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Two square-pyramidal iron(III) 5,15-dialkyloctaethylporphodimethenes, Fe(OEPR,)Cl (R = CH,, C(CH,);), have been syn-
thesized, and their H NMR spectra have been interpreted. Variable-temperature magnetic susceptibility measurements suggest
a S =%/, ground state with a zero-field splitting parameter, D = 15 cm™. The isotropic shifts are shown to have substantial contact
and dipolar contributions, whereas the nuclear relaxation rates, T,, and resulting line widths appear to be dipolar in origin. The
solution stereochemistry of these complexes is resolved from a comparison of relative 'H NMR line widths: the apical ligand,
chloride, binds syn axial in Fe(OEPMe,)Cl but anti axial in Fe(OEPBu,)Cl. A single-crystal X-ray structural determination of
Fe(OEPMe,)Cl is reported. Crystals are monoclinic, space group C2/c, Z = 4, with a = 15.829 (3) A, b= 15909 3) A, c =
14.794 (2) A, and 8 = 113.16 (1)°. A full-matrix least-squares refinement yielded R = 0.038 with the use of 2681 independent
reflections. The coordination geometry is square pyramidal with CI in the syn-axial, apical position, 2.229 (1) A distant from

Fe. The average Fe-N bond length is 2.066 A.

Introduction

The synthesis and structural elucidation of metalloporphodi-
methene complexes has been of major concern to us for some
years.> ¢ The porphodimethenes are a class of reduced porphyrins
(5,15-dihydroporphyrins) in which hydrogenation has occurred
at two opposite meso carbons. Our interest has been in the
5,15-dialkylporphodimethenes, H,(OEPR,), which are derived
from octaethylporphyrin H,OEP by the following sequence of
reactions: reduction of Zn(OEP) with sodium anthracenide,
alkylation with alkyl halide, demetalation with acetic acid, and
isolation of the neutral macrocycle having both R groups axial
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1: Fe(OEpMe,)Cl (R = CH,, X = Cl, no X)
2: Fe(OEPBu,)CI (R = C(CH,);; X’ = Cl, no X)

which is the most stable of the three possible stereoisomers.’

The 5,15-dialkylporphodimethenes, like the related porphyrins,
are excellent tetrapyrrole ligands and readily insert divalent and
trivalent metal ions.! The metalloporphodimethenes in some
respects, however, have noticeably different properties when
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compared to the metalloporphyrins, and this is a consequence of
reductive alkylation at the meso carbon positions (5,15-C).
Metalloporphodimethenes, for example, are distinctly nonplanar
with folding of the macrocycle along the 5,15-C bond axis and
ruffling of the individual pyrrole rings.’ Also the greatly di-
minished aromaticity of the porphodimethene is evident from the
'H NMR spectra, as for example with the diamagnetic nickel(IT)
porphodimethenes.® Finally the 5,15-dialkylporphodimethenes,
having three possible stereoisomers, present an added degree of
complexity not found in simple porphyrin systems.

In our previous studies we described the synthesis and ‘H NMR
spectra of the diamagnetic nickel(IT) and paramagnetic cobalt(1I)
5,15-dialkylporphodimethenes.> In the latter case, analysis of
relative line widths and isotropic shifts was useful in detailing the
conformation of these complexes in solution. We have now ex-
tended our NMR study of paramagnetic 5,15-dialkylporphodi-
methenes to the S = 3/, iron(III) 5,15-dialkylporphodimethenes
of formula Fe(OEPR;)Cl, a class of compounds that we briefly
described in a prior communication.!%!! Our focus is on stere-
ochemistry and specifically that information about the geometry
of paramagnetic species in solution which can be extracted from
a study of !H NMR isotropic shifts and line widths.

We also report the solid-state molecular structure of Fe-
(OEPMe,)Cl as determined by single-crystal X-ray diffraction,
and this is compared with our conclusions from the !H NMR
solution spectrum.

Experimental Section

Synthesis of (5,15-Dialkyl-5,15-dihydro-2,3,7,8,12,13,17,18-0cta-
ethylporphyrinato)iron(III) Complexes. Fe(OEPMe,)CI (1). This was
prepared from the parent porphodimethene as described previously.!!
Crystals suitable for X-ray data collection were obtained from di-
chloromethane.

Fe(OEPBu,)Cl (2). A solution of 74 mg (0.1 mmol) of hydroxo-
iron(III) porphodimethene, Fe(OEPBu,)OH,*!? in 50 mL of dichloro-
methane was refluxed for 15 min with 2 mL of aqueous hydrochloric acid
(18%). After separation of the aqueous layer, the organic layer was
evaporated in vacuo and the residue recrystallized from dichloromethane.
Drying in vacuo at 40°C gave 61.3 mg (84%) of a black-brown powder.
Recrystallization from n-decane produced bushes of very small, dark
brown crystals.

Anal. Caled for Cy,Hg,N,ClFe (mol wt 738.30): C, 71.58; H, 8.47;
N, 7.59; Fe, 7.56; Cl, 4.80. Found. C, 70.50; H, 8.36; N, 7.39. IR
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(KBr): 1605, 1214, 1005, 865 cm™ (porphodimethene bands). IR (CsI):
349 cm™ (FeCl); bands for OH (3630 cm™) or FeOR (590 cm™) were
absent. UV/vis (CH,Cly): M. (log €) = 407 (4.64), 451 (4.42,
shoulder), 632 nm (3.51, shoulder). On attempted alumina chromatog-
raphy, the compound hydrolyzes to Fe(OEPBu,)OH.

