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Abstract

The vibrational spectrum of a six-coordinate nitrosyl iron porphyrinate, mono-[Fe(T pFPP)(1-
Melm)(NO)], has been studied by oriented single-crystal nuclear resonance vibrational
spectroscopy (NRVS). The crystal was oriented to give spectra perpendicular to the porphyrin
plane and two in-plane spectra perpendicular or parallel to the projection of the FeNO plane.
These enable assignment of the FeNO bending and stretching modes. The measurements reveal
that the two in-plane spectra have substantial differences that result from the strongly bonded axial
NO ligand. The direction of the in-plane iron motion is found to be largely parallel and
perpendicular to the projection of the bent FeNO on the porphyrin plane. The out-of-plane Fe-N-
O stretching and bending modes are strongly mixed with each other as well as with porphyrin
ligand modes. The stretch is mixed with vgq as was also observed for dioxygen complexes. The
frequency of the assigned stretching mode of eight Fe—-X-0O (X =N, C, and O) complexes is
correlated with the Fe—-XO bond distances. The nature of highest frequency band at ~560 cm™ has
also been examined in two additional new derivatives. Previously assigned as the Fe—NO stretch
(by resonance Raman), it is better described as the bend as the motion of the central nitrogen atom
of the FeNO group is very large. There is significant mixing of this mode. The results emphasize
the importance of mode mixing; the extent of mixing must be related to the peripheral phenyl
substituents.

Graphical abstract

The oriented single-crystal iron vibrations in the six-coordinate low-spin mono-[Fe(T pFPP)(1-
Melm)(NO)] have been examined by nuclear resonance vibration spectroscopy (NRVS). The NO
orientation has a strong effect on the in-plane iron motion.
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Introduction

The importance of nitric oxide as a significant messenger in biology has only increased since
being named Science’s molecule of the year in 1992.[11 The biological significance of nitric
oxide is multi-faceted with importance in blood pressure regulation, as a neurotransmitter, as
well as a (toxic) defense mechanism in neutrophils and macrophages.[21-[191 NO is
synthesized by a family of heme enzymes that catalyze the 7-electron oxidation of L-
arginine to NO.[201-[26] There is also a reductive pathway in which nitrite is reduced to NO
under hypoxic conditions.[271-[30]

Vibrational spectroscopy has long been used as a structural probe for nitrosyl iron
porphyrinates. In biological signaling processes, heme proteins discriminate between NO,
CO and O, quite efficiently in a number of systems.[31-34] This selectivity is not always
explained by weak-force interactions between the diatomic and the binding pocket, and
phenomena intrinsic to the heme prosthetic group may be in part responsible. Vibrational
frequencies can be used to illuminate coordination-site and ligand bonding subtleties beyond
that discernible by X-ray crystallography alone.[3%]

The dynamics of iron and NO in nitrosyl iron porphyrinates are interestingly diverse. In
solid-state structures of iron porphyrin derivatives, the nitrosyl ligand is often found to be
disordered, starting from the first structurally characterized nitrosyl heme derivative,
[Fe(TPP)-(NO)].[38:37] |n the {FeNO}’ systems,[38] this disorder appears to be simple
rotation around the Fe-N(NO) bond, which is a relatively low barrier process.[401-[42] A
number of recent temperature-dependent crystal structures shows that the nitrosyl disorder
can be dynamic even in the solid state.[411-[43] These systems displayed two or more
orientations of the NO at room temperature that merged into a single NO site at 100 K. Only
in one system known thus far is a solid-state phase change involved.[43] Moreover, as
described in more detail below along with the experimental method (NRVS) used to define
the directionality of the iron motion, we find that the orientation of the bent, axial Fe-N-O
group has a profound effect on the directions of the in-plane iron motion.

Nuclear resonance vibrational spectroscopy (NRVS, sometimes NRIXS) is a relatively new
addition to the vibrational spectroscopy toolbox that allows for a more robust vibrational
evaluation of heme complexes in the low frequency region of the spectrum. NRVS detects
the displacement of iron (or other Mdssbauer active nuclides) along the direction of the
incident monochromated X-ray beam, and so peak intensity measured from single crystals is
dependent upon sample orientation.[441-[54] |n our initial NRV'S experiments with oriented
single crystals, we carried out measurements on crystalline species in which all porphyrin
planes were parallel. In the initial experiments we measured the spectrum with the X-ray
beam perpendicular to the heme plane and a second measurement along the porphyrin plane
in an arbitrary direction that was chosen for experimental convenience. These are the out-of-
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plane and (general) in-plane measurements. In these experiments, the arbitrarily chosen in-
plane direction was taken to be a good representation of the in-plane vibrational spectra.
Although this assumption is sometimes reasonable, it is not a good one when there is
significant in-plane vibrational anisotropy as shown by the examples below.

