 K, 4.5
ug; 313 K, 4.6 ug. In chloroform solution at 313 K, pee = 4.5 pg, in
agreement within experimental error of the previously reported value.!42
However, the tetraphenylporphine analogue is near the low-spin value at
room temperature (solid state) with p.e = 2.7 ug. (The diamagnetic
correction used® for tetraphenylporphine was =700 X 107 cgs/mol).

Preliminary X-ray Examination and Data Collection, A single crystal
with approximate dimensions of 0.4 X 0.4 X 0.6 mm was used in all
experiments. Preliminary examination on a Nicolet PT diffractometer
established a one-molecule triclinic unit cell, space group Pl or PI.
Measurements were made at ambient laboratory temperature (293 % |
K) and at low temperature (98 = 5 K) with a Nicolet LT-1 attachment
for the diffractometer. Least-squares refinement of the setting angles
of automatically centered reflections led to the cell constants reported in
Table I. Intensity data were collected at the two temperatures, and
details of the intensity collection parameters are summarized in Table
1. For the low-temperature data set, the crystalline sample was lost after
all intensities to 26 < 54.9° had been measured and forced termination
of data collection. Intensity data were reduced as previously described.?

Structure Solution and Refinements. The structure was initially solved
by using the 293 K data set with heavy-atom techniques.?8 The choice
of the space group P1 was confirmed by all subsequent developments
during the structure solution and refinement. The space group PI with
the one-molecule unit cell leads to the requirement that the [Fe-
(OEP)(3-Clpy),]* moiety has a crystallographically imposed center of
symmetry at the iron(III) atom. The Patterson map could be interpreted
to yield the coordinates of the chlorine atom of the ligand and most of
the atoms of the unique half of the porphinato core. Subsequent cycles
of difference Fourier syntheses yielded the remainder of the atoms of the
porphinato ligand and the axial pyridine. The perchlorate ion was found
to be disordered around the inversion center at !/,, !/,, 0. This disorder
was satisfactorily modeled with an entire C10,~ group, with atomic oc-
cupancies of 0.5, slightly displaced (~0.3 A) from the inversion center.
After several cycles of isotropic block-diagonal least-squares refinement,
a difference Fourier synthesis gave peaks convincingly located for all
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Table I, Summary of Crystal Data and Intensity Collection
Parameters for [Fe(OEP)(3-CIPy),]-ClO,

formula FeCl,0,N,C,.H,, FeClL,O,N,C,.H,,
formula wt, amu 915.2 915.2
space group Pl Pl
T,K 293 98
a, A 10.929 (3) 10.798 (4)
b, A 11.480 (2) 11.400 (3)
c, A 9.954 (2) 9.740 (3)
a, deg 112.27 (1) 113.08 (2)
g8, deg 94.30 (2) 95.66 (3)
a, deg 73.34 (2) 72.87 (3)
v, A? 1106.5 1053.9
Z 1 1
density (calcd), 1.373 1.442
g/em?
density (obsd), 1.39
g/em?
radiation graphite monochromated
Mo Ka (A =0.71073 A)
scan technique 6-20 6-20
scan range 0.6° below Ko, to 0.6
above Ka,
scan rate, deg/min 2-24 2-24
background 0.5 times scan time at profile analysis
extremes of scan
20 limits 3.5-58.7 3.5-54.9
criterion for Fy > 30(Fy) Fo > 30(Fy)
observation
unique obsd data 5228 5315
4, mm™! 0.519 0.543
R, 0.045 0.043
R, 0.063 0.062
goodness of fit 1.948 2.279

hydrogen atoms of the molecule. Hydrogen atom positions from this
Fourier synthesis were included in subsequent least-squares refinement
cycles; both the coordinates and an isotropic temperature factor for all
hydrogen atom parameters were exceptionally well-behaved in the
least-squares refinement. Least-squares refinement was carried to con-
vergence for the 399 parameters which included anisotropic temperature
factors for all heavy atoms of the structure (the parameter count includes
the refined hydrogen atom parameters). At convergence, the final values
for the discrepancy indices?” were R, = 0.045 and R, = 0.063, with a
final data/parameter ratio of 13.1. The highest peak in the final dif-
ference Fourier map was 0.44 ¢/A% and most peaks were much less than
this value. Final atomic positional parameters are listed in Table II
(supplementary material). Table II also lists the equivalent isotropic
temperature factors for atoms refined anisotropically. Table III (sup-
plementary material) gives a final listing of the anisotropic temperature
factors. The corresponding data derived from the refinement of structure
at 98 K is given as the second entry in both Tables II and III. Final
listings of the observed and calculated structure amplitudes (X10) are
available as supplementary material.