Magnetic Resonance and Susceptibility. The 'H NMR spectra were
measured on Bruker 300- and 500-MHz instruments. All chemical shifts
are reported relative to Me,Si. The isotropic shifts in CDCI, are relative
to AI(OEPMe,)OMe for 1 and to AI(OEPBu,)OH for 2. Most spectra
were collected with use of 32K data points, a 14 us-pulse, and a delay
time of 2 s. Under these conditions no saturation of signal occurred. Line
widths, Av,/,, were measured at half-height of the NMR signal. Deu-
teriated solvents were purchased from Merck and used without further
purification. Magnetic susceptibilities were measured by the Faraday
method as described previously.!2

Crystallographic Study. Dark brown crystals of Fe(OEPMe,)Cl were
obtained from a dichloromethane solution. Preliminary examination and
data collection were performed with Mo Ko radiation on an Enraf-
Nonius CAD4 computer-controlled K-axis diffractometer equipped with
a graphite-crystal incident beam monochromator. A preliminary X-ray
study established a monoclinic four-molecule unit celt with Ce or C2/c
as the possible space groups. Lattice constants a = 15.829 (3) &, b =
15.909 3) A, c = 14.794 (2) A, and 6 = 113.16 (1)° (A = 0.71073 A)
were obtained from least-squares refinement by using the setting angles
of 25 reflections in the range 25.9 < 26 < 28.8°, measured by the com-
puter-controlled diagonal slit method of centering. There were 12 & 26
pairs. These constants led to a calculated density at 20 £ 1 °C of 1.27
g/cm? for a cell content of 4FeCIN,Cy3Hso; the observed density (by
flotation) is 1.27 g/cm?.

Intensity data were collected at room temperature by using the §-26
scan technique. The scan rate was 4.12 deg/min (26), and the scan range
was calculated as follows: « scan width = 0.80 + 0.35 tan 8. The
dimensions of the crystal used in data collection were 0.10 X 0.20 X 0.70
mm. A total of 8402 reflections (0 < # < 21, =21 < k < 21, and ~19
< ] < 19) were collected for the monoclinic lattice, 4.0 < 26 < 54.90°.
Intensities of equivalent reflections were averaged, and 4343 were unique.
The merging R value (on /) was 0.021. Four standard reflections were
measured every | h of X-ray exposure, and no crystal decomposition was
noted. With a linear absorption coefficient of 0.548 mm™ and relative
transmission variations of <£3%, no absorption correction was made. All
data having F, < o(F,) were taken to be unobserved; 2681 independent
data were considered observed (68.5% of the theoretical number possi-
ble). Only the observed data were used for the refinement of structure.

The structure was solved by Patterson synthesis and the direct-meth-
ods program DIRDIF.)* This program was used because the iron atom
was located on the special position along the twofold axis of symmetry.
At this stage, the structure was confirmed to be isomorphous with TiO-
(OEPMe,) of space group C2/c.!* Full-matrix least-squares refinement
was followed by a difference Fourier synthesis, which revealed electron
density concentrations appropriately located for the hydrogen atoms.
Hydrogen atoms were located and their positions and isotropic thermal
parameters were refined with the limited shift of 0.25. The refinement
was then carried to convergence of all heavy atoms with anisotropic
thermal parameters. The final value of R, = [F, - F.}/> F, was 0.038;
that of Ry = [Sw(F, — F)*/ T w(F,)*"/? was 0.048. The estimated
standard deviation of an observation of unit weight was 1.45. The final
parameter shifts of heavy atoms were less than 10% of the estimated
standard deviations except those for C(12) and C(32) (shift/error = 0.37,
0.32 respectively). The final difference Fourier map showed no signif-
icant residual electron density. The highest peak in the final difference
Fourier had a height of 0.42 ¢/A* and the others are less than 0.26 /A%,
The highest peaks were around the iron atom.
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Figure 1. Proton NMR spectrum of Fe(OEPMe,)Cl (1) in CDCl, at 293
K (X denotes impurity).
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Figure 2. Proton NMR spectrum of Fe(OEPBu,)Cl (2) in CDCl; at 223
K (X denotes impurity).
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Figure 3. Magnetic susceptibility vs temperature curve for Fe(OEP-
Bu,)Cl (2). The solid line represents the best data fit.

Results and Discussion

Iron(111) 5,15-dialkylporphodimethenes can be synthesized by
the reaction of Fe(CO); with metal-free dialkylporphodimethene
in the presence of the oxidizing agent I,.!' The two complexes
discussed herein, Fe(OEPMe,)Cl (1) and Fe(OEPBu,)Cl (2), were
prepared respectively by acidification of the intermediates Fe-
(OEPBu,)OH and [Fe(OEPMe,)],O with aqueous HCI (see
Experimental Section). Both products have been characterized
completely by elemental analysis and UV /vis, IR, and '"H NMR
spectroscopy.

The very broad and strongly shifted '"H NMR signals (Figures
1 and 2) are suggestive of an S = 3/, ground state for these
molectles; however, to establish this unequivocally and thereby
eliminate the possibility of a spin-admixed S = 3/,, ¥/, ground
state, the solid-state magnetic susceptibility of Fe(OEPBu,)Cl was
measured from 5 to 316 K. The magnetic moment at room
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temperature is 5.85 ug and remains essentially constant to 40 K
at which point it drops steadily to a value of 4.6 at 5.1 K. The
susceptibilities were fit to an axial Hamiltonian!® for monomeric
S =3/, iron(III) of the form

H = D[S;2- S(S + 1)] + gBA-S

and the best results were obtained for g, =g, =2.0and D =
15.0 cm™ by using the computer program STEPT.'® The exper-
imental data points and the computer-generated plot are illustrated
in Figure 3. The closeness of fit indicates a pure S = 3/, ground
state. This is also consistent with magnetic susceptibility results
for the closely related, square-pyramidal, S = 5/,, iron(III)
porphyrin halides.!’