The first set of out-of-plane and generalized in-plane NRV'S measurements applied to a six-
coordinate nitrosyl derivative was that for [Fe(TPP)(1-Melm)(NO)].[52] From this direct
measurement of the iron contribution to the peak, we were able to conclude that the highest
frequency band (~560 cm™1) could not be described as a simple Fe—-N(NO) stretch even
though the peak showed a substantial 1°NO isotope shift in the resonance Raman
spectrum.[55. 56]

In more recent work we have explored NRVS spectra in which spectra are taken in three
orthogonal directions. In addition to a measurement perpendicular to the porphyrin plane
(the out-of-plane spectrum), additional measurements are taken with the X-ray beam along
the porphyrin plane and in the direction parallel to a feature of chemical significance in the
complex (in-plane-x) and a second normal to the first (in-plane-}). Chemically significant
features are typically defined by either a planar ligand or a (nonlinear) three atom Fe-X-O
group. Spectra taken in the three mutually perpendicular directions together ensure the
observation of intensity from all vibrational modes with iron displacement, and importantly
reveal the spatial trajectory of the iron center within each mode.

The application of this set of three orthogonal measurements in an initial experiment on
[Fe(OEP)(NO)], an {FeNO}’ species,[37] clearly showed that there was substantial
differences in the in-plane-xand the in-plane- y spectra, i.e., there was significant in-plane
anisotropy.[571 A combination of this experiment and DFT-based vibrational predictions led
to the unanticipated conclusion that the orientation of the axial Fe-N-O group and not the
direction of the porphyrin Fe—N bonds largely controlled the direction of the in-plane
motions of iron.[37] An exploration of the use of several different DFT functionals also led to
the conclusion that the most appropriate functional for these species is the M06-L
functional.[58]

A second set of oriented single-crystal measurements on the related five-coordinate nitrosyl
species, [Fe(DPIX)(NO)], whose structure had been previously determined, 9 was also
executed. Deuteroporphyrin IX (DPIX) is closely related to protoporphyrin 1X, the heme b
prosthetic group found in many hemoproteins. DPIX has an asymmetric group of S-pyrrole
peripheral substituents with four methyls, two hydrogen atoms, and two proprionic acid side
chains. A comparison of this study with [Fe(OEP)(NO)] allowed us to examine the possible
effects of the asymmetric peripheral on the vibrational spectrum. Although there are some
modest peripheral effects, we find that in [Fe(DPIX)(NO)] the orientation of the NO ligand
strongly controls the direction of the in-plane iron motion as well.[6]

However, similar oriented crystal measurements on the high-spin, five-coordinate imidazole
derivative, [Fe(OEP)(2-MeHim)],[61] demonstrated that the imidazole orientation had little
influence on the in-plane iron motion.[%2] Finally, oriented single-crystal measurements on
low-spin [Fe(OEP)(2-MeHim)(NO)]* allowed the resolution of the FeNO stretching and
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bending modes(®3] that were not well resolved in the powder spectrum of a related
species.[64]

Herein, we extend the three orthogonal NRVS measurements for the first time to a six-
coordinate low-spin {FeNO}’ derivative, the monoclinic crystalline form of [°/Fe(T pFPP)
(1-Melm)(NO)].14%. 53] The two orthogonal in-plane measurements show significant
anisotropy; spectral predictions by DFT were also made. Taken together, the observed in-
plane anisotropy is consistent with the relative orientation of the axial NO ligand having a
dominant effect of the direction on the in-plane iron motion, similar to that seen in five-
coordinate nitrosyl species.[57: 601

We further examined the nature of the highest frequency band in the spectrum, which had
been assigned as an Fe—NO stretch by resonance Raman spectroscopy. However, our earlier
NRVS measurement led us to suggest that this band is better regarded as a combination of an
FeNO stretch and FeNO bend with the majority of the kinetic energy contributed by the
central nitrogen atom of the FeNO group. We find that for [Fe(T pFPP)(1-Melm)(NO)], the
band has less in-plane character than that found for [Fe(TPP)(1-Melm)(NO)]. Nonetheless,
the mode is still dominated by a large kinetic energy contribution of the nitrogen atom of the
NO. We also made less extensive single-crystal NRVS measurements for two additional six-
coordinate nitrosyls to further explore the nature and possible variation of this highest
frequency band. Observed differences appear to be the result of the mixing of the FeNO
bending and stretching modes with ligand modes that differ owing to the peripheral phenyl
substituents. From this series of measurements, we still regard this mode as best described as
a combination of an FeNO stretch and FeNO bend mode. The results further demonstrate the
power of oriented single-crystal NRVS in defining the nature of mode localization.