The structure of the molecule at 98 K was obtained by using the
previously determined coordinates of the core to establish phases; the
resulting difference Fourier synthesis established the coordinates of the
axial ligand. Refinement was carried out as before. At convergence, R,
= 0.043 and R, = 0.062. A final difference Fourier had its largest two
peaks of 0.6 e/A3 near the iron atom; all other peaks were <0.5 e/A3,
Final parameters are reported in Tables II and III and a listing of
structure amplitudes is available as supplementary material. A table of
refined hydrogen atom positions is given in the supplementary material.

The systematic differences between the structure of [Fe(OEP)(3-
Clpy),](ClO,) at the two temperatures were consistent with the hy-
pothesis that the room temperature structure represented the “average”
structure of the high-spin and low-spin isomers of the molecule. A
crystallographic resolution of the high-spin and low-spin forms of [Fe-
(OEP)(3-Clpy),](ClO,) at 293 K was then carried out by using full-
matrix rigid-group refinement techniques. The rigid-group description
of the 3-chloropyridine ligand was obtained from the 98 K structure. The
initial crystallographic model consisted of a single porphinato core, the
perchlorate anion, and two rigid-group axial ligands with initial atomic
occupancies of 0.5 and separated along the Fe-N,, vector so that Fe-N-
(LS) = 2.03 A and Fe-N(HS) = 2.35 A. Resolution of the two positions
of the porphinato core atoms was not attempted since the expected sep-
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Structure of (Porphinato)iron(I1I) Complex

Figure 1. A computer-drawn model is perspective of the [Fe(OEP)(3-
Clpy),](ClO,) molecule at 98 K. The labeling scheme for the crystal-
lographically unique atoms is given. Bond distances in the coordination
group are shown. Ellipsoids are contoured to enclose 50% of the electron
density.

Table V. Bond Distances in [Fe(OEP)(3-CIPy),]ClO, 2

distance, distance, distance,
type A type A type A
Fe-N,b 2.011 (1) C,-C,, 1.445(2) C,,-C,, 1.526(3)
1.990 (2) 1.447 (2) 1.531 (2)
Fe-N, 2.017(1) Cu,-Cy,, 1.384(2) N,-C, 1.342 (2)
1.999 (2) 1.388 (2) 1.349 (2)
Fe-N, 2.194 (2) CyCp, 1.447(2) N,-C, 1.346 (2)
2.031(2) 1.447 (2) 1.348 (2)
N,-Cy, 1.381(2) Cp,-C,, 1.507(2) C,-C, 1.380(3)
1.383 (2) 1.499 (2) 1.385(2)
N,-Ca, 1.381(2) Cy,-C,, 1.502(2) C,-C, 1.385(3)
1.384 (2) 1.503 (2) 1.391(2)
N,-Cq, 1.378 (2) GC,,-C,; 1.505(2) C,-C, 1.383 (3)
1.378 (2) 1.502 (2) 1.387(2)
N,-C,, 1.382(2) Cu,-C,, 1.506(2) C,-C, 1.380¢3)
1.376 (2) 1.500 (2) 1.382(2)
Ca,Chny 1.380(2) Gy,-Cy, 1.360(2) C,-Cl 1.730 (2)
1.380 (2) 1.365 (2) 1.727(2)
Ca,-Ch, 1.447(2) Cp;-Cy, 1.361(2) C1,-0, 1.436(4)
1.447 (2) 1.371 (2) 1.445 (3)
Ca;Cm, 1.381(2) C,,-C, 1.503 (3) CI,-0, 1.401(%)
1.383(2) 1.530 (2) 1.424 (3)
Cy,-Cy, 1.446(2) C,C,, 1.513 (3) Cl,-O, 1.444(6)
1.446 (2) 1.526 (2) 1.435 (4)
Ca3Cm. 1.386(2) C,,-C,, 1.526 (3) C1,-0, 1.293(5)
1.384 (2) 1.533 (2) 1.422 (3)

% The numbers in parentheses are the estimated standard devia-
tions. ® For each distance, the first line gives atomic distances at
293 K; the second line, from data collected at 98 K.