In what follows, the 'H NMR spectra of the chloroiron(III)
5,15-dialkylporphodimethenes shall be interpreted by assuming
an S = %/, ground state and approximate tetragonal symmetry.
The NMR spectra of paramagnetic species, in the best of cir-
cumstances, may contain information relevant to metal-ligand
bonding and the molecular geometry in solution. Both isotropic
shifts and relative line widths are of importance. The isotropic
shift (AH/H);, is defined as the sum of two components!®

(AH/H)iso= (AH/H)con+ (AH/H)dip (1)

The contact shift, (AH/H)y, is directly related to the spin density
at the 'H nucleus resulting from spin delocalization via covalency,
whereas the dipolar shift, (AH/H)g, results from a dipolar,
through-space interaction and is related to the magnetic anisotropy,
the zero-field splitting, and the molecular geometry.

The contact term in a S = 3/, system with tetragonal symmetry

is
(AH) _ (A) 3568 |, _ 328 —8.)D @
H Jen \hJ12y5kT 45gkT
where 4/ A is the electron spin-nuclear spin hyperfine coupling
constant in rad s™! and the other symbols have their normal
meanings.!® Since the magnetic susceptibility measurements for
2 are best fit with an isotropic g tensor, we assume that the T2
term in (2) is negligible.
The dipolar shift for a proton in an S = %/, system is given as'®

(AH) 356%(g)> - g3 cos? 0~ 1)
—_— = »
dip 36kTrH

H
1
32(g||2 + Eglz)D

1- (3)
15(g* - g kT

where r is the proton—metal distance and 8 is the angle which the
vector 7 makes with the tetragonal axis. The term (3 cos? 8- 1)/r°
is often called the geometric factor, G. When the g tensor is
isotropic, (3) reduces to

(g) _ 28g8°DG
H Jap  9kT)?

NMR line widths can provide additional information about the
geometry of paramagnetic molecules in solution. The line width,
Ay, is related to the transverse relaxation time, T, as follows:
wlvy; = Ty™'. Nuclear relaxation occurs predominantly via
dipolar coupling of the nuclear and electronic magnetic moments,
and for electronic states uncomplicated by large zero-field splitting,

4
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T, is given by the Solomon-Bloembergen equation (eq 5), where

28(S + 1 13
o= DEESSHOL, L 1 )
C+ wlr 2

15r%

7. represents the correlation time for the dipolar interaction and
w; is the frequency of the electron spin transition.'® With large
zero-field splitting, as is the case here, the bracketed term of the
Solomon-Bloembergen equation is no longer valid although the
1/r% proportionality should still be operative since it is an invariant
property of dipolar coupling. The relative line widths should still
be useful as measures of relative proton—metal distances assuming
that nuclear relaxation is dominated by a dipolar coupling
mechanism. We shall define a line-width factor L = 103/r° and
use the relationship L;/L; = (Av»y/5);/(Avy,5); for protons i and

J-
The analysis of the NMR spectra, both isotropic shifts and line

widths, is carried out in a fashion similar to that described pre-
viously for the cobalt(II) 5,15-dialkylporphodimethenes:* that
is, a trial structure, based upon the crystal structure of Fe-
(OEPBu,)OH,? is chosen and varied in order to assess the change
in geometry upon the calculated geometric factors and line-width
factors. These factors are calculated for all protons except 3-CHs.
When bond rotation occurs, they are calculated by computer for
1° rotation intervals and then averaged. The objective is to deduce
a structure for Fe(OEPR,)Cl in solution that is consistent with
the NMR spectra and specifically to determine whether Cl™ co-
ordinates from the top side (syn axial) or bottom side (anti axial).
The coordination site of chloride (top or bottom) has a major effect
on the NMR spectrum of Fe(OEPR,)CI because of the axial
asymmetry of the dialkylporphodimethene. In square-pyramidal
complexes the metal ion is displaced substantially out of the
coordination plane. For Fe(OEPBu,)OH, for example, in which
hydroxide coordinates anti axial, the metal displacement is 0.40
A below the tetraaza plane.’ The 5,15-dialkylporphodimethenes
are distinctly nonplanar ligands, and because of the folding and
ruffling mentioned previously, 5-H lies above and 10-H lies below
the tetraaza plane. When chloride coordinates from the top, the
iron(III) becomes closer to 5-H and 51-H (or 52-H), and si-
multaneously more distant from 10-H. This pattern is reversed
if coordination of chloride occurs from the bottom. Since Av, ),
o 1/r%, these two stereoisomers can be distinguished from one
another on the basis of relative line widths.

Fe(OEPBu,)Cl. The NMR spectrum of Fe(OEPBu,)Cl (2)
(Figure 2) is discussed first because there is less ambiguity in its
interpretation. There are two sets of a-CH, protons, each set being
diastereotopic and anisochronous, two sets of 8-CH, protons, and
one set each of 5,15-H, 10,20-H, and 52-H protons. Assignments
are straightforward save for the 5,15-H and 10,20-H resonances,
which are identified from line widths and dipolar shift calculations
(vide infra). Chemical shifts, isotropic shifts, and line widths are
listed in Table I together with those of 1.

