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Abstract

The temperature-dependence of the crystalline phase of (nitrosyl)(tetraphenylpor-phinato)iron(1l),
[Fe(TPP)(NO)], has been explored over the temperature range of 33 to 293 K. The crystalline
complex is found in the tetragonal crystal system at higher temperatures and in the triclinic crystal
system at lower temperatures. In the tetragonal system, the axial ligand is strongly disordered with
the molecule having crystallographically required 4/m symmetry leading to eight distinct positions
of the single nitrosyl oxygen atom. The phase transition to the triclinic crystal system leads to a partial
ordering with the molecule now having inversion symmetry and disorder of the axial nitrosyl ligand
over only two positions. The increase in ordering allows subtle molecular geometry features to be
observed, in particular an off-axis tilt of the Fe—-Nyo bond from the heme normal is apparent. The
transition of the reversible phase change begins at about 250 K. This transition has been confirmed
by both X-ray diffraction studies and a differential scanning calorimetry study.

Introduction

The perception and understanding of nitric oxide has changed from that of merely a toxic gas
to that of an essential cellular signaling agent.1 NO coordination to heme proteins has many
physiological consequences. It has been implicated in a number of fundamental processes
including smooth muscle relaxation,zl 3 platelet deaggregation,4 neuronal communication,?
aspects of myocardial function, and numerous other physiological functions.6 NO is
synthesized by nitric oxide synthase through a heme-mediated oxidation of L-arginine7’ 89
or from NO;/NO;.lO In many of these biochemical processes, the binding of NO to a heme
protein and the labilization or loss of the ligand trans to the NO or another rearrangement is
the significant signalling event resulting in a five-coordinate heme-NO active complex.

Five-coordinate [Fe(TPP)(NO)]11 was originally characterized in this laboratory in 1975.12
Although this was more than a decade before the known biological importance of NO, this
investigation provided the first insight into the coordination chemistry of NO to heme. Some
of the structural features were obscured as a result of the 4/m symmetry of the molecular center
in the 14/m crystal system. The molecule had an eight-fold disorder of the NO oxygen, an Fe—
Nno bond exactly perpendicular to the porphyrin plane, and phenyl rings rotated exactly 90°
from the porphyrin plane. Subsequent structural investigations of well-resolved heme-NO
complexes utilizing octaethylporphyrin more precisely detailed the geometrical parameters of
the heme-NO complex.13' 4 Some of the more salient observations were the off-axis tilting
of the Fe—-Npnq vector from the heme normal. An equatorial asymmetry observed in the Fe—
N, distances with a short pair of bonds bracketing the projection of the tilted and bent NO
ligand onto the porphyrin core. These observations were further noted and the electronic basis
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for the tilt and the etiuatorlal asymmetry was subsequently recognized in several DFT
calculations.1

In solid-state vibrational studies utilizing the NRVS technlque 19 3 substantial temperature-
dependent variation in the Fe-Nyq stretch was noted.20 A low- -temperature crystallographic
study of [Fe(TPP)(NO)] showed that there was an apparent phase change. This led to the
substantial temperature-dependent study of the phase change and the resulting phenomenon
that accompanies the phase change. The resulting order-disorder phase change, which is
completely reversible, is reported herein. The phase change also leads to the observation that,
at low temperatures, the structure of [Fe(TPP)(NO)] shows the off-axis tilting of the Fe—
Nno bond seen in a number of other iron nitrosyl species.

Experimental Section

General Information

All reactions were carried out under anaerobic conditions using standard Schlenk techniques
under an argon atmosphere. All solvents were freeze/pump/thaw degassed (x3) prior to use.
Methanol (Acros) and pyridine (Fisher) were used as received. Nitric oxide (Mittler Specialty
Gases) was purified by passing it through a trap containing 4 A molecular sieves immersed in
an ethanol/dry ice slurry. 21 Free base porphyrin [H,TPP] was prepared according to Adler et

2 [Fe(TPP)(CI)] was prepared according to the metalation procedure of Adler et al. 23R
measurements were taken on a Nicolet Nexus 670 FT-IR spectrometer. Selected single crystals
were ground/mixed minimally with KBr. An approximately 50:1 (KBr:[Fe(TPP)(NO)])
mixture was formed into a pellet using a hydraulic press.

