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The synthesis and crystallographic characterization of the five-coordinate iron(lll) porphyrinate complex [Fe-
(OEP)(NO)]CIQ are reported. Thi§FeNG 6 complex has a nearly linear F&l—O group (angle= 173.19-

(13)°) with a small off-axis tilt of the FeN(NO) vector from the heme normal (angte4.6°); the Fe-N(NO)

distance is 1.6528(13) A and the iron is displaced 0.32 A out-of-plane. The complex forms a tight cofacial

dimer in the solid state. Mssbauer spectra for this derivative as well as for a related crystalline form are measured
both in zero applied magnetic field anda 7 Tapplied field. Fits to the measurements made in applied magnetic
field demonstrate that both crystalline forms of [Fe(OEP)(NO)Jh@ve a diamagnetic ground state at 4.2 K.

The observed isomer shiftd & 0.22—-0.24 mm/s) are smaller than those typically observed for low-spin iron-

(1) porphyrinates. Analogous Mssbauer measurements are also obtained for a six-coordinate derivative, [Fe-
(OEP)(12)(NO)]CIQ (Iz = indazole). The observed isomer shift for this species is smaller&tiHl 0.02 mm/s).

All derivatives show a strong temperature dependence of the isomer shift. The data emphasize the strongly covalent
nature of the FeNO group. The ldsbauer isomer shifts suggest formal oxidation states greatef-théor iron,

but the NO stretching frequencies are not consistent with such a large charge transfer to NO. Differences in the
observed nitrosyl stretching frequencies of the two crystalline forms of [Fe(OEP)(NQ)feédiscussed.

Introduction

Since the discovery that mammalian cells produce nitric oxide

(NO) there has been a resurgence of interest in NO in many

areas of chemistry and biology. NO has been found to play an
important role in mammalian regulatory functions such as
neurotransmission, blood pressure regulation, inhibition of
platelet aggregation, and cytotoxic action of macrophages.

Many of these mammalian responses result from the interaction

of NO with formally iron(Il) heme proteins best described as
{FeNG 7 species using the notation of Enemark and Feltham.
More recently, moreover, formally iron(lll) nitrosylFeNG
heme proteins (nitrophorins) were discovered in the salivary
glands of bloodsucking insectS hese nitrophorins can revers-
ibly bind NO to allow both the storage of NO in the bug’s

salivary glands and the release of NO in host tissues. Surpris-

ingly, unlike {FeNG ¢ porphyrin model complexes, these
nitrophorins resist chemical reduction to the iron(ll) form of
the heme. However, the structure of #eeNG © nitrophorin

complex remains elusive owing to reduction of the iron to give
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an{FeNGQ " species upon exposure to radiation during X-ray
experiment$® { FeNQG é hemes are also proposed intermediates
in fungal and bacterial denitrification processes. One of the
proposed intermediates that catalyzes the reduction of NO to
N2O by cytochrome P450 nitric oxide reductase in the fungus
Fusarium oxysporuris an{ FeNG % heme! An { FeNG 6 heme

is also likely involved in the reduction of nitrite to NO by heme
cdy nitrite reductase in denitrifying bactedd.

Until just recently there were only a few structurally
characterized FeNG ¢ porphyrin complexes. Early examples
include the five-coordinate species [Fe(OEP)(NQG)id the six-
coordinate species [Fe(TPPYB)(NO)]".1011 Other{ FeNG} 6
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species that have been structurally characterized are the-nitro
nitrosyl derivatives [Fe(Porph)(NGXNO)],*2 the six-coordinate
neutral nitrogen-donor species [Fe(OEP)(L)(NGY and [Fe-
(TPP)(HO#-CsH11)(NO)] .24 Even less information is available
concerning the electronic structure PFeNG6 species, and
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complex. The structure of the new crystalline form, [Fe(OEP)-
(NO)]CIOq, differs from that of the previously reported form,
[Fe(OEP)(NO)]CIQ:CHCIs,1° primarily in the solvent content
and the arrangement of the molecules in the cell. Both forms
have similar structural features, which is expected feeNG} ©

there is some controversy about the best description of the species. The unit cells of both crystalline forms contain tightly

electronic ground states for iron nitrosyl species. An early
measuremei? of the magnetic moment of [Fe(OEP)(NO)]

interacting molecules that form—sx dimers. Although the
overlap patterns of the dimers are distinctly different in the

yielded a nonzero value for the susceptibility and suggested thecrystalline forms, the separation parameters between molecules

need for additional study. Westcott and Enentarkave

are essentially the same. The solid-statésbbmuer parameters

tabulated some of the possible coupling interactions betweenof the two crystalline forms of [Fe(OEP)(NO)]are also

the two centers; the possibility of coupling idon centers and
NO™ should also be included. Msbauer data have now been
obtained for several nonporphyrifiEeNG ® species: [Fe(HL)-
NO]NO; and [Fe(RQ)NO].2® The conclusion drawn from the
data is that it is difficult to assign a precise description of the

ground state because of the highly covalent nature of the FeNOy

unit. Quite recently, Msesbauer data have been reported for
trans[(cyclam)Fe(NO)CIT and its oxidized and reduced prod-
ucts!” These authors proposed that, for ffeeNG ® species,
the diamagnetic ground state results from the couplingjieod
center and NO. As described below, we interpret our newly
obtained Masbauer spectral data for five- and six-coordinate
porphyrinic{ FeNG ¢ systems as showing that the FeNO unit
is strongly covalent in nature. However, attempts to pinpoint
the location of the electrons (i.e., assign formal oxidation states)
are complicated by inconsistencies betweersdb@auer results
and the changes in(NO).

The work in this study began with the preparation of five-
and six-coordinat€FeNC © porphyrinates for characterization
by Mossbauer spectroscopy in applied magnetic fields. Unex-
pectedly, our preparation of the five-coordinate derivative [Fe-
(OEP)(NO)ICIQ led to a new crystalline phase which differed
from the original known phase in solvent content. The solid-
state nitrosyl infrared stretching frequencies of the two crystal-
line forms differ by 30 cm®. Electrochemical and chemical
oxidation of [Fe(Porph)(NO)] to five-coordinate [Fe(Porph)-
(NO)I™ has been followed by IR and UWis spectroelectro-
chemical studie&~2° A range of nitrosyl stretching frequencies
for the OEP derivatives (18301868 cntl) was observed,

presented and compared with those of the six-coordinate species
[Fe(OEP)(Iz)(NO)ICIQ (Iz = indazole (benzopyrazole)).