As a working model for the calculation of geometric and
linewidth factors, we assume that ClI~ coordinates anti axial. In
fact it is very unlikely that chloride could coordinate syn axial
and fit into the pocket between the two tert-butyl groups. In this
model the iron is placed 0.40 A below the coordination plane and
2.04 A from the pyrrole nitrogens. Normal pyrrole ring bond
distances and angles are chosen based upon known crystallographic
data, and a 40° dihedral roof angle and 12° ruffling of the pyrrole
rings are used. Finally, to connect the pyrrole rings properly, the
5,15-C atoms are placed 3.35 A from the ring center and 0.66
A above the tetraaza plane, while the 10,20-C atoms are positioned
3.31 A from the ring center and 0.60 A below the tetraaza plane.
The two signals in question, those of 5,15-H and 10,20-H, are
at 25.0 and 11.8 ppm, and the relative line widths are approxi-
mately 1.20/1 with the upfield resonance being broader. For this
model geometry and all reasonable perturbations thereof, we
calculate that 10,20-H should be closer to iron than 5,15-H and

(19) See ref 18; Chapter 3.
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Table I. 'H NMR Chemical Shifts (ppm),® Isotropic Shifts (ppm),® and Line Widths (Hz)° for Fe(OEPR,)Cl in CDCl, at 293 K

proton
compd 5-H 10-H a-CH, §-CH, 51-H 52-H
Fe(OEPMe,)Cl (1) 314 11.0 78.1, 69.1 6.4,6.0 18.7
41.3, 34.2
26.9 4.0 75.5, 66.5 52,48 16.9
38.7, 31.6
(630) (630) (110-130) (1240)
Fe(OEPBu,)Cl (2) 25.0 118 66.4, 41.7 8.39,7.67 1.2
60.7, 40.2
21.0 4.9 63.8, 39.1 7.21, 6.49 0.1
58.1, 37.6
(380) (460) (62-76) (58) (1150)

¢The chemical shifts are listed in italics and are relative to Me,Si. ®Isotropic shifts for 1 are relative to AI(OEPMe;)OMe?® and for 2 are relative
to AI(OEPBu;)OH.®¢ <The line width is given in parentheses. Linewidths were measured at 500 MHz for 1 and at 300 MHz for 2.

Table II. Line Width Factors for Fe(OEPR;)Cl

proton (r), A (L) Awy )’ Hz
Fe(OEPMe,)CI
5-H 4.31 12.7 10.0
10-H 4.48 10.0 10.0
51-H 4.25 19.7 214
-CH, 5.97 1.80 1.7-2.1
6.01 1.72
Fe(OEPBu,)Cl
5-H 4.46 10.0 10.0
10-H 4,29 12.6 12.1
52-H 4.81 30.9 313
a-CH, 5.97 1.80 1.6-2.0
6.01 1.72

2 All values are relative to 10.0 for 10-H in 1 and 10.0 for 5-H in 2.
b All values are relative to 10.0 for 5-H.

hence that the 10,20-H resonance should be broader. On this basis,
the upfield resonance of the pair is assigned to 10,20-H. The
calculated proton—-metal distances and line-width factors for these
and all protons based upon the model geometry are listed in Table
I1.

There are four a-CH, resonances belonging to the two sets of
geminal protons. We assume that the two low-field resonances
constitute one pair and that the two high-field resonances constitute
a second pair. On the basis of this assignment, the spread between
each pair, 5.7 and 1.5 ppm, respectively, at 293 K, is comparable
to the spread of 3.6 ppm reported for Fe(OEP)Cl in CD,Cl,.%°

The rert-butyl proton resonance is the broadest in the NMR
spectrum, even though 52-H is more distant from iron than 5,15-H
or 10,20-H. This is readily explained by the model line-width
calculations. Assuming free rotation of the ter-butyl group, we
calculate that the 52-H protons can move as close as 2.3 A to iron.
At this short distance 1/r% makes a disproportionately large
contribution to (L), hence the very broad signal. A similarly broad
NMIE signal for the 52-H resonance was observed in Co(OEP-
BUZ).

Collectively there is very good agreement between the calculated
values of (L) and the observed relative line widths, thus suggesting
that our geometrical model with anti-axial coordination of chloride
is correct. The model geometry proposed above should not,
however, be construed as the true geometry of 2, but rather one
of a set of closely related structures that would present a reasonable
correspondence between relative line widths and calculated
line-width factors. On the other hand, were syn-axial coordination
of chloride to occur, we calculate that the rert-butyl proton line
width would increase to 3000 Hz because of the proximity of iron
to 52-H.

The dipolar and contact shifts are calculated via (4) and (1),
respectively, with D = 15 cm™, and the geometric factors are
computed on the basis of the model geometry. The values of (G),
(AH/H)g;p, and (AH/H),, are listed in Table III.  The large,

(20) Morishima, I.; Kitagawa, S.; Matsuki, E.; Inubushi, T. J. Am. Chem.
Soc. 1980, 102, 2429.

Table III. Geometric Factors, Dipolar Shifts, and Contact Shifts for
Fe(OEPMe,)Cl and Fe(OEPBu,)Cl

proton (G, A3 (AH/H)4p,® ppm  (AH/H).op, ppm
Fe(OEPMe,)Cl
5-H -0.0124 242 27
10-H -0.0118 23.0 -19.0
51-H ~0.000373 0.7 16.2
a-CH, ~0.00429 8.5 67.0, 58.0
-0.00442 8.5 30.2, 23.1
Fe(OEPBu,)Cl
5-H -0.00998 19.5 15
10-H -0.0118 23.0 -18.1
52-H 0.0115 ~22.4 225
a-CH, ~0.00429 8.5 55.3, 49.6
-0.00442 8.5 30.6, 29.1

¢ Dipolar shifts are calculated from (4) by using D = 15 ecm™.

positive contact shift for 52-H—too large for o-delocalization
through the macrocycle—results from direct overlap of the ap-
propriate half-filled d orbital (d,,, d,,) with 52-H as it closely
approaches Fe(III).