Synthesis of [Fe(TPP)(NO)]

[Fe(TPP)(NO)] was prepared using a modification of the previously reported synthesis.12 A
solution of 100 mg of [Fe(TPP)(CI)], 3 mL of chloroform, 0.2 mL of methanol and 0.05 mL
of pyridine was placed in a Schlenk flask and freeze/pump/thaw degassed (x3). The solution
was then purged with argon for 5 min followed by bubbling of NO for approximately 5 min.
Upon addition of NO the solution turns from brown to brown-orange and the final solution
may contain some undissolved material. [Fe(TPP)(NO)] was then precipitated by addition of
100 mL of methanol with thorough stirring. The [Fe(TPP)(NO)] precipitate was isolated by
filtration onto sintered glass. Crystals of [Fe(TPP)(NO)] were prepared by dissolving twenty-
five milligrams (0.04 mmol) of the isolated solid in 7 mL of chloroform and carefully layering
the solution in 8 mm glass tubes with degassed methanol followed by flame sealing. X-ray
quality crystals of [Fe(TPP)(NO)] were isolated after 10 d at room temperature. IR vy in KBr:
1700 cm™1. Note: if KBr is not thoroughly dried, to > 130 °C, an additional vy band is present
at 1677 cm™1. This band is irreversibly converted on heating of the KBr pellet (to the 1700
peak).

X-Ray Crystallographic Studies

Four distinct single crystals were indexed at 8 temperatures in ascending and descending order
using a Bruker D8 Apex Il system, with graphite-monochromated Mo Ka (A = O 71073 A)
radiation from 33-293 K (CRYO Industries or 700 Series Oxford Cryostream) Crystals at
273, 290 and 293 K could be indexed as tetragonal (I-centered), whereas crystals at 33, 90,
100, 130 and 180 K could be indexed in the triclinic crystal system in the sgace group PI. Cell
parameters and crystal domains were further investigated using cell now. 6 All examples of
the triclinic phase are composed of four domains related by ~90 or ~180° rotations about the
primitive triclinic [1, 0, 0] axis.2/
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Eleven data sets were collected and the programs SADABS28 or TWINABSZ9 were applied
for absorption correction. All structures were solved using direct methods as implemented in
x$30 and refined using XL.30 Al atoms were found after successive full-matrix least-squares
refinement cycles on F2 and refined with anisotropic thermal parameters. Hydrogen atoms
were placed at calculated geometries and allowed to ride on the position of the parent atom.
Hydrogen thermal parameters were set to 1.2 x the equivalent isotropic U of the parent atom.

Crystal structure data collected at 273, 290, and 293 K were refined in the 14/m space group
where the molecule has required 4/m symmetry. The iron and nitrosyl nitrogen atoms are
disordered over two positions equally occupied as required by the mirror plane that lies in the
porphyrin plane. The nitrosyl oxygen atom is disordered over eight positions, four positions
above and four positions below the porphyrin plane, equally occupied as required by the
fourfold axis along the Fe—Nyg vector. The porphyrin phenyl groups are rotated 90° from the
porphyrin plane with required mirror symmetry.

Crystal structure data collected at 33, 90, 100, 130, and 180 K were refined in PI, Z = 1.
However, alternatively they may be described in a nonstandard setting, 11, Z = 2,27 to more
conveniently compare with the structures described in 14/m. The Fe~N-O unit is disordered
over two positions equally occupied as required by the inversion symmetry. The four domains
of the triclinic crystals are related by rotations about the [1, 0, 0] axis, which is coincident with
the original Fe—Nygo bond.