Experimental Section

General Information. All manipulations involving the addition of
O were carried out in an oxygen- and water-free environment using
a double-manifold vacuum line, Schlenkware, and cannula techniques.
Methylene chloride was distilled over CaHhexanes were distilled over
sodium benzophenone, and NO gas was purified by passing it through
4 A molecular sieves immersed in a dry ice/ethanol slush bath to remove
higher oxides of nitrogeft All other chemicals were used as received
from Aldrich or Fisher. IR spectra were recorded on a Perkin-Elmer
883 IR spectrophotometer for samples in Nujol mulls or KBr pellets;
electronic spectra were recorded on a Perkin-Elmer Lambda 19 UV
vis/near-IR spectrometer. The solid-state'ddlbauer samples were
immobilized in Apiezon grease. Msbauer measurements were per-
formed on a constant-acceleration spectrometer from 4.2 to 293 K with
optional zero field andn a 7 Tsuperconducting magnet system (Knox
College). The free base .BEP was purchased from Midcentury
Chemicals. The chloro- and perchloratoiron(lll) derivatives were
synthesized by modified literature methd@43 Cautiorl Although we
have experienced no problems with the procedures described in dealing
with systems containing perchlorate ion, these materials can detonate
spontaneously and should be handled only in small quantities; in no
case, should such a system be heated abov&3@nd other safety
precautions are also warrantéd.

Preparation of [Fe(OEP)(NO)]CIO,4. The complex was prepared
by a method similar to that of Scheidt et*&To 20 mg (0.028 mmol)
of [Fe(OEP)OCIQ] was added~3 mL CH,Cl,. NO gas was bubbled
into the solution for several minutes. A dramatic color change from
brownish-red to purple/pink occurred. A 1:1 mixture of hexanes and

depending on the solvent used to prepare the samples and th€H,Cl, was used as the nonsolvent in the vapor diffusion experiment

media in which the frequencies are measured. Nitrosyl infrared

under an NO atmosphere to obtain X-ray-quality crystals. Bulk powder

stretching frequencies are expected to be quite sensitive to thesamples for Mesbauer measurements were obtained by adding hexanes

nitrosyl environment and electronic structure at iron. We thought
that an understanding of the origin of the differing IR stretches
for the two forms could prove insightful in understanding the
trends in stretching frequencies for the naturally occurring heme
proteins.

under an NO atmosphere to a @, solution of the compound. The
compound slowly effloresces NO in the solid state to give the starting
perchlorate compound, and it immediately loses NO in solution if an
NO atmosphere is not present. The iron(lll) complex, in the presence
of excess NO, is easily reduced (by reductive nitrosylation) if a trace
amount of ethanol is present. IR (Nujol, KBr}(NO) = 1838 cn1™.

This work compares the structures and electronic properties yy—vis/near-IR (CHCL,): 359, 410 (sh), 557 nm. X-ray-quality

of the two crystalline forms of the five-coordinaf&eNG; 6
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Table 1. Crystallographic Details for [Fe(OEP)(NO)]CIO
66H44C|FGN505

empirical formula

fw 718.06

a A 13.7877(16)

b, A 15.3611(11)

c A 16.8511(7)

B, deg 106.241(6)

v, A3 3426.5(5)

z 4

space group P2:/n

D, g/cn? 1.392

F(000) 1512

u, mm-t 0.568

crystal dimens, mm 0.58 0.53x 0.25
abs corr DIFABS

A 0.71073

T, K 130(2)

no. of total data collcd 73545

no. of unique data 24 57®R¢: = 0.086)
no. of unique obsd datd p 20(1)] 14 979

refinement method oR? (SHELXL)

R1=0.0651wR2 = 0.1669
R1=0.1111wR2 = 0.2032

final Rindices forl > 2 o(l)
final Rindices for all data

of CH.Cl,. IR (Nujol): »(NO) = 1914 cnrl. UV—vis (CH.Cl,): 408,
524, 556 nm. Structural data for [Fe(OEP)(I1z)(NO)]GIRave been
reported previously?

X-ray Structure Determination. The structure determination was
carried out on a Nonius FAST area-detector diffractometer with a Mo
rotating-anode sourcel (= 0.710 73 A). Our detailed methods and
procedures for small-molecule X-ray data collection with the FAST
system have been described previodspata collection was performed
at 130(2) K. The crystal diffracted to a very high scattering angle (2
= 90° with Mo radiation). Data collections were performed at two
detectorf angles with requisite adjustments in X-ray power. A scale
factor was applied to the low-angle data to account for the difference
in the applied power.

A dark purple crystal of [Fe(OEP)(NO)]CKJ0.53 x 0.53 x 0.25
mm?) was used for the structure determination. The structure was solved
using the direct methods program SHELXS286ubsequent difference
Fourier syntheses led to the location of the remaining atoms. The
structure was refined againkt with the program SHELXL??8 in
which all data collected were used, including negative intensities. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
idealized with the standard SHELXL idealization methods. A modi-
fied?®30 version of the absorption correction program DIFABS was
applied. Brief crystal data for [Fe(OEP)(NO)]Cl@re listed in Table
1. Complete crystallographic details, atomic coordinates, thermal

parameters, and fixed hydrogen atom coordinates are included in the

Supporting Information.

Results

Figure 1 is an ORTEP diagram of [Fe(OEP)(NO)]GIO
illustrating the Fe-N—O group and the relationship between
the cation and anion in the cell. The labeling scheme depicte
is that used in all of the diagrams and tables. Values of selecte
bond distances and angles for [Fe(OEP)(NO)]CHpe listed
in Table 2. Complete listings of bond lengths and angles are

d
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Figure 1. ORTEP diagram of [Fe(OEP)(NO)]CIO The closest
perchlorate anion is shown. Thermal ellipsoids are contoured at the

50% probability level. The labeling scheme is also shown.