The proposed upfield contact shift for 10-H is a sign of unpaired
spin delocalization via n-type spin polarization.!® The remaining
contact shifts, all downfield, while readily consistent with o-de-
localization, do not preclude the possibility of simultaneous =-
delocalization. Comparisons can be made with two previously
studied, related systems: the more highly conjugated metallo-
porphyrins and the very similar metallopyrromethenes. Isotropic
shifts for Fe(OEP)CI have been reported,?! and the meso proton
resonance, comparable to 10,20-H, is shifted strongly upfield:
(AH/H);, = -65.1 ppm. The contact shift, estimated as —-80.4
ppm, was attributed to d,—p,* delocalization involving the lowest
empty =* orbital of OEP.22 The pyrromethene ligand

N

0
is equivalent to a half-porphodimethene with the meso position
of the former being equivalent to the 10,20-H position of the latter.
The upfield meso proton contact shifts observed in the '‘H NMR
spectra of the nickel(II) and cobalt(II) pyrromethene chelates,
were attributed by Eaton and La Lancette?? to spin delocalization
into the lowest empty ligand #* orbital, a conclusion supported
by a Hiickel = molecular orbital calculation.

Since porphodimethenes are nonplanar ligands, there is no
separability of ¢ from = as is the case in porphyrins and pyrro-
methenes. However the lowest unoccupied ligand molecular orbital
probably bears some correspondence to a 7=* orbital, i.e., large
coefficients for p, atomic orbitals orthogonal to the C-H bonds,

and it is delocalization into this molecular orbital that causes the
upfield contact shift for 10,20-H.

(21) La Mar, G. N.; Walker, F. A. In The Porphyrins; Dolphin, D., Ed.;
Academic: New York, 1979; Vol. IV, pp 88-89.
(22) Eaton, D. R.; LaLancette, E. A. J. Chem. Phys. 1964, 41, 3534,
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Figure 4. Curie plot for proton resonances of Fe(OEPBu,)Cl (2) in
toluene-ds: (A) a-CH,; (0) 8-CH,; (O) 5,15-H; (@) 52-H.

The temperature dependence of the isotropic shifts have been
measured in toluene-dg from 193 to 373 K. The Curie plot is
illustrated in Figure 4, and a slight curvature is seen for the 5,15-H
and 52-H plots. The isotropic shift has two components: the
contact shift with a 7! dependence and the dipolar shift with a
T-2 dependence.'® Since curvature in a Curie plot should result
from a large dipolar shift contribution to the isotropic shift, this
is anticipated for 5,15-H, 10,20-H, and 52-H.

Fe(OEPMe,)Cl. The NMR spectrum of 1 is shown in Figure
1, and the pattern is similar to that of 2 although the resonances
are substantially broader. Chemical shift assignments proceed
as with 2, albeit with greater uncertainty for 5,15-H and 10,20-H.
Chemical shifts, isotropic shifts, and line widths are listed in Table
I. Of particular significance is the fact that the 51-H resonance
is twice as broad as that of 5,15-H or 10,20-H. For a starting
model geometry, we chose the same coordinates as in 2 (40°
dihedral roof angle, 12° ruffling angle, 0.40 A iron displacement,
etc.) and experimented with both syn-axial and anti-axial coor-
dination of chloride. Anti-axial coordination of chloride could
quickly be eliminated since the calculated value of (L) for 51-H
was much too small.?®* In fact there is no plausible geometry for
anti-axial coordination of chloride that predicts 51-H line widths
broader than those of 5,15-H or 10,20-H. The iron atom, displaced
0.40 A below the coordinating plane, simply would be too distant
from the axial methyl groups to explain the observed broadening.

On the other hand, syn-axial coordination of chloride appears
certain for the above model geometry, even though this model was
developed with structural parameters more appropriate for
anti-axial chloride coordination, as in 2. The calculated metal-
proton distances and line-width factors are listed in Table II, and
the latter are compared to the experimental line widths. The first
feature to notice is that the 51-H resonance is calculated to be
approximately twice as broad as the 5,15-H or 10,20-H resonances,
as expected for syn-axial chloride coordination. The calculated
line-width factor of 51-H is very sensitive to the direction of the
5-C to 51-C bond. In our model this bond is canted outward 8°
from a line orthogonal to the tetraaza plane. This opens the cavity
between axial methyl groups and allows the chloride to insert with
a minimum 51-H to Cl separation of 2.55 A. ‘In comparison, the
crystal structure of 1, vide infra, shows an outward canting of 6.3°

(23) For this model geometry and anti-axial coordination of chloride, the
relative line width factors are calculated to be 10.0, 10.8, and 7.7 for
5,15-H, 10,20-H, and 51-H, respectively.
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Table IV. Fractional Coordinates in the Unit Cell?
atom x y z

Fe 0 0.21684 (3) 1/4

cl 0 0.35693 (7) 1/4

N(1) 0.13728 (14)  0.18796 (4) 0.29069 (14)
N(2) 0.01261 (14)  0.18463 (14)  0.39010 (14)
C(al) 0.18747 (18)  0.19438 (17)  0.23541 (18)
C(22) 020110 (17)  0.16301 (17)  0.38504 (17)
C(a3) 0.09223 (17)  0.15761 (16)  0.46909 (17)
C(a4)  —0.05248 (18)  0.18930 (16)  0.42717 (17)
C(bl) 0.28150 (18)  0.17444 (18)  0.28981 (19)
C(b2) 0.28921 (18)  0.15521 (17)  0.38331 (19)
C(b3) 0.07207 (19)  0.14462 (17)  0.55282 (18)
C(b4)  -0.01957 (19)  0.16485 (18)  0.52674 (18)
c(5) 0.14777 (18)  0.22162 (19)  0.13017 (19)
C(10) 0.17748 (18)  0.14944 (17)  0.46351 (18)
c(51) 0.15023 (28)  0.31820 (25)  0.12002 (27)
c(11) 035621 (21)  0.17384 (25)  0.25090 (25)

C(12) 0.3673 (4) 0.0906 (4) 0.2068 (5)
c@ 0.37470 (20)  0.12725 (21)  0.46954 (23)
C(22) 0.3788 (3) 0.03375 (29)  0.4839 (4)
C(31) 0.13859 (24)  0.11297 (22)  0.65127 (20)
C(32)  0.1329 (5) 002015 (29)  0.6654 (3)
C(41)  -0.07355 (24)  0.16254 (23)  0.,58989 (22)
C(42)  —0.1255 (4) 0.0823 (3) 0.5828 (4)

?The estimated standard deviations of the last significant digits are
given in parentheses.