Experimental Section

General Information

Small-Scale

All reactions and manipulations for the preparation of the iron(ll) porphyrin derivatives were
carried out under argon using a double manifold vacuum line, Schlenkware, and cannula
techniques. Dichloromethane, toluene and hexanes were distilled under argon over CaH, and
sodium/benzophenone, respectively. Chlorobenzene was purified by washing with
concentrated sulfuric acid, then with water until the aqueous layer was neutral, dried with
sodium sulfate and distilled twice over P,Os. 95% >’Fe,03 was purchased from Cambridge
Isotopes. H,OEP was synthesized by literature methods.[®%] Nitric oxide (Mittler Specialty
Gases) was purified by fractional distillation through a trap containing 4A molecular sieves
bathed in a dry-ice/ethanol slurry.[66]

Metallation

Insertion of °Fe into free-base porphyrins was conducted in purified chlorobenzene
according to a modified Landergren method as follows.[67] Approximately 2 mL of 12 M
HCI was used to dissolve ~0.20 mmol 95% °’Fe enriched Fe,O3 contained in a 250 mL
Schlenk flask. After 5 min of stirring, HCI was removed under vacuum to near dryness, and
subsequent steps of the metallation reaction were done in an inert environment using
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standard Schlenk procedures. Failure to maintain an inert environment will likely result in
incomplete metal insertion. One hundred mL of freshly distilled chlorobenzene was added
via cannula, and the mixture was refluxed for 2 h in a hot oil bath. Half of the chlorobenzene
was removed by distillation, and 10 mL of a chlorobenzene solution containing ~0.15 mmol
H,Porph and 0.4 mL 2,4,6-collidine was added via cannula. After refluxing for 3 h,
chlorobenzene was removed under vacuum, and the residue was dissolved in 50 mL CH,Cl,.
The solution was washed twice with 50 mL DI water, thrice with 50 mL 1 M HCI, and once
with 50 mL DI water. After drying over Na,SO, and filtration through a sintered-glass filter,
solvent was removed by rotoevaporation. Minimal CH,Cl, was used to redissolve the
product and transfer to an evaporation dish. The remaining solvent was evaporated using
very low heat.

Synthesis of the Six-Coordinate Nitrosyl Derivatives

The monoclinic form of [°’Fe(T pFPP)(1-Melm)(NO)] was prepared by a modification of a
previously reported synthesis.[68] Approximately 40 mg of [°"Fe(T pFPP)(CI)] was placed
into a 15 mL Schlenk tube along with 2 mL of chloroform and 0.4 mL of 1-
methylimidazole. The solution was bubbled with Ar and then NO for 10 min. The mother
liquor was then divided equally between 6 clear glass vials (26 mm ID x 55 mm, 18 mm
mouth) using a disposable 10 mL syringe. The vials were purged with NO until no brown
gas remained, then sealed with a tight-fitting 19/22 septa (17.5 mm OD). Duct tape was used
to keep the septa from popping off during crystal growth. Shard-like crystals were recovered
after about 15 h. Crystal growth took place by strict evaporation as there was no counter
solvent, and the rubber septa absorbed the solvent vapor. Only the monoclinic phase was
present which is in contrast to prior vapor diffusion crystal growth methods in which the
triclinic phase dominated.[41] The triclinic form of [>’Fe(T pFPP)(1-Melm)(NO)] and
[>"Fe(T pOCH3PP)(1-Melm)(NO)] were synthesized as described earlier using liquid
diffusion methods.[41]

Crystal Mounting

Crystals were mounted onto specially prepared dual arc goniometer heads. Copper wire, 4-5
cm in length and 18 gauge, was affixed to the goniometer and bent into a u-shape. A glass
fiber, 5-8 mm in length, was then super-glued to project along the goniometer g-axis. The
connection of the wire into the goniometer head was fortified with epoxy resin. A crystal
was then affixed to the tip of the glass fiber using super glue. The wire was then carefully
bent so that the crystal was approximately on the g-axis, and then stretched to the required
height for centering. Crystals were then oriented for NRVS analysis along specified in-plane
axes by methods described in the Supporting Information.

NRVS Spectra

Spectra were measured at Sector 3-1D of the Advanced Photon Source, Argonne National
Laboratory, Argonne IL. Powders were mulled with a minimal amount of Apiezon-M
vacuum grease then put into the 1 x 2 x 10 mm3 cavity of 3 x 8 x 15 mm3 polystyrene
sample “coffin” which was directly mounted in a He flow cryostat, and cooled to 20 K.
Single-crystal samples that had been previously mounted and aligned on goniometer heads
were now screwed into place on a rotating stage. The mounted crystals were then navigated
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into the X-ray beam by translations of the stage and rotated to the predetermined g-angle
required for the particular direction of analysis desired. Data were recorded using an in-line
high-resolution monochromator operating at 14.4125 keV with 1.0 meV bandwidth scanning
the energy of incident X-ray beam.[69] Spectra were recorded between —30 and 80 meV in
steps of 0.25 meV, and all scans (36 replicates) were normalized to the intensity of the
incident beam and added. NRVS raw data were converted to the vibrational density of states
(VDOS) using the program PHOENIX.[441.[70]