Table 2. Selected Comparisons for [Fe(OEP)(NORerivatives

[Fe(OEP)(NO)ICIQ-CHCl; 1°  [Fe(OEP)(NO)ICIQ
IR Data

v (NO)? 1868 1838

Coordination Group Distances and Angles
Fe—Nno® 1.644(3) 1.6528(13)
N—OP 1.112(4) 1.140(2)
Fe—Npb 1.994(1) 1.994(5)
Fe-N—0O¢ 176.9(3) 173.19(13)
AFerd 0.29 0.32
tilte 0.6 4.6

Intermolecular Distances

Fe-Fe 4.24 4.26
MPSe 3.36 3.41
Ct---Ctf 3.65 3.65
LSbo 1.43 1.32

2 Nujol or KBr (cm™).  Values in angstroms.Values in degrees.
dDisplacement from the 24-atom mean porphyrin pldridean
separation between the two planeBistance between two porphyrin
centers9 Lateral shift.

given in the Supporting Information. Averaged values for the
different types of bonds in the porphyrin core are given in Figure
2. Also displayed in this diagram are the perpendicular displace-
ments of the atoms from the mean plane of the 24-atom
porphyrin core in units of 0.01 A. There is a very small ruffling
of the porphyrin core as well as a very slight reverse doming.
The deviations from planarity, however, are not large.

The average FeNp bond length for [Fe(OEP)(NO)]CIQs

¢1.994(5) A. The Fe-Nno bond length is quite short at 1.6528-

(13) A. The Fe-N—O angle is 173.19(13) The average Rb
--Np nonbonded distance is 2.79(8) A; the range is 22388

. The iron is displaced out of the plane toward NO by 0.32
A. The Fe-N—O group is tilted off the normal to the mean
porphyrin plane by 4.6

Parts A and B of Figure 3 show how two [Fe(OEP)(NO)]
cations interact in pairs to form cofaciat-x dimers in the
solid state. On the top left is a view of the [Fe(OEP)(NO)]
cations perpendicular to the porphyrin mean planes. The top
right shows the pair of [Fe(OEP)(NO)tations rotated 90from
the view on the left. The two molecules are related by an
inversion center, and so the two porphyrinato planes are
precisely parallel. The separation between the porphyrin planes
is 3.41 A. Other separation parameters are given in Table 2.
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Figure 2. Formal diagram of the porphinato core of [Fe(OEP)(NO)]-
ClO; illustrating the labeling scheme and the displacement of eacl
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netic ground state to [Fe(OEP)(NO)]Gi@nd will be discussed
subsequently.

[Fe(OEP)(NO)ICIQ is a low-spin {FeNG?® species, as
denoted by Enemark and Felth&nm this {FeNG & model, the
iron is considered to be most similar to &idn, and thus the
geometric parameters at iron should be similar to those of other
low-spin iron(lll) porphyrinates. The average -Rdp bond
length for [Fe(OEP)(NO)]CI@is 1.994(5) A, which is consistent
with the low-spin-state assignment for this speéieghe iron
is displaced out of the 24-atom mean porphyrin plane toward
NO by 0.32 A. This displacement is slightly larger than one
might predict for a low-spin, five-coordinate iron(l11) complex.
However, the iron may be displaced farther from the porphyrin
plane to alleviate nonbonded repulsions between the nitrogen
atom of the nitrosyl ligand and atoms of the core that result
from the very short FeNyo bond length of 1.6528(13) A. The
average No***Np honbonded distance is 2.79(8) A; the range
is 2.71-2.88 A. This nonbonded interaction is nearly the same
as that seen in five-coordinaféeNG 7 species that have an
average No**Np distance of 2.82 &2 Six-coordinatg FeNG
species have an even closer averagg*NNp nonbonded

h distance of 2.63 A, which results from similar F&no bond

unique atom from the mean plane of the 24-atom porphinato core (in lengths with an in-plane iron atot.Another consequence of
units of 0.01 A). Also displayed are the averaged values of each type the short Fe-Nno bond length is small porphyrin nitrogen atom

of bond distance and angle in the porphinato core.

This {FeNG ¢ species was also characterized by IR and

displacements from the nitrosyl ligand, as seen in Figure 2.
These nitrogen atom displacements lead to a small reverse
doming; a modest core ruffling is also superimposed.

Mossbauer spectroscopies. The nitrosyl stretching frequency There are only a few previously structurally characterized

appears at 1838 cr in the solid state (Table 3). Msbauer

five-coordinate, low-spin iron(lll) complexes. These derivatives

data confirm the low-spin-state assignment for this species, andall share common characteristics, which include small iron atom
on the basis of the agreement of the fit to data collected in an displacements from the mean porphyrin plane and short Fe

applied field, a diamagnetic ground state is assignecdidauer

Np bond lengths. The previously structurally characterized

spectra were also obtained in zero field and in an applied field examples include-bonded phenyi? alkyl,34 and acy}* deriva-

for [Fe(OEP)(NO)]CIQ-CHCl; and [Fe(OEP)(Iz)(NO)ICIQ

tives. The range of FeNp distances in these complexes is

The Mtsshauer parameters are given in Table 4 and Figures 41.961(7)-1.974(13) A, and the iron atom out-of-plane displace-

and 5.

Discussion

The molecular structure of tHg=eNG} ¢ complex [Fe(OEP)-
(NO)ICIO4 has been determined. This new five-coordinate
crystalline complex was initially isolated in attempts to crystal-
lize six-coordinate{ FeNG® species [Fe(Porph)(L)(NO)]

Subsequently, this new unsolvated crystalline species, [Fe(OEP)

(NO)ICIO4, was obtained by the straightforward synthesis

described in the Experimental Section. Although the molecular

structure of a solvated form of [Fe(OEP)(NO)]Gl@ad been

previously determined, an initial IR spectrum showed that our

new crystalline form had a nitrosyl stretching frequency
significantly different from that reported earlier for the solvated
form [Fe(OEP)(NO)]CIQ-CHCI5'° even though both have the

same molecular formula; therefore, we wished to characterize
the new form in detail. Since nitrosyl stretching frequencies are
an important spectroscopic probe of nitric oxide complexes and
heme proteins containing NO, we thought that further investiga-

tion of the origin of the NO stretching frequency shift was

merited. An investigation of this question clearly requires a
detailed knowledge of the molecular structure and a knowledge
of the intermolecular interactions. Since the details of the

electronic structure of FeNG® species have not been thor-

ments range from 0.15 to 0.22 A. The-Asp bond length of
1.994(5) A in [Fe(OEP)(NO)]CIQis longer than the FeNp
bond length of thes-bonded carbon derivatives owing to a
combination of the larger displacement of the iron atom and
essentially planar porphyrin cores. The cores ofdHeonded
carbon derivatives are quite ruffled, leading to shorter Ng
bond lengths.