Table V. Bond Lengths (&) in the Coordination Group and
Macrocycle Skeleton?

Fe—Cl 2229 (1)  C(ad)-C(bd)  1.410 (3)
Fe-N(1) 2.066 (2)  C(a4)-C(15)  1.501 (4)
Fe-N(2) 2067 (2)  C(b1)-C(b2)  1.374 (4)
N(1)-C(al) 1.350 (3)  C(b1)-C(11)  1.505 (4)
N(1)-C(a2) 1420 3)  C(b2)-C(21)  1.516 (4)
N(2)-C(a3) 1407 (3)  C(b3)-C(bd)  1.384 (4)
N(2)-C(ad) 1.346 (3)  C(b3-C(31)  1.509 (4)
C@al)-C(bl)  1.422(4) C(b4)-C(41)  1.494 (4)
C(a1)-C(5) 1.496 (4)  C(5)-C(51) 1.546 (5)
C(2)-C(b2) 1411 (4) C(11)-C(12)  1.517 (6)
C(22)-C(10)  1.369 (4)  C(21)-C(22)  1.500 (6)
C(a3)-C(b3) 1411 (4) C(31)-C(32)  1.499 (6)
C(a3)-C(10)  1.390 (4)  C(41)-C(42)  1.499 (6)

4The number in parentheses following each datum is the estimated
standard deviation in the last significant figure.

and a 51-H to Cl separation of 2.59 A. When an axial ligand
is not present, however, the methyls are canted inward, 13° for
Ni(OEPMe,) as shown by an X-ray structural analysis,’ and 12°
for Co(OEPMe,) as deduced from a 'H-NMR line-width factor
analysis.*

The 5,15-H and 10,20-H resonances are assigned by corre-
spondence with 2. It is impossible to measure the line width of
10,20-H precisely, even at 500 MHz, since this resonance is
sandwiched closely between the 51-H resonance on the left and
the solvent resonance on the right. It is estimated to be as broad
as the 5,15-H resonance and is so listed in Table I. Our model
geometry has 10,20-H more distant from iron than 5,15-H with
a smaller line-width factor for the former.

Geometric factors, dipolar shifts, and contact shifts have been
calculated for 1, assuming D = 15 cm™. The numbers are entirely
consistent with those listed for 2. The 51-H proton has a dipolar
shift nearly equal to zero because (8) is close to 54.7°, the value
at which (3 cos? 6 — 1)/7 = 0. The calculated contact shift for
51-H is 17 ppm, and this is consistent with the anticipated ¢
delocalization mechanism.

The structure of Fe(OEPMe,)ClI (1) has been solved by sin-
gle-crystal X-ray diffraction and confirms the assignment of
syn-axial chloride coordination as deduced from the 'H NMR
line widths.

Atomic coordinates are listed in Table IV, and bond parameters
(with estimated standard deviations) are listed in Tables V and
VI. The numbering system employed in Tables IV-VI for the
carbon and nitrogen atoms in the asymmetric unit of structure
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Figure 5. ORTEP diagram (50% ellipsoids) of Fe(OEPMe,)Cl with listing
of Fe—N bond lengths.
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Figure 6. Diagram of the porphodimethene core displaying, on the upper
left, the symbols identifying each atom. On the lower half, the atom
symbol is replaced by the perpendicular displacement, in units of 0.01
A, from the mean plane of the four nitrogen atoms of the core. Selected
bond distances and the distance of the meso carbon atoms from the center
of the four nitrogen atoms (Ct) are shown.

is displayed in Figures 5 and 6. Figure 5 is a computer-drawn
model in perspective of the Fe(OEPMe,)Cl molecule as it exists
in the crystal, and the crystallographically imposed twofold axis
of symmetry passes through the iron and chlorine atoms. Although
not required of the molecule in the crystal, the core of the molecule
has approximate C,, symmetry. Figure 6 displays average values
of the bond lengths (C,, symmetry) and radii of the core.

The displacement of the skeletal carbon atoms from the mean
plane of the four nitrogen atoms is given in Figure 6. In the lower
left half of the diagram, the symbol identifying each atom is
replaced by the perpendicular displacement (in units of 0.01 A)
of this atom from the mean plane of the four nitrogen atoms. The
twofold related atoms in the upper half of the diagram have
displacements of the same magnitude and sign. As is usual, local
flatness is preserved for each pyrrole ring with the maximum
deviation from exact planarity being less than 0.007 A. As ex-
pected, the core is folded along the line joining the two saturated
meso carbon atoms (5-C and 15-C of Figure 6). The 34.8° angle
between the normals to the pyrromethene halves—the mean plane
of a pyrromethene half is defined by atom 15-C and the two unique
pyrrole rings—specifies the folding. The two pyrrole rings of a
pyrromethene half are almost coplanar; the angle between the
normals to the two pyrrole ring mean plane is 3.9°. The com-
parable values for the folded core of TIO(OEPMe,) are 38.2 and
4.6°, respectively.

The mean plane of the porphodimethene skeleton is parallel
to the mean plane of the four nitrogen atoms but is displaced by
0.19 A. Consequently, the displacement of individual atoms from
the mean plane of the core can be obtained by adding 0.19 A to

Botulinski et al.