Powder Diffraction Studies

Powder X-ray Diffraction (XRD) patterns were obtained on a Bruker Smart Apex | CCD
diffractometer with graphite-monochromated Cu Ka (A = 1.54178 A) radiation from 100-300
K (700 Series Oxford Cryostream). Samples were mulled in Apiezon M vacuum grease,
mounted on a glass fiber, and transferred to the cold gas stream of the diffractometer. Samples
were equilibrated for 5 min at each temperature before data was collected. Data were collected
with the 2D Apex detector fixed at 100 mm, 26 = 12°, ¢ = 0°, and o scanned between 0-20°
over a 5 min. interval. Data were collected with both increasing and decreasing temperature.
Data were integrated using the XRD? plug-in in the APEX 11 suite of programs31 and further
analyzed using the program EVA.32,

DSC Measurements

Results

The differential scanning calorimetry (DSC) measurements were performed at 150 to 400 K
with 10 K/min heating rate using a Netzsch STA 404 DSC. Cooling was provided by liquid
nitrogen boil-off. Temperature calibration was performed at the melting points of n-hexane,
cyclohexane, octane, triply deionized water, gallium, naphthalene, indium, tin, and zinc. The
scans were carried out in an atmosphere of flowing He (40 mL/min). A standard 40 pL
aluminum crucible with a lid, which could be sealed hermetically with a crucible sealing press,
was used for all experiments. Crucibles and lids were heated before experiments at about 570
K for 15 minutes to convert any hydroxides of aluminium that had been formed on the crucible
surface to aluminum oxide. All DSC measurements were performed on 8—12 mg samples sealed
under atmospheric conditions. Onset temperatures and enthalpies were deter-mined from 2
individual measurements using a software package supplied by the manufacturer.
Reproducibility was confirmed using Setaram DSC 111.

Crystal and molecular structures of [Fe(TPP)(NO)] have been obtained at 33, 90, 100, 130,
180, 273, 290, and 293 K on four different crystalline specimens. A reversible phase change
from the tetragonal crystal system to the the triclinic crystal system was identified. Crystal
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lographic details for all eleven structure determinations are summarized in Table 3. Thermal
ellipsoid plots of [Fe(TPP)(NO)] at 33 K and 290 K are illustrated in Figure 1 and Figure 2.
At 293 K [Fe(TPP)(NO)] has eight equally occupied NO orientations consistent with the
previously reported structure at 298 K12 At33K [Fe(TPP)(NO)] has two equally occupied
NO orientations consistent with the triclinic system. A number of diffraction experiments
confirm the phase change that is also characterized by differential scanning calorimetry. Figure
3 gives representations of the I-centered cells at 33 and 293 K.

Discussion

Crystalline [Fe(TPP)(NO)] displays temperature-dependent phases that change from a
tetragonal I-centered room-temperature phase to a triclinic phase at reduced temperatures. The
triclinic phase can be described in terms of an I-centered triclinic cell that is a nonstandard
crystallographic choice or as a standard primitive triclinic cell. The transition from room
temperature to reduced temperature has been followed by differential scanning calorimetry.
The DSC scan is illustrated in Figure 4. Two endotherms are observed that are centered at
280.4 K and 249.2 + 0.2 K. The lower temperature transition is the one associated with the
crystallo graphic phase change. The basis of the higher temperature transition is unclear;
perhaps it is associated with a modest change in the porphyrin ring conformation. However,
the structure determinations (at 273 and 293 K) that bracket this endotherm do not show any
distinct, different features. We are thus unable to offer a conclusive explanation for this higher
temperature transition.