The Fe-Np bond length of 1.994(5) A in [Fe(OEP)(NO)]-

ClO, is identical to those found in six-coordinaf&eNG ©

porphyrin complexes with a neutral sixth ligand trans to the
nitrosyl, where the range is 1.995¢83.004(4) Al013and with
nitrite trans to the nitrosyl, as in [Fe(TpivPP)(MONO)], where
Fe—Np is 1.996(4) Al2

The axial Fe-Nyo bond length of 1.6528(13) A in [Fe(OEP)-
(NO)]CIOy is substantially shorter than the +€ axial bond
lengths in theo-bonded carbon derivatives mentioned above,
which range from 1.955(3) to 1.979(9) A. These very short
distances in the nitrosyl complex again lead to a larger out-of-
plane displacement of the iron atom, which helps to alleviate
the close contact between the nitrogen atom of the nitrosyl ligand
and the nitrogen atoms of the porphyrin core. Surprisingly, the
Fe—Nno bond length in [Fe(OEP)(NO)]CIgs at the high end
of the range of those found in the six-coordingteeNGC} 6

(31) Scheidt, W. R.; Reed, C. hem. Re. 1981, 81, 543.

oughly investigated and are not well understood, we also carried(32) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod.997, 119, 7404.

out Misssbauer spectroscopic measurements to define the ground

state of [Fe(OEP)(NO)]CIg) the measurements were performed

in the presence and absence of an applied magnetic field. All
measurements are consistent with the assignment of a diamag-

Scheidt, W. R.; Duval, H. F.; Neal, T. J.; Ellison, M. B. Am. Chem.
Soc.200Q 122 4651.

(33) Doppelt, PInorg. Chem.1984 23, 4009.

(34) Balch, A. L.; Olmstead, M. M.; Safari, N.; St. Claire, T. Morg.
Chem.1994 33, 2815.
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Figure 3. ORTEP diagrams of the two closely interacting cations in [Fe(OEP)(NO)}C(®) view perpendicular to the mean porphyrin plane

and (B) view parallel to the mean porphyrin plane. ORTEP diagrams of the two closely interacting cations of the solvated form [Fe(OEP)(NO)]-
ClO4CHCIs: (C) view perpendicular to the mean porphyrin plane and (D) view parallel to the mean porphyrin plane. The differences in the
bendings and tiltings of the nitrosyl groups are readily seen in views B and D.

Table 3. Nitrosyl Stretching Frequencies for Five-Coordinate The nitrosyl group in [Fe(OEP)(NO)]CIOis tilted from the
{FeNG°® Complexes heme normal in the direction of the slight FB—O bend by
V(NOQ' . 4.6°. There is virtually no tilt (0.6) observed in the previously
complex state cm®  medium ref characterized species, [Fe(OEP)(NO)]GICHCL. This can be
[Fe(OEP)(NO)T @ soln 1853 CHCI, 18 seen most clearly in the two diagrams on the right-hand side of
[Fe(OEP)(NO)T i’ soln 1854 Chl_CIz 19 Figure 3.
%Eggggg;%ggcm,cmlgd Eg,‘g’g;r iggg Eg{m 128 Also tapulated iq Table 2 are selected distgnges dgscribing
[Fe(OEP)(NO)ICIQ-CHCl: ¢ crystal 1868  Nujol, KBr  this work the cofacialz—m dimers formed by both derivatives in the
[Fe(OEP)(NO)ICIQ ® crystal 1838  Nujol, KBr this work crystalline state. In both species, the two cations are related by
[Fe(OEP)(NO)ICIQ crystal 1852 Nujol thiswork  an inversion center and thus the porphyrin planes are precisely
aPrepared by chemical oxidation in GEl,. ® Prepared by elec- parallel. Figure 3 shows the relationship between the two
trooxidation in situ Prepared by electrooxidation in GEl followed interacting molecules in [Fe(OEP)(NO)]CIQtop) and [Fe-
by solvent removal? Prepared in CHGlsolution.© Prepared in CkClz (OEP)(NO)]CIQ-CHCI; (bottom). In both species, the mol-
solution; unsolvated.Prepared in HsCl solution. ecules form quite close cofacial dimers (Table 2). The mean-

) plane separations are 3.41 A for [Fe(OEP)(NO)]¢HRd 3.36
species [Fe(Porph)(L)(NO)|(1.627(2)-1.652(5) A). However, R for [Fe(OEP)(NO)]CIQ-CHCl;. The distances between the
the Fe-Nno bond length in [Fe(TpivPP)(NEXNO)] is longer o metal centers and the ©Ct distances are also equivalent.
at 1.671(2) A. This small increase is likely due to the presence Thys, all parameters that describe distances between the two
of the transz-accepting ligand Ng . molecules are nearly the same. However, the manners in which

As expected for afiFeNG ¢ species, the FeN—O group in the two molecules overlap are quite different, as can be seen
[Fe(OEP)(NO)ICIQ is nearly linear, with an angle of 173.19- from the top view of the molecules on the left-hand side of
(13)°. The Fe-N—O angle in [Fe(OEP)(NO)]CI@is at the more Figure 3. In [Fe(OEP)(NO)]CIQ a pair ofa carbons overlay
bent end of the range of angles for ot&reNG ¢ porphyrin a pair of nitrogen atoms. The two molecules are slipped by 1.32
complexes (169.3(2)177.6(3Y). The most bent is that of [Fe- A at 45° from an Fe-Np bond. In [Fe(OEP)(NO)]CIQCHCls,
(TpivPP)(NQ)(NO)]. A near-linear nitrosyl group (176.9Q3) the molecules are slipped by 1.43&dong a pair of Fe-Np
is also seen in the previously characterized solvated form, [Fe-bonds to put the iron atom nearly over a nitrogen atom of the
(OEP)(NO)]CIQ-CHCI5.1° In fact, most of the coordination  other porphyrin ring.
group parameters of the two five-coordinate nitrosyl complexes  The immediate nitrosyl environments are also different in the
are, not surprisingly, quite similar; these are summarized in two five-coordinate complexes. In [Fe(OEP)(NO)]GJGhere
Table 2. Also given in Table 2 is the degree to which the-Fe is no solvent molecule present in the cell whereas, in [Fe(OEP)-
N—O group is tilted from the heme normal in both species. (NO)]CIO,-CHCI;, there is a molecule of chloroform. As can
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Table 4. Solid-State Masbauer Parameters for Nitrosyl and Related Derivatives in Zero Applied Field