Vibrational Predictions and Predicted Mode Composition Factors e?2

The Gaussian09 program packagel’!] was used to optimize the structures and for frequency
analysis. The S= 1/2 complex [>’Fe(ToFPP)(1-Melm)(NO)] was fully optimized using the
spin unretricted DFT method. The starting structure was obtained from the crystal structure
of triclinic [°"Fe(T pFPP)(1-Melm)(NO)]41. 53] Calculations for two idealized geometries
were carried out. The first has the Fe—-N-O and imidazole planes parallel to each other; this
is within 1° of the actual structure. The second structure has the Fe-N-O and imidazole
planes perpendicular to each other. An additional set of calculations and spectral predictions
were made on the derivative [>’Fe(TpOCH3PP)(1-Melm)(NO)].

Frequency calculations were performed on the fully optimized structures at the same level to
obtain the vibrational frequencies of the 5’Fe isotope set. The frequencies reported here were
not scaled. The frequency data have been created using the high precision format vibrational
frequency eigenvectors in order to calculate Mode Composition Factors (€2) and Vibrational
Density of States (VDOS) as described below. These were studies with the Generalized
Gradient Approximation (GGA) functional (M06-L),[72] which is a local meta-GGA
functional. In general, we used triple-¢ valence basis sets with polarization functions
(TZzVP)[73 on iron and 6-31G* for all other atoms.

The G09 output files from the DFT calculations can be used to generate predicted Mode

Composition Factors with our scripts.[58] The mode composition factors efa for atom jand
mode a are the fraction of total kinetic energy contributed by atom / (here: °’Fe, the NRVS
active nucleus). The normal mode calculations are obtained from the atomic displacement
matrix together with the equations:

) m; (z?coszqﬁ + yj2»0052¢)

e . .
jayinplane 2
Xm,r; (1)
52
o2 Mm%
ja,outofplane 2
Xmr; )

where the sum over 7runs over all atoms of the molecule, m;is the atomic mass of atom 7
and r;is the absolute length of the Cartesian displacement vector for atom /. The polarized
Mode Composition Factors are defined in terms of two distinct in-plane directions, which
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can be calculated from a projection of the atomic displacement vectors onto xand y (egn.
1).[74] Equation (1) describes the result for a generalized in-plane measurement where ¢
measures the angular displacement of the X-ray beam from the projection of FeNO plane
onto the heme plane. A more detailed experimental determination of the in-plane vibrational
spectrum can be obtained when two orthogonal measurements are made with the exciting
beam along the coordinate x direction (¢ = 0°) and along the ydirection (¢ = 90° ). The out-
of-plane atomic displacement perpendicular to the porphyrin plane for a normal mode is
obtained from a projection of the atomic displacement vector z (eqn. 2). The calculated x, J,
and zcomponents of the iron normal mode energy for [°'Fe(T pFPP)(1-Melm)(NO)] and

[>"Fe(TpOCH3PP)(1-Melm)(NO)] with 2> 0.005 are given in Tables S1 and S2 of the
Supporting Information.

The predicted mode composition factors e?a can also be compared to the integrated spectral
areas obtained from NRVS. Therefore Vibrational Density of States (VDOS) intensities can
be simulated from the Mode Composition Factors using the Gaussian normal distributions
function, where the full width at half height (FWHH) is defined appropriately by considering
the spectral resolution in the experiment. In this study, the MATLAB R2010a software was
used to generate the predicted NRVS curves.

Two types of oriented single-crystal NRVS measurements have been made on six-coordinate
iron(11) porphyrinates with NO and 1-methylimidazole as the trans ligands. The species are
two crystalline forms of [Fe(TFPP)(1-Melm)(NO)] and [Fe(T pOCH3PP)(1-Melm)(NO)].
In a first set of spectral measurements detailed information was obtained for the monoclinic
phase of [Fe(TpFPP)(1-Melm)(NO)]. In these experiments spectra were taken in three
orthogonal directions; the in-plane measurements were taken with the X-ray beam
perpendicular and parallel to the imidazole plane. Since the imidazole and FeNO planes are
effectively coplanar, these measurements are also effectively perpendicular and parallel to
the FeNO plane. The directionally dependent NRVS spectra in the three orthogonal
directions are shown in Figure 1. The agreement between the sum of the three components
with the powder spectrum (which should agree and attest to the quality of the measurements)
is shown in Figure 2.