aration in coordinated between the spin isomers is <~0.05 A. Refine-
ment cycles utilized anisotropic temperature factors for all atoms except
those of the rigid groups which were assigned individual isotropic tem-
perature factors. Toward the end of the refinement, the rigid-group
constraints were slightly relaxed, with the chlorine atom of each group
allowed independent coordinates and anisotropic temperature factors.
Occupancy factors of the chlorine atoms were constrained to the same
value as their respective rigid group. The two rigid-group occupancies
were constrained to sum to unity. At convergence, the occupancy factors
for the high- and low-spin ligands were 0.56 and 0.44, respectively. Final
values of the discrepancy indices were R, = 0.0471 and R, = 0.0636. For
comparison, a refinement with a single rigid group and an independent
anisotropic chlorine atom (Fe-N = 2.193 A) gave R, = 0.0543 and R,
= 0.0746. Except for a few hydrogen atom positions, no positional
parameter of the porphinato ligand in the two rigid-group refinement
changed by more than 1¢ from the corresponding value in the completely
unconstrained refinement. Table IV (supplementary material) presents
the derived coordinates of the two pyridine ligands of the spin isomers.
A listing of the observed and calculated structure amplitudes (X10) is

Table VI, Bond Angles in [Fe(OEP)(3-CIPy),]ClO,®
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type angle, deg type angle, deg
Nl-Fe-sz 89.54 (§5) Cas=Cps—TChs 106.92 (14)
89.49 (6) 106.59 (13)
N,-Fe-N, 90.11 (5) Cas~Cps~Cyy 124.13(15)
90.07 (5) 124.66 (13)
N,-Fe-N; 90.97 (6) Cb3-Cps-C,, 128.93 (15)
90.69 (6) 128.71 (14)
Ca,-N,-Cy, 105.67 (12) Cp,-C,,-C,, 113.31 (16)
105.06 (12) 113.77 (13)
Ca3-N,-Cy, 105.80 (12) Cp,-C,,-C,, 113.34 (15)
105.09 (12) 113.72(13)
N,-Cq,-Cp, 110.09 (14) Cp;-C,,-C,, 112.52 (16)
110.58 (13) 112.23 (13)
N,-C,,~Cpn, 124.80 (14) Cps-C,,-C,, 113.12 (16)
124.85(14) 113.52 (14)
Cp.-C4,~Cin, 125.09 (15) C,-N,;-C; 117.65 (16)
124.53 (14) 118.01 (14)
N,-Cq,-Cy, 110.43 (14) N,-C,-C, 123.22(17)
110.95 (13) 122.93 (14)
N,-C4,-Cpn, 124.63 (14) C,-C,-C, 119.31 (17)
125.13 (14) 119.38 (15)
Cu;Ca;Cin, 124.92 (15) C,-C,-Cl1 119.59 (16)
123.91 (14) 119.58 (13)
N,-Cy;-Cps 110.34 (14) C,~C,-Cl 119.74 (14)
111.22 (13) 119.39 (12)
N,-Ca3Cpns’ 124.69 (14) C,-C,-C, 117.36 (19)
125.42 (14) 117.19(15)
Cbs=Cas-Cons’ 124.97 (15) C,~C,-C; 120.63 (18)
123.36 (14) 120.99 (15)
N,-Ca,~Cp, 110.06 (14) C,-C,-N, 121.82 (16)
110.96 (13) 121.49 (14)
N,-C4,~Cm, 124.49 (14) Fe-N,-C,, 127.41 (11)
124.46 (14) 127.77 (10)
Cha=Cas=Cm: 125.43 (14) Fe-N,-C,, 126.77 (10)
124.56 (14) 126.97 (10)
CaiCmiCay 126.19 (15) Fe-N,-C,, 126.60 (10)
125.22 (14) 126.72 (10)
Ca2-Cin;—Cas' 126.75 (15) Fe-N,-C,, 127.41 (10)
125.09 (14) 128.01 (10)
Ca,~Cp;-Ch, 107.16 (14) Fe-N,-C, 120.99 (12)
107.00 (13) 120.88 (11)
Ca,-Cp,-C,; 124.55 (15) Fe-N;-C, 121.33 (12)
124.87 (14) 121.08 (11)
Cp,Cp,C,, 128.26 (15) 0,-Cl,-0, 102.21 (35)
128.05 (14) 108.67 (19)
Ca,-Cy,-Ch, 106.63 (14) 0,-Cl1,-0, 103.72 (35)
106.39 (13) 108.70 (19)
Ca.-Cy,-C,, 124.59 (15) 0,-Cl,-0, 103.42 (46)
124,74 (14) 108.85 (19)
Cp,-Cp,-C,, 128.77 (15) 0,-Cl,-0, 111.47 (50)
128.85 (14) 108.42 (26)
Ca3-Cp3-Cp, 106.88 (14) 0,-Cl,-0, 121.56 (57)
106.14 (13) 112.21 (22)
Ca3-Cp,-C,, 124.36 (15) 0,-C1,-0, 111.93 (64)
124.83 (14) 109.92 (26)
Cpa—Cp;3-Cs, 128.75 (15)
129.03 (14)