complex AEg, mm/s Ore, MM/s T,K ref
{FeNQ ¢ Complexes
[Fe(OEP)(NO)]ICIQ-CHCl; 1.63 0.12 293 this work
1.65 0.20 4.2 this work
[Fe(OEP)(NO)ICIQ 1.55 0.13 293 this work
1.64 0.20 4.2 this work
[Fe(OEP)(I1z)(NO)ICIQ 1.99 —0.07 293 this work
1.92 0.02 4.2 this work
[Fe(TPP)(NQ)(NO)] 1.37 0.02 293 12
1.36 0.13 4.2 12
1.36 0.13 77 41
[Fe(T-p-OCH:PP)(NG)(NO)] 1.43 0.04 293 12
[Fe(TpivPP)(NQ)(NO)] 1.48 0.01 293 12
1.43 0.09 4.2 12
[Fe(OE-corrole)(NO)] 1.81 0.01 a 42
[Fe(OE-corrole)(NO)]FeGl 1.98 0.00 a 42
[Fe(HL)NOINGs 1.18 0.24 300 16
1.18 0.30 80 16
[Fe(CH)Q)NO] 1.64 0.16 300 16
1.67 0.23 80 16
trans-[(cyclam)Fe(NO)CR*™ 2.04 0.04 4.2 17
[L'Fe(NO)(ONO)(NQ)]* 1.37 0.03 4.2 17
Iron(1V) Complexes
[Fe(TPP)(O)(1-Melm}] 1.26 0.11 4.2 43
[Fe(TPP)(O)(PYA 1.56 0.10 4.2 43
{[Fe(TPP)}N}* 2.04 -0.13 293 44
Iron(ll) CO Complexes
[Fe(TPP)(1-Melm)(CO)] 0.35 0.20 293 45
[Fe(TPP)(Py)(CO)] 0.57 0.28 293 45
Iron(Ill) Cyanide Complexes
[Fe(OEP){¢-BuNC),]* 1.67 0.08 300 46
1.98 0.16 120 46
2.06 0.18 4.2 46
[Fe(TPP){-BuNC),]* 2.12 0.13 120 46
MbCN 1.46 0.16 4.2 47
CCPCN 1.60 0.21 4.2 47
Iron(l1) Complexes (U Ligand Orientation)
[Fe(TMP)(2-MeHIm}] * 1.48 0.20 77 48
[Fe(TMP)(3-EtPy)] + 1.25 0.18 77 48
[Fe(TMP)(3-CIPy)* 1.36 0.20 77 48
[Fe(TMP)(4-NMePy),] * 1.75 0.18 4.2 49
[Fe(TMP)(1,2-Melm);]* 1.25 0.14 250 50
1.26 0.17 120 50
[Fe(TPP)(4-CNPy* 0.65 0.19 120 51
[Fe(TPP)(Pyjl* 1.25 0.16 77 52
[Fe(TPP)(2-MeHImy* 1.77 0.22 150 53
Iron(l11) Complexes || Ligand Orientation)
[Fe(TMP)(1-Melm})]* 2.31 0.28 4.2 49
[Fe(OEP)(4-NMgPy),] " 2.15 0.26 4.2 49
[Fe(Tp-OCHsPP)(HIm}] * 2.06 0.17 298 54
[Fe(T-p-CIPP)(HImY] + 2.01 0.15 298 54
{FeNG’ Complexes
[Fe(TpivPP)(NQ)(NO)]~ (form 1) 1.78 0.22 200 39
[Fe(TpivPP)(NQ)(NO)]~ (form 2) 1.20 0.35 4.2 39
[Fe(TPP)(NO)] 1.24 0.35 4.2 39
[Fe(OEP)(NO)] 1.26 0.35 100 40

aTemperature not reported; expected temperature 42FKozen toluene solutions.

be seen from Figure 1, in [Fe(OEP)(NO)]CIChe nearest tion is between the oxygen atom and a hydrogen atom (H(61a))
perchlorate anion is located almost directly above the nitrosyl of an ethyl carbon (C(61)) on an adjacent molecule. TkeHD
ligand. The closest oxygeroxygen distance in this structure distance is 2.78 A. In [Fe(OEP)(NO)]CIECHCI;, the closest
is 3.59 A (O(1)--O(3)). In [Fe(OEP)(NO)]CIQ CHCl;, the contact is between the oxygen atom and a methyl group
closest G--O distance between the perchlorate anion and the hydrogen atom (H(72c)) at 2.71 A. ORTEP diagrams illustrating
nitrosyl oxygen atom is 0.5 A shorter at 3.09 A (0P (3)) the closest contacts are given in the Supporting Information
and the anion is located farther off to the side, as can be seen(Figures S1 and S2).
in Figure 2 of ref 10. A detailed structural study of [Fe(OEP)(NO)]CIQvas

The closest contacts between the nitrosyl ligand and atomsundertaken to help elucidate the environmental factors that led
of nearby molecules were also examined; there are no strikingto the 30 cn! difference in the nitrosyl stretching frequencies
differences. In [Fe(OEP)(NO)]CIQthe closest nitrosyl interac-  seen in the two five-coordinate nitrosyl species. In fact, there
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Figure 4. Md&ssbauer spectra of [Fe(OEP)(NO)]GIQop) and [Fe-
(OEP)(NO)]CIQ-CHCI; (bottom) recorded at 4.2 K with an applied
magnetic field 6 7 T parallel to they-ray beam. The solid lines are
diamagnetic fits to the data, yielding the following parameters. [Fe-
(OEP)(NO)]CIQ: quadrupole splittingAE; = 1.64 mm/s; asymmetry
parametery = 0.2(4); isomer shiftdre = 0.22 mm/s; Lorentzian width,

T (fwhm) = 0.26 mm/s. [Fe(OEP)(NO)]CI©CHCI;:: quadrupole
splitting, AEq = 1.64 mm/s; asymmetry parametgr= 0.0(4); isomer
shift, dre = 0.24 mm/s; Lorentzian widtH; (fwhm) = 0.27 mm/s.
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Figure 5. Mdssbauer spectra of [Fe(OEP)(I1z)(NO)]Gl&corded at
4.2 K in zero applied field (top) and in an applied magnetic field of 7
T parallel to they-ray beam (bottom). The solid line in the bottom
figure is a diamagnetic fit to the data, yielding the following
parameters: quadrupole splittindhE; = 1.88 mm/s; asymmetry
parametery = 0.0; isomer shiftdge = 0.02 mm/s; Lorentzian width,