We have also followed the phase change by examining the diffraction pattern over a range of
temperatures. Figure S1 displays the predicted powder diffraction patterns at 100 and 290 K
(Cu Ka radiation) that are based on the cell constants obtained from single crystals at those
temperatures. The tetragonal reflection 101 (at 11.25° 20) cleanly splits into four resolved
reflections on the decrease in crystal system symmetry. Accordingly, we focused on that region
in a temperature-dependent powder diffraction measurement. Figure 5 displays the actual
powder diffraction traces observed every 20° from 300 to 100 K. Figure S2 displays the change
in intensity at the 11.25° 26 position for both ascending and descending temperature and Figure
6 shows the intensity change for two triclinic reflections that are Laue equivalents in the
tetragonal phase. Although the transition begins sharply at about 249 K, there does appear to
be an asymmetry in the transition as the temperature is decreased which approaches the final
complete change asymptotically. This behavior is also seen in two other regions where peaks
in the two phases are sufficiently resolved to allow a measurement. These are the tetragonal
reflection 231 (26 = 25.57°) and 121 (26 = 17.36°). These are also illustrated in Figure S2 of
the SI. The calculation of the inflection point, also shown on the figure, are all at essentially
the same temperature (243 to 248 K). A single-crystal data collection taken at 242 K, could
not be indexed solely in terms of either the triclinic cell or the tetragonal cell but rather only
in terms of both lattices. There may also be a slight asymmetry in the phase change between
ascending and descending temperatures, but the complete reversibility is to be emphasized.

We have also measured the reflection profile of the (3 1 0) reflection on a point detector
diffractometer (w-scans). As the temperature is lowered, the peak begins to broaden between
252 and 248 K. The peak begins to split at 245 K and at 235 is well resolved into two peaks.
Little further change occurs below 212 K. These w-scan plots are given in Figure S3 of the SI.
Single-crystal data collected at 180 K or lower are readily indexed in the triclinic cell and that
at 273 K or higher in the tetragonal cell and the quality of the data sets appears to be similar
in both crystal systems. Before describing the differences in the crystal structure between the
two phases, we first describe the structure of [Fe(TPP)(NO)] in the two phases.
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Molecular Structure of [Fe(TPP)(NO)] - I14/m Phase

The molecular structure of the room temperature phase of [Fe(TPP)(NO)] has been previously
reported.12 The complex’s molecular structure agrees well with that previously reported.
Complete details of all structure determinations in the tetragonal phase are given in the SI.

As displayed in Figure 1, the NO ligand is disordered over eight positions. The 4/m symmetry
at the molecular center necessitates equal occupation of each of the eight positions. One
common feature of iron(I1) heme nitrosyls is the tilting of the Fe—Nyq vector.13, 14 However,
the nitrogen atom of NO is located on the 4-fold axis making any evaluation of ligand tilt
impossible and the angle is nominally equal to 0°. Past experience suggests that if the off-axis
tilts were similar to those observed previously,14 the displacement of the NO nitrogen atom
is just at the limit of leaving a trace in the thermal ellipsoid of the N atom. Any small changes
in the position of nitrogen caused by the eight orientations make it very difficult to resolve a
nitrogen position where the Fe—N vector is tilted off the heme normal. The uncertainties in the
N-O bond length and FeNO bond angle are further accentuated by the uncertainty in the
nitrogen position. The porphyrin ring is required to be precisely planar with the peripheral
phenyl group making a dihedral angle of 90° with the central plane.

Molecular Structure of [Fe(TPP)(NO)] - P1 Phase

The low-temperature phase of [Fe(TPP)(NO)] was refined in the PI setting. The fourfold
symmetry observed in the tetragonal phase is reduced to inversion symmetry in the triclinic
phase and hence, the NO oxygen is disordered only over two positions related by inversion
symmetry. An ORTEP diagram of [Fe(TPP)(NO)] at 33 K is given in Figure 2. The ordering
allows for a better description of the iron coordination parameters. The elimination of the NO
rotational disordering reveals one hallmark feature of Fe(ll) nitrosyl porphyrinates.?’3 This
feature is the off-axis tilting of the Fe—Njo from the heme normal in the direction of the NO
oxygen atom. At 33 K, the Fe—Ng Vvector is tilted 6.3° off the heme normal in the direction
of the NO oxygen atom. The Fe-Nyo off-axis tilts and several additional bonding parameters
for [Fe(Por)(NO)] and related complexes are given in Table 2.34-37 The tilt is also usually
associated with an asymmetry in the equatorial Fe-Np bonds. The two Fe-Np, bonds that bracket
the NO ligand are shorter than the average whereas the other two are longer. This asymmetry
is clearly a bonding effect. There is only a hint of this asymmetry for triclinic [Fe(TPP)(NO)].
At 33 K, the two short Fe-N,, bonds are 1.995(9) A and 1.997(9) A, whereas the long Fe-N,
bonds are 2.000(9) A and 2.004(9) A. The presence of the inversion center is likely to have led
to obscuring of any in-plane asymmetry.