@ The numbers in parentheses are the estimated standard deiva-
tions. 2 For each angle, the first line gives angles from data col-
lected at 293 K; the second line, from data collected at 98 K.

available as supplementary material.

Results and Discussion

Structure at 98 K. The structure of [Fe(OEP)(3-Clpy),](ClO,)
at 98 K is shown in Figure 1. The molecule has a crystallo-
graphically imposed center of symmetry at the iron(III) atom.
Individual values of bond distances and angles for the crystallo-
graphically unique portion of the molecule are given in Table V
and VI, respectively. Figure 2 presents a formal diagram of a
porphinato core displaying the perpendicular displacements, in
units of 0.01 A, of each unique atom from the mean plane of the
24-atom core. The deviation from exact planarity is unremarkable.
Figure 2 also presents the average values for the chemically distinct
bond distances and angles. The numbers in parentheses for these
averages and other averaged values are the estimated standard
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Figure 2. A formal diagram of a porphinato core displaying, for the
molecule at 98 K, the average values of the bond parameters. Also
displayed are the perpendicular displacements, in units of 0.01 A, of each
crystallographically unique atom of the core from the mean plane of the
24-atom core. Displacements of the centrosymmetrically related atoms
are equal in magnitude and opposite in sign.

deviations calculated on the assumption that the values are drawn
from the same population.

The molecular parameters of [Fe(OEP)(3-Clpy),](ClO,) are
clearly consistent with those expected? for a low-spin six-coor-
dinate (porphinato)iron(IIT) complex. The average Fe-N,, distance
(N, is a porphinato nitrogen atom) is 1.994 (6) A, well within
the range (1.970 (14)-2.000 (6) A) observed? 3 for other low- -spin
(porphinato)iron(IIT) complexes.’® The axial Fe-N distance is
2.031 (2) A, again well within the range of previously observed
values for low-spin species. The Fe—N(py) distance in [Fe-
(TPP)(CN)(py)]** is 2.075 (3) A and in [Fe(TPP)(N;)(py)]*!
is 2.089 (6) A. Fe-N(imidazole) distances are slightly shorter,
1.974 (24) A in [Fe(TPPe)(HIm),]CI® and 1.977 (16) A in
[Fe(Proto IX)(1-MeIm),].® The dihedral angle between the
pyridine ligand plane and the mean plane of the 24-atom core is
88.6°. The orientation of the 3-chloropyridine ligand with respect
to the porphinato core is quite favorable; the angle between the
3-chloropyridine plane and the coordinate plane containing Fe,
N,, and Nj; is 41°. This angle, frequently denoted as ¢, leads to
minimum nonbonded interaction between the porphinato core
atoms and axial ligand hydrogen atoms at a value of 45°,

In summary, the structural features for [Fe(OEP)(3-
Clpy),](ClOQ,) at 98 K are quite in accord with those expected
for a low-spin (S = 1/,) species. All other features of the structure
are normal. There are no unusual nonbonded intermolecular
distances. Despite the disorder in the perchlorate anion, the ion
is crystallographically well-behaved. The O-Cl-O angles range
from 108.4 (3) to 112.2 (2)°; the Cl-O distances range from 1.422
(3) to 1.445 (3) A.

Structure at 298 K: The Average Structure. The tempera-
ture-dependent magnetic moments of [Fe(OEP)(3-Clpy),](ClO,)
have been interpreted'416%in terms of an S = !/, t0 .S = 3/, spin
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(29) Collins, D. M.; Countryman, R.; Hoard, J. L. J. Am. Chem. Soc.
1972, 94, 2066-2072.