I' (fwhm) = 0.38 mm/s.

structurally characterized forms of [Fe(OEP)(NO)Yhat are
consistent with the observed NO stretching frequency differ-
ences. However, we cannot identify a single dominant feature
and indeed the identified features may be interrelated. The most
obvious difference in the two five-coordinate nitrosyl species
that may explain the 30 cm difference inv(NO) is the bending

of the nitrosyl group. The FeN—O group is more bent in [Fe-
(OEP)(NO)]ICIQ, at 173.19(13), than in [Fe(OEP)(NO)]CI®
CHCI;, where the angle is 176.9¢3)The species with the more
bent angle and thus decreased NO bond order, albeit slight, has

is a wide range of reported nitrosyl stretching frequencies for the lower NO stretching frequency. Another difference seen in

[Fe(OEP)(NO)] species which depend, inter alia, on the solvent

the two examples is the degree to which the-Re-O group is

used to prepare the compounds and the medium in which thetilted off the heme normal. In [Fe(OEP)(NO)]CiOthe Fe-
spectra are recorded. As can be seen from Table 3, when [Fe-N—O group is tilted off-axis by 4.%in the direction of the bend.

(OEP)(NO)T" is prepared by oxidation of [Fe(OEP)(NO)] in
CH,Cl; by adding a chemical oxidak§tand by electrochemical
mean$® and the spectra are recorded in £, both species
exhibit the same/(NO) values (1853 and 1854 cr). When
[Fe(OEP)(NO)T is electrochemically generated in @El, but
a solid-statespectrum is recorded (Nujol mull),(NO) shifts
to 1830 cnt.20 A similar stretching frequency (1838 cH) is
observed when [Fe(OEP)(NQO)is prepared by ligand substitu-
tion ([Fe(OEP)OCIG@ + NO) in CH)CIl, and a solid-state
spectrum is recorded for a sample either in Nujol mull or in
KBr pellet (this work). When [Fe(OEP)(NO)]is prepared by
ligand substitutionin CHCI;, the isolated crystalline form
contains a molecule of chloroform in the asymmetric unit and
the solid-state NO stretching frequency shifts to 1868 tm
recorded for a sample either in a Nujol mull or in a KBr pellet
(this work), or to 1862 cml, previously recorded for a sample
in a KBr pellet!® Presumably, a third crystalline form (X-ray-
quality crystals not obtained) exists, which is obtained by ligand
substitution ([Fe(OEP)OCI§ + NO) in chlorobenzene and
exhibitsy(NO) at 1852 cm! in the solid state. These shifts in
v(NO) must originate in the solid-state structure differences.
We are able to identify a number of features in the two

In [Fe(OEP)(NO)]CIQ:-CHCIs, there is virtually no tilting of
the more nearly linear FeN—O group. This observation agrees
with the findings of Ghosh and Bocian, who have shown that
tilting and bending of CO in carbon monoxyheme is strongly
coupled® Such tilting/bending has also been observed in all
sufficiently characterized five-coordinafé=eNG 7 porphyrin
species?where it was suggested that the tilting is a consequence
of better overlap of ther* orbital of NO with the metal g
orbital. In these{FENG 7 species, tilting is clearly favorable
whereas in th¢ FeNG  species, where we see groups that are
both tilted and not tilted, the energy difference between the two
must be quite small.

The energy difference may arise from the different manner
in which the two [Fe(OEP)(NOJ] cations interact in pairs in
the two crystalline forms to forrm—x dimers. From Figure
3C, itis seen that, in [Fe(OEP)(NO)]CI&HCls, a porphyrinato
nitrogen atom is located almost directly above the iron atom of
the closest molecule. This interaction could be interpreted as a
pseudo-sixth-ligand interaction which may reduce the bending
and tilting of the nitrosyl group. In addition, we have seen that