The dominant in-plane NRV'S region occurs between 200 and 380 cm™L. This region
includes a peak of moderate intensity at 361 cm™2, a stronger peak at 319 cm~ and
additional peaks at 284, 270, and 220 cm™1 for in-plane-xand for in-plane-y a shoulder at
363 cm™1, a strong peak at 344 cm™1 and additional peaks at 318, 298, and 205 cm™L. The x
and yin-plane spectra are clearly distinct and will be discussed subsequently. The two
higher in-plane frequencies are found at 473 cm™1 (x) and 458 cm™1 (J). The first is
porphyrin based vgy mixed with the Fe—NO stretch to yield iron motion that is both in-plane
and out-of-plane; the 458 cm~! mode is perpendicular to that mixed mode.

The out-of-plane NRV'S spectrum displays the Fe—-N(NO) stretching and bending modes, a
high frequency mode that has a modest in-plane component (to be discussed subsequently)
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and a number of low frequency modes that includes the doming mode and modes involving
the simultaneous motion of iron and imidazole.

In the second set of oriented crystal measurements, the X-ray beam was oriented along the
heme normal (the out-of-plane or “Z” direction) and in a general, nonspecific direction in the
porphyrin plane, which we will denote “gen-ip.” In this latter measurement, only a portion
of the iron motion is captured. However, in general, such a set of measurement is more than
adequate for understanding the complete iron dynamics. The spectra for [Fe(T pOCH3PP)(1-
Melm)(NO)] are shown in Figure 3 and those for the monoclinic and triclinic crystalline
forms of [°/Fe are shown in the Supporting Information (Figures S1 and S2, respectively).
These spectra were measured specifically to examine the nature of the highest frequency
band at ~560 cm™1.

Spectral Predictions

The 5’Fe vibrational predictions for the three orthogonal measurements of [°>’Fe(T pFPP)(1-
Melm)(NO)] and [>’Fe(T pOCH3PP)(1-Melm)(NO)], based on calculations with the M06-L
functional, are shown in Figure 4. The predictions are for two different relative orientations
of the FeNO and imidazole planes in [°’Fe(T pFPP)(1-Melm)(NO)] and the observed
orientation in [>’Fe(T pOCH3PP)(1-Melm)(NO)]. In the top panel, the two planes are
coplanar (observed orientation) and in the middle panel the two planes have a dihedral angle
of 90°. The top panel represents the observed structure for the measured monoclinic phase.
The vibrational predictions made for [>’Fe(TpOCH3PP)(1-Melm)(NO)] are shown in the
bottom panel of Figure 4.

Discussion

One particular advantage of oriented single-crystal NRVS measurements is the explicit
information obtained on the direction of iron motion in the observed frequency. This is of
considerable value in understanding the nature of the mode observed. Distinguishing modes
with in-plane and/or out-of-plane motion is relatively straightforward. For example, such
measurements allowed the resolution of the stretching and bending modes in six-coordinate
[Fe(OEP)(2-MeHIm)(NO)]* 163 establishing the distinct assignments for the stretching and
bending modes in bona fide five-coordinate heme carbonyls,[7%] and defining the in-plane
anisotropy in [Fe(OEP)-(NO)].I571 The latter anisotropy is the result of the effect of the
specific orientation of the bent axial Fe~N—-O group on the in-plane iron motion. The
observation that the orientation of the axial ligand has profound effects on the equatorial iron
dynamics prompted this study of six-coordinate {FeNO} nitrosyls.

Meaningful oriented crystal measurements of porphyrin NRVS spectra in three orthogonal
directions requires that the molecules in the crystal have particular orientations with respect
to each other. Specifically, all porphyrin planes need to be parallel to each other and the axial
ligands must all have a common orientation (inversion symmetry related molecules are
allowed). These requirements are clearly met for monoclinic [Fe(TpFPP)(1-Melm)(NO)] as
shown in the diagrams of Figure 5; the porphyrin planes are coplanar to within 3°, although
not required by any crystallographic constraints. The dihedral angle between the FeNO
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plane and the 1-methylimidazole plane is ~1°,[41] again this is not required by any symmetry
constraints.

The three experimental orthogonal NRVS spectra are displayed in Figure 6 as the solid lines;
the MO6-L predicted frequencies and intensities are shown as the solid bars. A similar figure
is given in the SI (Figure S3) for a B3LYP prediction. The bottom two panels show in a
“mirror image” view of the xand yin-plane vibrational anisotropy. Recall that the x
direction is in the heme plane and parallel to the imidazole and FeNO planes and that yis
perpendicular to the two planes. The observed peak at 473 cm™ has already been noted as
the mixed w5 and Fe-NO stretch. A similar mixed mode in [Fe(TPP)(1-Melm)(NO)] is
observed at 472 cm~1.152] The band observed at 458 cm™1 and predicted at 460 cm™ is the y
component of vsq (using the notation originally established by Spiro and coworkers[76]).
The second (orthogonal) component of v is mixed with the Fe—-N(NO) stretch at 426 and
439 cm~1. This mode had been previously found as a single band at 437 cm™1 in [Fe(TPP)
(1-Melm)(NO)]!52. 54 and provides another example of the effects of peripheral substituents
on the iron vibrations.