(30) Little, R. G.; Dymock, K. R.; Ibers, J. A. J. Am. Chem. Soc. 1975,
97, 4532-4539.

(31) Adams, K. M.; Rasmussen, P. G.; Scheidt, W. R.; Hatano, K. Inorg.
Chem. 1979, 18, 1892-1899.

(32) Kirner, J. F.; Hoard, J. L.; Reed, C. A. “Abstracts of Papers”, 175th
National Meeting of the American Chemical Society, Anaheim, CA, March
1978; American Chemical Society: Washington, D.C., 1978; INOR 14.

(33) Scheidt, W. R.; Haller, K. J.; Lee, Y. J.; Luangdilok, W.; Anszai, K.;
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(34) Scheidt, W. R.; Haller, K. J.; Hatano, K. J. Am. Chem. Soc. 1980,
102, 3017-3021.

(35) A slightly longer Fe-N distance (2.008 (7) A) is observed for bis-
(benzenethlolato)(tetraphenylporph1nato)1ron(III) at 115 K: Byrn, M. P,;
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Scheidt, Geiger, and Haller

Figure 3. A computer-drawn model displaying the structure of [Fe-
(OEP)(3-Clpy),}(ClO,) at 293 K. The same information presented in
Figure 1 is given here.

equilibrium. The diffraction data collected for [Fe(OEP)(3-
Clpy),](ClO,) at 293 K were initially interpreted in terms of the
“average” structure of the thermal mixture of the two spin states.
The structural results obtained are displayed in Figure 3.
Comparison of Figure 3 with Figure 1 makes evident that there
are significant differences in the geometry of the coordination
groups at the two temperatures. These differences are consistent
with the presence of a significant amount of a high-spin species
at 293 K and with the fact that the determination of structure
is that of the average structure of two spin states of the molecule.
The axial Fe—N distance of 2.194 A is substantially longer than
that expected for a pure low-spin species. The average equatorial
Fe-N, distance of 2.014 (4) A is about midway between the
1.990-A value appropriate for low-spin six-coordinate (porphi-
nato)xron(III) complexes and the 2.045-A value observed for two
high-spin six-coordinate complexes, a bis(aquo)®® and a bis(tet-
ramethylene sulfoxide)(meso-tetraphenylporphinato)iron(I1T)
complex.’’” There thus appears to be some porphinato core
expansion, consistent with a high-spin state, in [Fe(OEP)(3-
Clpy),]J(ClO,) at 293 K. Indeed, an interpolation of the observed
equatorial distance, assuming that it is linearly dependent on the
relative fractions of low- and high-spin states, leads to a calculated
value of 44% high spin. This crystallographic value is in good
agreement with a value of ~55% calculated from the magnetic
susceptibility.?® It may also be noted that the changes in cell
constants, with temperature, are consistent with larger changes
in the molecular axial direction than in the equatorial direction;
the change is about 2.5 times larger in the axial direction.

Figure 4 is an ORTEP plot that shows the relative shifts in the
pyridine ligand position at the two temperatures. The figure also
displays the qualitative differences in the temperature factors in
the structures at the two temperatures. The inner ellipsoids,
contoured to enclose 50% of the associated electron density,
represent the results derived from the 98 K data; the outer el-
lipsoids, on the same scale, are those derived from the 293 K data.
All atom pairs, except those of the pyridine ligand, are referred
to common centers. It can also be seen in Figure 4 that the
orientation of the pyridine ligand, with respect to the porphinato
core, is effectively the same at both temperatures. Table VII
presents the mean Bj; values for selected groups of atoms and the
ratio of their values at the two temperatures. It can be seen that
the pyridine atom ratio is larger than those of the various por-
phinato atoms but is comparable to those of the perchlorate group
atoms.

(36) Scheidt, W. R.; Cohen, I. A.; Kastner, M. E. Biochemistry 1978, I8,
3546-3552.

(37) Mashiko, T.; Kastner, M. E.; Spartalian, K.; Scheidt, W. R.; Reed,
C. A. J. Am. Chem. Soc. 1978, 100, 6354-6362.
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Figure 4. A computer-drawn model of [Fe(OEP)(3-Clpy),](ClO,)
showing the relative shifts in the 3-chloropyridine ligand position at 98
and 293 K. The inner ellipsoids represent the apparent thermal motion
at 98 K, the outer ellipsoids that at 293 K. Both are contoured at the
50% probability level. For clarity, all atom pairs except those of the
3-chloropyridine ligand are referred to common centers.