Table VI. Bond Angles (deg) in the Coordination Group and
Macrocycle Skeleton®?

CIFeN(1) 102.85 (6) N(2)C(a4)C(15) 123.3 (2)
CIFeN(2) 10435 (6)  C(b4)C(a4)C(15) 124.1 (2)
N(1)FeN(1Y’ 15430 (13) C(@DC(ODC(Db2) 106.2 (2)
N(2)FeN(2) 151.29 (12) C@DCODC(1) 126.2 (3)
N(1)FeN(2) 88.68 (8) C(b2)C(b1)C(11) 127.7 (3)
N(1)FeN(2)’ 84.99 (8) C(a2)C(b2)C(bl) 107.6 (2)
C(al)N(1)C(a2) 1048 (2)  C(a2)C(b2)C(21) 124.9 (3)
C(al)N(1)Fe 127.5(2)  C(b1)C(b2)C21) 127.5 (3)
C(a2)N(1)Fe 127.5(2)  C(a3)C(b3)C(b4) 107.2 (2)
C@3)N(2)C(ad) 1049 (2)  C(a3)C(b3)C(31) 125.7 (3)
C(a3)N(2)Fe 127.6 (2)  C(b4)C(b3)C(31) 127.1 (3)
C(a4)N(2)Fe 127.4 (2)  Clad)C(bH)C(b3) 105.7 (2)
N(1)C(al)C(bl) 1120 (2)  C(ad)C(b4)C(41) 126.4 (3)
N(1)C@DC(S) 1231 (2)  C(bHC(bHC@1) 1279 (2)
Cb)C@I)CES) 1249 (2)  C@DC()C(ad) 114.0 (2)
N(1)C(a2)C(b2) 109.4 (2)  Cal)C(5)C(51)  111.9 (3)
N(1)C(a2)C(10) 1235 (2)  C(a4YC(5)C(51) 110.1 (3)
C(b2)C(a2)C(10) 127.1 (2)  C(a2)C(10)C(a3) 129.1 (2)
N(2)C(a3)C(b3) 109.6 (2)  C(bIHC(11)C(12) 114.3 (3)
N(2)C(a3)C(10) 123.5(27) C(b2)C(21)C(22) 112.6 (3)
C(b3)C(a3)C(10) 1268 (2)  C(b3)C(31)C(32) 114.0 (3)
N(2)C(ad)C(bd) 1125 (2)  C(b4)C(41)C(42) 1142 (3)

9The number in parentheses following each datum is the estimated
standard deviation in the last significant figure. ®Primed and un-
primed symbols denote a pair of atoms related by the twofold axis.
C(5) and C(15) are also related by the twofold axis.

the cited displacements given in Figure 6. The iron(III) ion is
displaced 0.68 A out of the mean plane of the porphodimethene
core and 0.49 A out of the plane of the four nitrogen atoms. The
conformation of the macrocycle can thus be described as “rooflike”
with the two saturated meso carbon atoms, 5-C and 15-C, and
the iron(I1T) ion along the ridge of the roof (Figure 5). The methyl
groups of the saturated meso carbon atoms thus have the syn-axial
configuration and, along with the chlorine atom, at 1.5 A above
the ridge of the roof occupy what could be termed the chimney
positions. The 5-C-51-C bond vectors are canted outward by 6.3°
from a vertical position while the corresponding vectors of TiO-
(OEPMe,) are canted inward by 2.6°.1* The intramolecular
contacts between the chlorine atom and the methyl carbon atoms
on the saturated meso carbon atoms, Cl-5-C, are 3.651 (5) A.
One of the methyl hydrogens is separated from the chlorine atom
by 2.59 (4) A and deviates from the plane through 15-C, 51-C,
Fe, and Cl by 0.09 A. There are no unusually short intermolecular
contacts. The shortest contact is between an atom of the peripheral
ethyl groups, 21-C, and one core atom, C(a3), with a distance
of 3.527 (4) A; the others are above 3.6 A.

It appears now, at least on the basis of three structural de-
terminations, that the fifth group—oxo in TIO(OEPMe,),'* nitrido
in MnN(OEPMe,),* and chloro in Fe(OEPMe,)Cl—binds
preferentially in the syn-axial position. The reason for this
preference must be electronic, and not stereochemical, in origin
since both coordination sites, top and bottom, are access free.
Perhaps the most cogent explanation lies in the nature of the
folding of the porphodimethene. When the molectle is folded,
the nitrogen lone-pair orbitals are pointed upward and will bind
more strongly to iron when it is displaced upward in the direction
of the axial methyl groups. A second factor, especially for Fe-
(OEPMe,)Cl, is the electrostatic interaction between the chloride
ligand and 51-H. The chloride is sandwiched between the axial
methyl groups with a closest CI-H approach of 2.59 A. For
TiO(OEMPe,)!* and MnN(OEPMe,),* this second effect is less
important because the axial ligands are nestled below the methyl
groups due to the short Ti==0 and Mn==N bonds, respectively.
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Observations on the Composition of Prussian Blue Films and Their Electrochemistry
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Cyclic voltammetric, energy dispersive X-ray analysis, XPS, ferric equwalcnt weight, and spectroelectrochemical observations
have been made of Prussian blue films grown on Pt and SnO, electrodes, aiming at an improved picture of the composition and
electrochemical reactions of the ferric ferrocyanide films. EDX shows that as-grown films contain no alkali-metal cation and a
chloride impurity, similar to results reported for the single-crystal insoluble form Prussian blue by Ludi et al. The film's composition
is altered, however, to an alkali-metal content intermediate between those of insoluble and soluble form Prussian blue, upon cyclical
electrochemical reduction of the film’s ferric states. Ferric sites are lost, and some alkali-metal cation is incorporated into the
film. A compositional model is drawn on the basis of analytical and ferric equivalent weight results. Behavior of the films during
voltammetric oxidation is consistent with the model, and no electrolyte anion dependencies on the redox potentials are found. Two
different kinds of ferric sites are expected on the basis of the observation that the film has a partly insoluble form composition.
These two sites are detected in three ways, by splitting of the voltammetric peak in K* and NH,* electrolytes, by spectral observation
in KCI that two absorbance changes occur that correlate with the potentials of voltammetric peaks, and by previous observations
by Feldman and Murray that the films in alkali-metal and ammonium electrolytes exhibit two ferric states with differing electron
self-exchange rates as well as differing potentials in alkali-metal and ammonium electrolytes.