(35) Ghosh, A.; Bocian, D. Rl. Phys. Chem1996 100, 6363.
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adding a sixth ligand to afiFeNG ¢ species increases the low-spin iron(lll) porphyrinate systems of the type [Fe(Porph)-
nitrosyl stretching frequency (vide infra). It is therefore con- L;]*. The values appear to be slightly smaller than those for
sistent that/(NO) for [Fe(OEP)(NO)]CIQ-CHCl; increases to most low-spin iron(lll) porphyrinates, consistent with strong
1868 cnt! from the 1838 cm! value seen for [Fe(OEP)(NO)]-  donation from iron to NO. This pattern is similar to that observed
ClO4, where the interaction between the two closest molecules for the five-coordinatd FeNG 7 species that also have isomer
is clearly different. It is also possible that the differences in shifts*®4° somewhat smaller than those observed for the
Fe—N—O geometry in the two crystalline forms may simply analogous low-spin iron(ll) derivativé$ A similar effect is also
be an effect of crystal packing. Finally, electrostatic effects may seen for CO complexes that have reduced isomer shifts (0.20,
have an influence on the observed NO frequency. There is a0.28 mm/s}® compared to more typical low-spin iron(ll)
difference in the immediate nitrosyl environments in the two porphyrinates (0.410.51 mm/s}’ Despite the observed dia-
structures. Although the counterion is the same in both magnetism at 4.2 K, there are several possible descriptions for
complexes, in [Fe(OEP)(NO)]CKCHCI; an oxygen atom of  the ground state. The first of these formal descriptions is that
the perchlorate anion is 0.5 A closer to the nitrosyl oxygen atom. of a low-spin iron(ll) coordinated to neutral NO. A second is
We would thus expect a frequency shift to a higher value, that of a low-spin iron(lll) center antiferromagnetically coupled
consistent with the effects of more polar solvents that we have to theS= %/, nitric oxide ligand. Another is an iron(lV) ion§
observed for other nitrosyl derivativés. = 1) coupled to an NOligand S= 1). A final, yet less likely,
The NO stretching frequencies of both five-coordinate [Fe- possibility>® is an iron(IV) ion & = 0) interacting with NO
(OEP)(NO)I" species are surprisingly lower than those of the (S= 0). As discussed subsequently, each of these descriptions
six-coordinatg FeNG  species where the trans ligand is water has some deficiencies when all of the physical data are
(1937 cn11),19 alcohol (1935 cm?),# or a neutral nitrogen-  considered. We note that nitric oxide is a noninnocent ligand
donor ligand (18961921 cnl).’® However the nitrosyl and that thglFeNG; unit is a highly covalent entity.
stretching frequencies for the five-coordinate species are higher The quadrupole splitting constants of 1.64 mm/s for the two
than those reported for the six-coordingeeNG ® octaeth-  forms of [Fe(OEP)(NO)]Cl@are closer to the splitting values
ylporphyrin species where the trans ligand is-aonded alkyl found for bis(planar axial ligand)iron(l11) porphyrinates in which
or aryl group (1766-1839 cn1).3¢ The observation of nitrosyl  the two planar ligands have relative perpendicular orientations
stretches that either increase or decrease upon addition of a sixtlthan to the splitting constants for similar complexes in which
ligand is in distinct contrast to what is seen in §leeNG ’ the two planar ligands have relative parallel orientations. For
cases. In these systems(NO) uniformly decreases upon the species with perpendicular ligand orientations, there is a
addition of any sixth ligand. The common explanation for this near degeneracy of the.cand d, orbitals®6-57 resulting from
effect is that the sixth ligand leads to increasedonation by the symmetrical interaction of the two ligands with the two d
iron into thesr* orbital of NO. That the{ FeNG ¢ species do
not show a uniform direction of shift upon addition of the sixth (39 Nasri, H.; Ellison, M. K.; Chen, S.: Huynh, B. H.; Scheidt, W.R.
ligand suggests that the orbital energy matchings of Fe and NO ~ Am. Chem. Sod997, 119, 6274.
are very different in thd FeNG 6 and{FeNG 7 systems. (40) thle, D. S.; Debrunner, P. G.; Fitzgerald, J.; Hansert, B.; Hung, C.-
An important question concerning these nitrosyl complexes () gétgr}:?m.p,s:c.’;”,’:aAr']rﬂ;]]'g’C?.egio?golcéfeﬁggg%og?"ffff oL
regards their electronic structures. One significant issue is the (42) will, S., Ph.D. Thesis, University of Cologne, 1996. Quoted in: Erben,
ultimate nature of the interaction between the initialin- C.; Will, S.; Kadish, K. M. InThe Porphyrin HandbogkKadish, K.
(lll) center and theS = %/ nitric oxide ligand upon formation g"ha%’ﬂ'rt”hﬁgﬁh ,Gl\ljlf,r(zibgd'; \E/gf';Z’Ag%i%’gf 1'32@55: San Diego, CA,
of the nitrosyl complex. We have used b&bauer Spectroscopy  (43) Simonneaux, G.; Scholz, W. F.; Reed, C. A.; Lang, Bichim.
to examine this issue, obtaining spectra for both [Fe(OEP)(NO)]- Biophys. Actal982 716, 1.
ClO4 and [Fe(OEP)(NO)]CIQCHCI; in zero applied field at (44) Li, M.; Shang, M.; Ehlinger, N.; Schulz, C. E.; Scheidt, W.IRorg.

. . . Chem.200Q 39, 580.
4.2 K and room temperature and & 7 Tapplied magnetic (45 Haviin, R. H.; Godbout, N.; Salzmann, R.; Wojdelski, M.; Amold,

field at 4.2 K (Table 4). The Mssbauer measurements in an W.; Schulz, C. E.; Oldfield, EJ. Am. Chem. S0d.998 120, 3144.
applied magnetic field for both species are essentially identical. (46) Walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.; Watson,

: ; : : C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am.
Both can be well-fitted to a diamagnetic model. The fits to the Chem. S0c1996 118 12109.

eXpeI’Imenta| data (F|gure 4) make |t eVldent that bOth f|Ve‘ (47) RhynardY D.; Lang’ G’ Sparta"an’ K.; Yonetaniy\]'r'chem' Phys
coordinate species have diamagnetic ground states. The best fit 1979 71, 3715.

— — = (48) safo, M. K.; Gupta, G. P.; Watson, C. T.; Simonis, U.; Walker, F.
parameters ardE; = 1.64 mm/s,0 = 0.22 mm/s,I" = 0.26 A Scheidt. W, RJ. Am. Chem. S04992 114, 7066,

mm/s, and; = 0.2(4) for [Fe(OEP)(NO)]Cl@andAE, = 1.64 (49) Safo, M. K.: Gupta, G. P.; Walker, F. A.: Scheidt, W.JRAm. Chem.
mm/s,é = 0.24 mm/s,I' = 0.27 mm/s, and; = 0.0(4) for Soc.1991 113 5497.

[Fe(OEP)(NO)]CIQ:CHCls. (50) Munro, O. Q.; Marques, H. M.; Debrunner, P. G.; Mohanrao, K.;

: . - Scheidt, W. RJ. Am. Chem. Sod995 117, 935.
The isomer shifts for the two complexes display a rather large (51) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,

temperature dependence with= 0.13 mm/s at 293 K and 0.20 D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. Sod994 116,
mm/s at 4.2 K for [Fe(OEP)(NO)]|ClQandd = 0.12 mm/s at 7760. ) )

293 K and 0.20 mm/s at 4.2 K for [Fe(OEP)(NO)IGIOHCE. (52 Fheih. L Mo Stauo. 0. K Harconds Borg, Crem 50>
Isomer shifts usually provide an indication of the formal 110, 5644.

oxidation state of the central iron atom when closely related (53) Scheidt, W. R.; Osvath, S. R.; Lee, Y. J.; Reed, C. A.; Shaevitz, B.;
structures are comparé@3 The isomer shifts for these two Gupta, G. Plnorg. Chem.1989 28, 1591.

. . . - (54) Straub, D. K.; Conner, W. MAnn. N.Y. Acad. Scil973 206, 383.
five-coordinate nitrosyls are most similar to those observed for (5g) The characterized iron(Iv) porphyrinates [Fe(TPP)(O)(1-Melm)] and

[Fe(TPP)(O)(Py)] ares = 1 species?