Table VII. Average B;; Values at 293 and 98 K (A?)

293K/
293K 98 K 98 K
Fe 2.71 0.97 2.79
porphinato core 3.10 1.26 2.46
methyl carbons 5.74 2.04 2.81
3-chloropyridine ligand 3.96 1.36 2.91

perchlorate 10.53 3.51 3.00

Structure at 298 K: The Resolved Structure. An attempt to
crystallographically resolve the structure of the spin isomers led
to two axial ligand positions at 2.043 and 2.316 A from the
iron(IIT) atom. These positions are associated with the low-spin
and high-spin forms of the molecule. Resolution of the small but
expected real differences in the porphinato core atoms was not
attempted. The results of the crystallographic resolution of the
two spin states, at 293 K, are shown in Figure 5. The two pyridine
ring planes are slightly (4.6°) twisted with respect to each other.
The average distance between corresponding pairs of atoms in the
two groups is 0.30 A.

The success of the crystallographic resolution of the spin isomers
of [Fe(OEP)(3-Clpy),](ClO,) is evidenced by (a) the close
agreement in the low-spin distance (2.043 A) with the value from
the unambiguously low-spin form of the molecule (2.031 &), (b)
the agreement of the occupancy-weighted average Fe-N distance
(2.196 A) with the 2.194-A value obtained from the average
structure, and (c) the agreement of the occupancy of the high-spin
form (56%) determined from the refinement with the value es-
timated directly from the magnetic moment (55%).

Comparison of the Structures of the Two Spin States. The total
structural change for [Fe(OEP)(3-Clpy),](ClO,) in the two spin
states can be described as an 0.27-A increase in the axial Fe-N
bonds and porphinato core expansion leading to a probable increase
of ~0.055 A in the equatorial Fe-N, bonds in the high-spin state.
These bond-length increases are the result of singly populating
the d,2 > and dz orbitals. The anisotropic increase in bond lengths
is, of course, the result of the quasi-rigid porphinato macrocycle
which resists exceptional radial expansion. Similar magnitudes
of bond elongation are observed in other metalloporphyrin com-
plexes when these critical orbitals are populated. Thus in the
isoelectronic d* complexes, [Mn(TPP)(py)(Cl)] (high spin)3® and
‘&Cr(TPP)(py)z] (low spin),® the axial bond length change is 0.28

on populating d,>. An increase of ~0.08 A in the equatorial
Ni-N, bonds is observed in a high-spin six-coordinate nickel(II)

(39) Kirner, J. F.; Scheidt, W. R. Inorg. Chem. 1975, 14, 2081-2086.
(40) Scheidt, W. R.; Brinegar, A. C; Kirner, J. F.; Reed, C. A. Inorg.
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Figure 5, A diagram showing the results of the crystallographic resolu-
tion of the 3-chloropyridine ligand at 293 K. The ellipsoids drawn with
full lines are those of the low-spin form and ellipsoids drawn with dotted
lines represent the high-spin position of the ligand. All are drawn at the
50% level.

porphyrinate relative to the low-spin four-coordinate species*! as
a result of populating the d,2_,» orbital.

The average increase in an iron-ligand bond in [Fe(OEP)(3-
Clpy),](ClO,) is 0.13 A. This increase is notably similar to the
average increase for other six-coordinate d* Fe(IIT) complexes
undergoing this spin-state change. Bond length changes of this
magnitude are found in tridentate N,O, complexes,!! hexadentate
N,O, complexes,*? and bidentate dithiocarbamate complexes.*34°

Conclusions.

The obligatory structural changes that accompany the low-spin
to high-spin transition in [Fe(OEP)(3-Clpy),](ClO,) are (a) a
substantial elongation (0.27 A) of the axial Fe-N bonds, and (b)
an expansion (~0.055 A) of the porphinato core. The average
increase in the iron—ligand bond distance is 0.13 A. Movement
of the iron(IIT) atom with respect to the porphinato plane is not
required. It is expected that similar molecular motions of the
porphinato and axial ligands and minimal motion of the iron(III)
atom can be found in hemoproteins undergoing this spin-state
transition.*® The relative ease of the required molecular motions
accompanying the spin-state transition may be influenced by
protein structure and thus explain quantitative differences in
magnetic behavior of hemoproteins having identical axial ligands
for the heme.
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