The porphyrin plane is required to be precisely planar in the tetragonal phase; in the triclinic
phase there is no such requirement, but the core remains effectively planar with the largest core
atom displacement from the best 24-atom plane only 0.03 A (at 33 K). The out-of-plane
displacement of iron is 0.20 A, slightly less than seen in the tetragonal phase. The peripheral
phenyl group, required to have exactly orthogonal dihedral angles in the tetragonal phase, have
rotated slightly with dihedral angles between the phenyl plane and the core plane of 83.1 and
81.4°.

Phase Change

Why does the phase change occur? The phase change does not appear to lead to a substantial
increase in the solid-state packing efficiency. The decrease in cell volume of ~3.5% between
90 and 293 K is similar to those seen in a number of other complexes over a similar temperature
change and for which no phase change is observed.38 Rather, the phase change appears to
result from the fact that the [Fe(TPP)(NO)] molecule is intrinsically not as symmetric as it
appears (and is required) in the tetragonal phase. This is partly, if not entirely, the consequence
of the intrinsic off-axis tilt of the Fe—-Nyo Vvector that has been observed in all well-ordered
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(nitrosyl)iron porphyrinates. One explanation of the phase change is that it leads to an order—
disorder transition that is sometimes observed on crystal cooling.39 In this view, the
intrinsically lower symmetry of the molecule is favored even though its solid-state structure
does not pack with significantly larger efficiency. Nonetheless, the solid-state interaction of
the porphyrin molecules display significant changes, as shown below.

An alternative idea is that the axial ligand distortion plays a fundamental role. As the
temperature is decreased the Fe—NO off-axis tilt become increasingly favored. When the distor-
tion occurs, the entire lattice will make small adjustments in the intermolecular packing that
leads to the descent to triclinic symmetry and a single Fe—-NO orientation above the porphyrin
plane. That the NO tilting is driving the phase change is consistent with the observation of four
crystal domains, with relative rotations of either 90 or 180° with respect to the major domain.
The rotations are along the original Fe—-NO axis, consistent with the four possible tilt direction
choices. Of course a similar change must occur on the other side of the porphyrin plane since
that side of the porphyrin plane is also populated in the tetragonal phase. The reasons for the
preservation of an inversion center at the porphyrin ring center is that it is the most symmetric
of the possible orientations of the FeNO group and leads to the preservation of the intrinsic
NO-induced asymmetry of the Fe interaction with the porphyrin nitrogen atoms (core
asymmetry).

The phase change leads to asymmetry in the environment of an individual [Fe(TPP)(NO)]
molecule. The I-centered triclinic cell constants are a = 13.373(3), b = 13.353(4), ¢ = 9.745(2)
A, a=99.310(17), B = 93.651(15), and y = 90.64(2)° and are clearly similar to those of the
tetragonal phase. This has been shown in Figure 3. In the triclinic system the porphyrin planes
are in the xy plane, and form parallel layers of porphyrin molecules comparable to the planes
parallel to the xy plane in the tetragonal phase. However, in the tetragonal phase the porphyrin
layers are exactly superimposed, but in the triclinic phase the molecules are no longer directly
above each other as a result of the 9.3° tilt of the porphyrin planes from the ¢ axis. Distances
between molecular centers reflect this change. The fourteen closest intermolecular
center---center distances in both crystal systems are given in Table 3. The closest pair of
contacts to the target molecule remain the pair related by a translation perpendicular to the
molecular array direction. The next eight closest contacts are all equal in the tetragonal system.
In the triclinic system, the analogously related intermolecular distances are either shorter or
longer and fall along the the body diagonals in pairs and are summarized in Table 3. One of
the consequences of the resulting asymmetry is that the intermolecular contacts now constrain
the FeNO group to a single allowed orientation on each side of the porphyrin plane in the
triclinic phase. This also allows the observation of the off-axis tilt of the Fe—-NO vector in the
triclinic phase that, if present in the tetragonal system, will be obscured by the
crystallographically required symmetry.