(36) Guilard, R.; Lagrange, G.; Tabard, A.; Lam¢ D.; Kadish, K. M. (56) Almost all low-spin iron porphyrinate systems display EPR spectra,
Inorg. Chem.1985 24, 3649. and theg values can be used to calculate the relative orbital energies
(37) Debrunner, P. G. liron Porphyrins Lever, A. B. P, Gray, H. B., of the three lowest orbitals in terms of the value of the smirbit
Eds.; VCH Publishers Inc.: New York, 1983; Part 3, Chapter 2. coupling constant. This is conveniently done with the Taylor formula-
(38) Wolff, T. E.; Berg, J. M.; Hodgson, K. O.; Frankel, R. B.; Holm, R. tion 57

H. J. Am. Chem. S0d.979 101, 4140. (57) Taylor, C. P. SBiochim. Biophys. Actd977 491, 137.
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orbitals. The electronic states are correlated withsbtmuer in the formal charge of [Fe(Porph)(N¥INO)] species compared
quadrupole splittings of less than 1.75 mm/s for species with to the five-coordinate parent species [Fe(OEP)(NQ3]con-
perpendicular orientations and greater than 2.00 mm/s for speciesistent with modest-accepting character for the nitrite ligand.

with parallel orientation4?-58 A near degeneracy of the.cand The effects of the neutral sixth ligand on the isomer shift of
dy, orbitals would be expected when the ireNO 7 interaction [Fe(OEP)(I1z)(NO)]CIQ are somewhat more unexpected. The
is large. 7 interaction between indazole and iron must be less important
Mossbauer measurements have also been made for a sixthan that between iron and nitrite. Hence, we could expect that
coordinate{ FeNG & species, [Fe(OEP)(L)(NOY] In our ex- the formal charge on iron would be lower than that in the ritro

perience, very pure bulk samples of six-coordinate species arenitrosyl species, leading to a somewhat larger isomer shift. Yet
difficult to prepare owing to either NO loss/replacement or the isomer shift trend is opposite to this expectation, with the
problems of reductive nitrosylation. We chose to use the indazole derivative having the smallest isomer shift of any of
indazole derivative [Fe(OEP)(I1z)(NO)]ClQas its preparation  the {FeNG® speciesand the highest nitrosyl stretching
is least hindered by these difficulti&sThe Massbauer spectrum  frequency. Clearly, these two indicators of charge distribution
verified the purity of the bulk sample. Fits to the spectrum are inconsistent and a definitive assignment of electronic ground
obtained in an applied magnetic field confirmed that the ground states for these species cannot be made without further study.
state is diamagnetic (Figure 5 (bottom)). The best fit parametersinvestigations of othe{ FeNG ¢ species to understand the
from the magnetic spectrum aE; = 1.88 mm/s,0 = 0.02 interaction of NO with iron and the effects of idsbauer isomer
mm/s,I' = 0.38 mm/s, andy = 0.0 at 4.2 K. Measurements in  shifts are in progress. We can only reiterate that nitric oxide is
zero applied field show that the isomer shift has a temperaturea noninnocent ligand and that t§&eNG unit is a highly
dependence and decreases®07 mm/s at 293 K. covalent entity. The assignment of a formal oxidation state to
There is a significant effect on the sbauer parameters as iron is accordingly unlikely to be completely satisfactory.

a result of coordinating a sixth ligand. Compared to that of the  Summary. The five-coordinate species [Fe(OEP)(NO)]GIO
five-coordinate nitrosyl species, the quadrupole splitting of [Fe- has been characterized by X-ray crystallography and IR and
(OEP)(12)(NO)ICIQ has a larger value of 1.92 mm/s, consistent Mgssbauer spectroscopies. The structural study reveals subtle
with an increased energy separation between thamtl d, differences between this new form and the previously reported
orbitals and ar interaction between the indazole ligand and species with the same molecular formdlahat may be
iron. The already low isomer shift values for the five-coordinate responsible for the surprising 30 chdifference in the nitrosyl
{FeNQ © species are seen to be lower still for the six-coordinate stretching frequencies. Msbauer studies confirm a diamagnetic
SpECieS. Indeed, the isomer shift values of 0.02 mm/s at 4.2 Kground state for both Crysta”ine forms of [Fe(OEP)(NO)]gjO
and—0.07 mm/s at 293 K are those typically expected for iron- and the related six-coordinate complex [Fe(OEP)(1z)(NO)}CIO
(IV) porphyrin derivatives” From the M@sbauer data alone,  The three{ FeNG} ¢ species studied reveal unusual quadrupole
the ground-state diamagnetism in this case may be best describedplitting and isomer shift parameters compared to the typical
as coupling between an iron(IV) io® € 1) and an NO ligand iron(l1l) porphyrinates.

(S= 1). However, this description is less satisfactory when all

of the experimental data are considered (vide infra). Note Added in Proof. A recent contribution reports Mas-

The quadrupole splitting and isomer shift values for these bauer spectra for a mixture of [Fe(OEP)(1-Melm)(NO#nd
{FeNO ¢ species and the previously reported nitrotrosy! [Fe(OEP)(1-Melmy] " in dimethylacetamide solution at 4.2%K.
complexes [Fe(Porph)(NgXNO)] are listed in Table 4, along ~ The best fit parameters for the nitrosyl complex A, = 1.64
with values for a number of additional iron porphyrinates. The mm/s andore = 0.02 mm/s. Our data support the assignment
nitro—nitrosyl complexes are also seen to have unusually small of these Mesbauer parameters to a six-coordingf@NG}
isomer shift values for iron that also display a strong temperature SPecies.
dependence. A straightforward analysis of the isomer shifts is . .
that the addition of NO to a formally iron(lll) porphyrinate Acknowledgment. We thank the National Institutes of
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Charge on iron even f_ur_ther, yvheth_er the_ S‘i‘Xth Iigarld is a neutral Supporting Information Available: Tables S+S6, giving com-
nitrogen donor or a nitrite anion. With thl_s trans_fer of electron plete crystallographic details, atomic coordinates wigeq) values,
density, one would expect a decrease in the nitrosyl stretchingpongd distances and angles, anisotropic temperature factors, and fixed
frequency as ther* orbitals of NO become more populated. hydrogen atom positions witb(eq) values for [Fe(OEP)(NO)ICLD
However, this is not what is observed. The nitrosyl stretching Figures S1 and S2, showing the closest intermolecular interactions
frequencies in fadncreaseby more than 60 crmt 22and indeed involving the nitrosyl ligands [Fe(OEP)(NO)]Cl@nd [Fe(OEP)(NO)]-

are higher than that seen for neutral NO. An apparent increaseClOsCHCI,, respectively, Figure S3, showing the”babauer spectra
of [Fe(OEP)(NO)ICIQ and [Fe(OEP)(NO)ICIQCHCH at 4.2 K in
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(59) A detailed discussion of the difficulties associated with preparing bulk for [Fe(OEP)(NO)]CIQ. This material is available free of charge via
samples of [Fe(OEP)(L)(NO}]derivatives is given in ref 13. the Internet at http://pubs.acs.org.
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