What is the origin of the in-plane iron vibrational anisotropy shown in the bottom two panels
of Figure 6? We had observed for two different five-coordinate nitrosyl derivatives,
[Fe(OEP)(NO)]B7 and [Fe(DPI1X)(NO)],18% that the direction of the in-plane iron motion is
largely found to be either parallel or perpendicular to the FeNO plane and not along the in-
plane Fe-Np bonds. A similar study for a five-coordinate imidazole derivative, [Fe(OEP)(2-
MeHIm)]*,[62] found that the predicted iron motions were effectively along the Fe-Np
directions. There was, however, in-plane vibrational anisotropy. Accordingly we had
anticipated that the in-plane anisotropy for mono-[Fe(T pFPP)(1-Melm)(NO)] would show
preferential orientational in-plane motion similar to that of the five-coordinate nitrosyls.
However, the results are more nuanced. Figure 7 displays the M06-L predictions for the
eight most intense vibrations with substantial in-plane motion. Although the iron motion
direction of the two most intense modes (and many others) are seen to be parallel and
perpendicular to the FeNO plane, a number of in-plane modes are either along the in-plane
Fe—Np bond direction or intermediate between the limiting cases. A detailed breakdown of
the predicted mode composition factors for mono-[Fe(T pFPP)(1-Melm)(NO)] are shown in
Figure 8. The results depicted in this figure suggests that the FeNO orientation indeed has a
substantial effect on the iron in-plane motion but not as overwhelming as in the five-
coordinate cases. The vibrational differences may reflect the slightly stronger Fe-NO
bonding in the five-coordinate derivatives compared to the six-coordinate species. (There is
a~0.02 A increase in the Fe—N bond distance and a ~6° decrease in the Fe-N-O bond angle
for the six-coordinate species.[77])

There are several out-of-plane vibrations observed below ~200 cm™L in mono-[Fe(T poFPP)
(1-Melm)(NO)] and the out-of-plane spectrum for this derivative are especially rich
compared to the other six-coordinate nitrosyls. DFT spectral predictions for the low
frequency region have always been problematic in predicting frequencies. For this system,
the B3LYP prediction (Figure S3, Supporting Information) appears to produce a better
description than the M06-L calculation. Most of the the low-frequency bands involve a
combination of iron and imidazole motion, with both Fe—Im stretching and imidazole
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torsional motions. The 152-153 cm™~1 band is the likely Fe—Im stretch and the 131 cm™!
band is the likely doming mode.

The out-of-plane region above 400 cm™1 is the remaining portion of the vibrational spectrum
to be considered. In principle, the FeNO group should have two major modes in this region,
the Fe—NO stretch and the Fe—-N-O bend. There are however, as can be seen in Figure 1,
several bands in this region. The peak observed at 473 cm™1 is, as already noted, the Fe-NO
stretch mixed with vsq. The other component of the Fe-NO stretch at 426 and 439 cm™1, is
also mixed with v5g. Mode mixing of the FeNO group and porphyrin ligand clearly makes
the out-of-plane assignments challenging. The modes are illustrated in Figure 9.

In addition, there is the highest frequency peak in the spectrum of mono-[Fe(T pFPP)(1-
Melm)(NO)], a major feature at 561 cm~1 with a smaller component at 571 cm~L. This peak
is characteristic of six-coordinate {FeNO 7 nitrosyls with a trans imidazole and its
appearance can be readily used to monitor the conversion of the five-coordinate to the six-
coordinate species.[78] This peak was initially assigned as the Fe—~N(NO) stretch by Raman
spectroscopy based on the large shift in the frequency when 14NO was replaced by 15NO.
An oriented crystal NRVS study on [Fe(TPP)(1-Melm)(NO)](32] showed this peak at 565
cm~1 and that the iron contribution to the kinetic energy distribution of the mode was small.
The majority of the motion of the FeNO group is associated with the motion of the nitrogen
atom. The single-crystal study also showed that the in-plane contribution was about half that
of the out-of-plane iron motion component. We concluded that this high frequency peak was
best assigned as the FeNO bend, albeit with some mixing of the Fe—NO stretch.