Crystalline [Fe(TPP)(NO)] is found to undergo a reversible temperature-dependent phase
change from tetragonal to triclinic. In the lower symmetry crystal system, the intrinsic off-axis
tilt of the Fe—NO vector from the porphyrin plane becomes apparent. Two suggestions for the
origin of the phase change are given.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Thermal ellipsoid plot of [Fe(TPP)(NO)] at 293 K (50% probability ellipsoids). Hydrogen
atoms are omitted for clarity.
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Figure 2.
Thermal ellipsoid plot of [Fe(TPP)(NO)] at 33 K (50% probability ellipsoids). Hydrogen atoms
are omitted for clarity.
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Figure 3.

Diagrams of the tetragonal and triclinic I-centered cells showing the effects of the partial order-
disorder phase transition. At 33 K the Fe—NO group retains the disorder with respect to
crystallographic inversion but the disorder of the NO group due to fourfold symmetry has been
removed. In the tetragonal phase the porphyrin plane is perpendicular to the c axis, but is tipped
by 9.3° from the perpendicular to the ¢ axis in the triclinic phase.
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Figure 4.
DSC scan for [Fe(TPP)(NO)]. The endotherms are centered at 280.4 and 249.2 £ 0.2 K. The
lower temperature transition corresponds to the observed crystallographic phase change.
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X-ray powder diffraction spectra of [Fe(TPP)NO)] from 100 to 300 K at 20 degree increments.
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Figure 6.

A plot of measured intensities on a single crystal of Fe(TPP)(NO). Above the transition point
the reflections (0 1 1) and (1 0 1) are Laue equivalents in the tetragonal cell and the quality of
the data sets for the two phases appear similar. They become inequivalent at the phase change
near 24 °C. The decrease in the intensities at the higher temperature can be ascribed to the
effects of thermal motion.
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Table 3

Molecule center to center distances and symmetry operators for [Fe(TPP)(NO)] in the 11 (33 K) and 14/m (293 K)
phases from crystal 1.

symmetry X, Y, Z 1T 14/m Difference
position Ct--CtA Ct---CtA A
XY,z 1/2,1/2,0 0 0 0
X,y z+1 1/2,1/2,1 9.745 9.769 —0.024
X, y,z-1 1/2,1/2,-1 9.745 9.769 —0.024
-X, ~Y, —Z 1,1,1/2 9.867 10.707 —0.840
-x-1-y-1-z-1 0,0,-1/2 9.867 10.707 —0.840
=X, -y-1,-z 1,0,1/2 10.973 10.707 0.266
-x-1,-y,—z-1 0,1,-1/2 10.973 10.707 0.266
-x-1,-y,-z 0,1,1/2 10.375 10.707 —-0.332
-x,-y-1-z-1 1,0,-1/2 10.375 10.707 —-0.332
-x-1,-y—-1,-z 0,0,1/2 11.256 10.707 0.549
=X, -y, —z—-1 1,1,-1/2 11.256 10.707 0.549
x+1,y,2 3/2,1/2,0 13.373 13.475 —-0.102
x—1,y,2 -1/2,1/2,0 13.373 13.475 —0.102
X y+1,z 1/2,3/2,0 13.353 13.475 -0.122
x,y—1,2z 1/2,-1/2,0 13.353 13.475 -0.122
8(ctCtin IT) - (Ct--Ct in 14/m).
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