Interest in ferric ferrocyanide (Prussian blue, Fe(III/II)), an
important member of the family of metal hexacyanometalates,!
was renewed several years ago by the development of procedures®
for coating it as films on electrodes. Electrochemical reactions
of the mixed-valent coatings gave new insights into Prussian blue
electron-transfer chemistry? and spectroscopy.® This research
and analogous cyanometalate work by Bocarsly et al.® and
Crumbliss et al.” has recently been reviewed.®

Prussian blue has been described in two formulations, the
“soluble” form, KFe'[Fe''(CN),], and the “insoluble” form,
Fel,[Fe(CN),}3-6H,0, with the common names having historical
peptization rather than actual solubility connotations. Keggin
and Miles® suggested for the soluble form a face-centered cubic
lattice structure in which the high-spin ferric and low-spin fer-
rocyanide sites are each octahedrally surrounded by -NC and -CN
units, respectively, with the K* counterion being in an interstitial.
site. The insoluble Prussian blue structure described in the single
crystal study by Ludi et al.!%!! is also a (primitive) cubic lattice,
but one-fourth of the Fel'(CN), units are missing, with their
nitrogen sites occupied instead by water molecules coordinated
to Fe(IIl) sites and with as many as eight additional water
molecules located interstitially.

It has turned out that uncertainties about which of these two
stoichiometries of Prussian blue films (if either) represent the films
on electrodes have hampered interpretation of the electrochemical
studies.® The ferric/ferrous reductnon reaction for Prussian blue
coatings is written by Neff et al.!? as of the soluble form

(1) Sharp, A. G. The Chemistry of Cyano Complexes of the Transition
Metals; Academic: London, 1976; pp 121-126.
(2) Neff, V. K. J. Electrochém. Soc. 1978, 125, 886.
(3) Itaya, K.; Akahoshi, H.; Toshima, S. J. Electrochem. Soc. 1982, 129,
1498,
(4) Rajan, K.; Neff, V. D. J. Phys. Chem. 1982, 86, 4361.
(5) Itaya, K.; Ataka, T.; Toshima, S. J. Am. Chem. Soc. 1982, 104, 4767.
(6) Sinha, S.; Humphrey, B. D.; Bocarsly, A. B. Inorg. Chem. 1984, 23, 203.
(7) Crumbliss, A. L.; Lugg, P. 8.; Morosoff, N. Inorg. Chem. 1984, 23,
4701.
(8) Itaya, K.; Uchida, I.; Neff, V. D. Acc. Chem. Res. 1986, 19, 162.
(9) Keggin, J. F.; Miles, F. D. Nature (London) 1936, 137, 577.
(10) Buser, H. J.; Schwarzenbach, D.; Petter, W.; Ludi, A. Inorg. Chem.
1977, 16, 2704.
(11) Herren, F.; Fischer, P.; Ludi, A.; Halg, W. Inorg. Chem. 1980, 19, 956.
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KFe'[Fe'l(CN)¢] + e + K+ — K,Fell[Fell(CN)s] (1)
and by Itaya et al.’ as of the insoluble form

FeI"4[FeH(CN)6] 3'6H20 + 4e” + 4K+ -
K Fe!l,[Fe'(CN)¢]»6H,0 (2)

Both reduction reactions require, for electroneutrality, entry of
K* (or another appropriately sized electrolyte cation) into the
lattice, and experimental results confirm such a cation depen-
dency. 51213

The ferrocyanide/ferricyanide oxidation reactions are also
written differently, as'?

3KFelI[Fel(CN),] — 2¢” - 2K* —
KFe;[Fe'(CN);],[Fe"(CN)g} (3)

where part of the lattice K* departs from the lattice and the
oxidative charge is two-thirds of the reductive charge, and as®

FCHI4[FCH(CN)6] 3'6H20 -3e + 3X" —
Fell [Fel'(CN)4]3(X)56H,0 (4)

where an electrolyte anion enters the lattice and the oxidative
charge is three-fourths of the reductive charge. The reported®
charge ratio, 0.71, is an indecisively intermediate value. Analyses
by Itaya et al.’ show as-grown Prussian blue films contain no K*,
which is inconsistent with the soluble formulation, but on the other
hand, the soluble formulation of reaction 3 is favored by shifts
of the potentials of the electrochemical waves with electrolyte
concentration,!? mass Joss data,!? and comparative insensitivity
to electrolyte anion identity.!?!?

We originally became interested in using Prussian blue in a
bilayer electrode'* and as an object of a electron-hopping kinetics
study,!® since it is an ostensibly internally ordered electroactive
material. In view of the previous uncertainties about the com-
position of the electrode coatings, we mounted the analytical,

(12) Ellis, D.; Eckhoff, M.; Neff, V. D. J. Phys. Chem. 1981, 85, 1225.

(13) Feldman, B. J.; Melroy, O. R., submitted for publication in J. Elec-
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