The substantial contribution of in-plane motion to the 565 cm™1 band in the Fe(TPP)(1-
Melm)(NO)] derivative is not observed in the equivalent band in monoc-[Fe(T pFPP)(1-
Melm)(NO)] where almost all of the iron motion is in the out-of-plane direction. However
the majority of motion of the entire FeNO group is again predicted to be that of the nitrogen
atom of NO as shown in Figures 9 and 10. The differences in iron motion between these two
derivatives led us to question whether there could be a ligand orientation effect. Although
the NO group of [Fe(TPP)(1-Melm)(NO)] is disordered over two positions at the
temperature of the NRVS measurements,[52] the dihedral angle between the imidazole plane
and the major FeNO plane is 63°, in contrast to the effectively coplanar orientation for
mono-[Fe(TpFPP)(1-Melm)(NO)]. We explored, via DFT calculations, the predicted
vibrational spectral differences for two limiting species: one with the two axial ligand planes
coplanar and a second with the two ligands perpendicular. The results are depicted in Figure
4. Essentially no differences are predicted in the spectral regions >400 cm~1 and <200
cm™1. The spectra for the >400 cm™! region are clearly dominated by the NO orientation
(shown by the reversal of the xand y axes for the two orientations). Predictions for the in-
plane region do show effects of differing ligand orientation. A similar calculation was made
for [°’Fe(T pOCH3PP)(1-Melm)(NO)] and those results are also consistent with no
orientation effect.

The relative orientation of the axial ligands is thus seen to have little effect on the iron
motion of the highest frequency band. Rather the peripheral phenyl substituents appear to be
the major influence on the character of the observed band. We further examined the issue by
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additional oriented crystal experiments with NRVS measurements perpendicular to the heme
plane and a single in-plane measurement. The in-plane measurements were taken at general
orientations with respect to the molecular features and try to capture an overall view of the
iron in-plane motion; however, they do not capture all of the vibrational intensity and
directionality. The missing intensity and especially the directionality can be assessed by
comparing the difference between the powder spectrum and the sum of the one measured in-
plane spectrum and the out-of-plane spectrum. This difference represents what would have
been measured in a spectrum after the sample had been rotated by 90° around the heme
normal from the original in-plane position.[8%] Such measurements were made for

[Fe(T pOCH3PP)(1-Melm)(NO)], mono-[Fe(T pFPP)(1-Melm)(NO)], and tri-[Fe(T pFPP)(1-
Melm)(NO)], where mono and tri refer to the particular crystalline polymorph. The results
are displayed in Figures 3, S1, and S2. The measurements support the idea that the highest
frequency band (~560 cm™1) of all three newly measured six-coordinate nitrosyls have iron
motion that has little or no in-plane motion of iron and distinct from that found for [Fe(TPP)
(1-Melm)(NO)].

The varying character of the highest frequency band is the result of mixing between the Fe—
N-O bending mode, porphyrin modes, and the Fe—NO stretching mode; the differing
peripheral substituents must lead to differences in mixing with ligand modes. Nonetheless
the highest frequency peak is still considered to be similar in all four species. The NRVS
spectra of all [Fe(Porph)(1-Melm)(XO)] species where XO = NO, CO, or O are given in
Table 1. Peripheral group effects are seen in the simpler spectrum of MbNO, where the
prosthetic group protoporphyrin IX has only SB-pyrrole substituents. It can also be seen that
are distinct differences in the species according to whether or not the FeXO group is linear
or bent. Species with linear FeXO groups do not display the lower frequency out-of-plane
bands assigned to the Fe—XO stretch/vxq. A key similarity is the large kinetic energy
contribution of the X atom in all species that is especially pronounced in the non-linear
species.

There is a correlation between the frequency observed for the band with major bend
character and that found for the stretch for the iron(l1) species of Table 1. This is displayed
in Figure S5 that shows that a higher value for the frequency is associated with a higher
frequency for the bend. For the NO derivatives this might result from mode mixing, but this
is not likely for the CO complexes. The {FeNO © and the dioxygen complexes doe not
follow the correlation. The band with major Fe—XO stretch character is also strongly
correlated with the known Fe—X distances given in Table 1. This correlation is plotted in
Figure 11.

Clearly, the unique capabilities of NRVS have allowed for a detailed description of the mode
localization for the ~560 cm~ band as well as describing the other out-of-plane modes
above 400 cm™L. The spectra also show that there are detailed differences for the in-plane
region but the differences cannot be analyzed in detail. The spectra again show the effects of
the differing peripheral substituents owing to mode mixing.
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Summary

Detailed iron vibrational spectra from oriented single-crystals of mono-[Fe-(T pFPP)(1-
Melm)(NO)] by NRVS shows that the orientation of the axial NO group has a stronger
influence on the direction of iron motion than the equatorial Fe-N, bonds. The inplane
iron motion is predominantly either parallel or perpendicular to the FeENO plane and
oblique to the Fe-N,, bonds. The lower frequency out-of-plane peaks are the Fe-NO
stretch mixed with the porphyrin mode vsg; the highest frequency band at ~560 cm™,
previously assigned by Raman spectroscopy as the Fe—NO stretch, is better assigned as
the FeNO bend but it is also mixed with the Fe—-NO stretch. NRVS measurements on two
additional six-coordinate nitrosyls were also made and the general pattern of vibrations in
all three species are similar. Subtle differences in mode character between these three
derivatives and the previously studied [Fe(TPP)(1-Melm)(NO)] must reflect the
differences in mixing of the iron modes with various porphyrin ligand modes.
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Figure 1.
Directional contributions to the vibrational density of states for mono-[Fe(T pFPP)(1-Melm)

(NO)]: out-of-plane (blue line), in-plane-x (green line, parallel to imidazole plane), and in-
plane-y (red line, perpendicular to imidazole plane) obtained from the NRVS experiments.
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Comparison of the sum of out-of-plane, in-plane(x), and in-plane()) by experimentally
determined vibrational density of states (mauve line) with the powder spectrum (black line)

for mono-[Fe(T pFPP)(1-Melm)(NO)].
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Comparison of the experimental density of states from a powder sample of [Fe(TpOCH3PP)
(1-Melm)(NO)] with two oriented crystal components: out-of-plane (blue line), and general

in-plane (“gen-ip,” red line).
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Figure 4.
Predicted vibrational spectra for mono-[Fe(T pFPP)(1-Melm)(NO)] as a function of the

relative orientation of the FeNO and imidazole planes and the observed orientation in
[57Fe(TpOCH3PP)(1-Melm)(NO)].
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Figure 5.
Unit cell of monoclinic [Fe(TpFPP)(1-Melm)(NO)] with view down the c-axis (top image)

illustrating that the porphyrin planes are effectively parallel though not required by
symmetry. The view down the p-axis (lower image) demonstrating that all Fe—N-O planes
are perpendicular to the special in-plane NRVS y-axis, shown to the right of each unit cell.
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Figure 6.
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Comparison of the experimental (lines) and predicted (bars)vibrational spectra for mono-
[Fe(T oFPP)(1-Melm)(NO)] based on a prediction generated using DFT and the M06-L

functional.
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Figure 7.
MOLEKEL depictions of the eight most intense in-plane vibrations of mono-[Fe(T pFPP)(1-

Melm)(NO)] (eie >0.061). All numerical values are frequencies given in cm™,
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Page 24

Mode composition factors of [Fe(TpFPP)(1-Melm)(NO)]. Total column height represents
iron kinetic energy fraction for modes. Height of colored segments reflects the directional

. . . . 2
components of the iron kinetic energy fraction: eiT (green), €r,, (red) and eiez (blue).

Predictions made using MO6L/TZVP.
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Figure 9.
The MO6-L calculated character of three out-of-plane bands in mono-[Fe(T pFPP)(1-Melm)

(NO)]. For the highest frequency band, note the large contribution of the nitrogen of NO.
The iron motion is even more a pure out-of-plane motion from the experimental data.
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vibrational kinetic energy
distribution for Fe(TpFPP)(1-Melm)(NO)
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Figure 10.
The MO6-L calculated vibrational kinetic energy distribution for mono-[Fe(T pFPP)(1-
Melm)(NO)].
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Figure 11.
Plot showing the correlation of the Fe—XO stretched (determined by NRVS, (highest

frequency chosen when two are observed) with the observed (X-ray) Fe—X bond lengths.
The correlation coefficient for the fit for the the nonlinear Fe—X-O derivatives is 0.96.
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Observed Frequencies from Oriented Single-Crystal NRVS Spectra and X-ray Structures at 100K.

Table 1

Complex Fe-XO stretchivey®  FeXO benda,b Fex0®  Fe-x0Y Fe—Npd Fe—N(lm)d Ref.
[Fe(TPP)(1-Melm)(NO)] 472, 437 566 13726 1749 2007 2.170 52
mono-[Fe(TpFPP)(1-Melm)(NO)] 473, 439, 426 561 13737 1748 2002 2.131 tw
tri-[Fe(TpFPP)(1-Melm)(NO)] 466, 432 560 13867 1752 2.011 2.169 tw
[Fe(TpOCH3PP)(1-Melm)(NO)] 455, 421 557 13627 1753 2010 2170 tw
MbNOY 452 558 - - - - 81
[Fe(OEP)(2-MeHIm)(NO)]ClO4 600 574/580 176.6 1.641 1.997 2.028 63
[Fe(OEP)(1-Melm)(CO)] 499/513 582/575 17577 1773 2010 2.054 83
[Fe(TPP)(1-Melm)(CO)] 507 561/586 1770/ 1760 2,005 2.050 83
[Fe(TpivPP)(1-Etim)(0y)] 417,393 571 1266/ 1798 1990 2.043 50
[Fe(TpivPP)(2-MeHIm)(0,)] 419, 389 563 1299/ 1804  1.995 2.088 50
a\lalue inem™L,

b . . . . .
Strong mixing with the Fe—XO stretch in the nonlinear species.

c .
Angle in degrees.

dDistance inA

eStructuraI data from Ref. 42.
fStructuraI data from Ref. 41.

g9 -
myoglobin nitrosyl.

h.. . . .
Silvernail, et al., in preparation.

IStructuraI data from Ref. 82.

/Structural data from Ref. 84.
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