Inorg. Chem. 2008, 47, 912—-920

Inorganic:Chemistry

* Article

Reversible NO Motion in Crystalline [Fe(Porph)(1-Melm)(NO)] Derivatives
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The synthesis, characterization, and X-ray structures of three low-spin (nitrosyl)iron(ll) tetraarylporphyrinates, [Fe-
(TpXPP)(NO)(1-Melm)], where X = F (in a triclinic and a monoclinic form) and OCH; are reported. All three
molecules, at 100 K, have a single orientation of NO. These structures are the first examples of ordered NO’s in
[Fe(Porph)(NO)(1-Melm)] complexes. The three new derivatives have similar structural features including a previously
unnoted “howing” of the Nyo—Fe—Ni, angle caused by a concerted tilting of the axial Fe—Nyo and Fe—N;, bonds.
Structural features such as the displacement of Fe out of the mean porphyrin plane toward NO, tilting of the
Fe—Nno bond off the heme normal, and the asymmetry of the Fe—Np, bonds further strengthen and confirm
observations from earlier studies. The [Fe(TpXPP)(NO)(1-Melm)] complexes were also studied at temperatures
between 125 and 350 K to investigate temperature-dependent variations and trends in the coordination group
geometry. At varying temperatures (above 150 K), all three derivatives display a second orientation of the NO
ligand. The population and depopulation of this second orientation are thermally driven, with no apparent hysteresis.
Crystal packing appears to be the significant feature in defining the order/disorder of the NO ligand. The length of
the bond trans to NO, Fe—N,n,, was also found to be sensitive to temperature variation. The Fe—N, bond length
increases with increased temperature, whereas no other bonds change appreciably. The temperature-dependent
Fe—Ni, bond length change and cell volume changes are consistent with a “soft” Fe—N,, bond. Variable-temperature
measurements show that the N-O stretching frequency changes with the Fe—N,, bond length. Temperature-
dependent changes in the Fe—N, bond length and N-O stretching frequency were also found to be completely
reversible with no apparent hysteresis.

Introduction synthase by a heme-mediated oxidation @frgininé—2 or

Nitric oxide (NO) coordination to heme proteins has many 10M NO3/NO,.? In many heme proteins, the NO ligand is
physiological consequences. It has been implicated in acoordinated trans to a histidine liga#ft* Coordination of
number of fundamental processes including smooth muscleNO t0 the five-coordinate, high-spin iron(ll) results in a spin
relaxation? platelet deaggregatichpeuronal communica- ~ transition to low spin, moves the iron center frer®.30-
tion# aspects of myocardial function, and numerous other 0-40 A out-of-plane to a position in the heme plane, and

physiological function§.NO is synthesized by nitric oxide ~ causes an elongation of the-Heis(Im) bond. Modulation

of the length of this bond is thought to have important
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Crystalline [Fe(Porph)(1-Melm)(NO)] Dervatives

The NO ligand imparts a strong trans effect that can cause
the rupture of the FeHis bond in a number of protein
systems to give five-coordinateFeNG’ systemg?13.14

whereas in others, upon NO binding the heme remains a six-

coordinate {FeNG 7 system3'5> This is the activation
“switch” in one example of an NO sensing protein, st&&C
— with an apparent rupture of the Félis bond?*? Structural

(Porph)(RIm)(XO)] complexes for such studies. In addition,
this preparative and characterization work has had some
interesting and unanticipated benefits. Small-molecule X-ray
diffraction studies, for example, have demonstrated changes
in the iron coordination chemistry between [Heorph)(NO)]

and [Fé(Porph)(RIm)(NO)] system®. Detailed structural
and vibrational correlation in ligand bonding parameters (the

changes induced by the elongation and eventual scission ofinverse Fe-C and C-O relationship) have been made for

this bond are believed to be essential in signal transduction
in endothelial cells, ultimately leading to vasodilatati§h’
The strength of the FeHis(Im) bond in five-coordinate

[Fe'(Porph)(RIm)(CO)] system®.In this paper, we report
the synthesis and characterization of a series of(fFa&ph)-
(1-MeIm)(NO)] complexes. The analyses of their molecular

hemes has been used as a gauge of protein ligation andtructures, over a range of temperatures, has provided

activation states and as a possible predictor of protein activity.
The Fe-His(Im) bond strength in five-coordinate hemes is
readily studied with vibrational spectroscof&1°Unfor-
tunately, much less information is available about the-Fe
His(Im) bond in six-coordinate iron(ll) hemes with diatomic
ligands that would provide information on details of, for
example, control of ligand binding. Some insight into the
nature of the FeHis(Im) bond post ligand ejection has been
attained through flash photolysis experiments with MbXO
and HbXO®20Additional vibrational information has come
from nuclear resonance vibrational spectroscopy (NRYS).
This experimental technique, combined with theoretical
investigations, has provided significant new information on
the nature of the FeHis(Im) vibrational modes in the [e
(Porph)(RIm)(X0)] system& 24

The power of these NRVS studies has stimulated us to
further synthesize and characterize a number of neW-[Fe
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rin; 1-Melm, 1-methylimidazole; R-Im, generalized substituted imi-
dazole. Spectroscopic techniques: IR, infrared absorption spectroscopy;

interesting information on the nature of the motion of the
axial NO ligand in the solid state. Moreover, the-Hdis-

(Im) interaction displays temperature-dependent behavior that
can be monitored by both molecular structure determinations
and variable-temperature infrared spectroscopy.

Experimental Section

General Information. All reactions were carried out under
anaerobic conditions. Chloroform (Fisher), 1-propanol (Acros), and
1-methylimidazole (Acros) were used as received. Nitric oxide
(Mittler Specialty Gases) was purified by passing it through a trap
containirg 4 A molecular sieves immersed in an ethanol/dry ice
slurry?” Free base porphyrins PRorph] were prepared according
to Adler et al?® [Fe(Porph)(Cl)] was prepared according to the
metalation procedure of Adler et &l.

Synthesis of [Fe(Porph)(NO)(1-Melm)].The [Fe(Porph)(NO)-
(1-Melm)] derivatives (Porph—= TpFPP or POCH;PP) were
prepared using modifications of a previously reported syntiesis.
Approximately 30 mg of [Fe(Porph)(Cl)] was placed into a 10 mL
beaker along with 3 mL of chloroform and 3 mL of 1-methylimi-
dazole. This beaker was then placed into a crystallization jar along
with 0.5 mL of 1-propanol, 2 mL of chloroform, and 3 mL of
1-methylimidazole, then subsequently sealed with a rubber stopper.
The system was purged with Ar for 10 min, and NO was bubbled
through the inner and outer solutions for 10 min. High-quality
crystals were obtained after 3 weeks.

X-ray Crystallographic Studies. X-ray diffraction data were
collected and integrated using a Bruker x8 or D8 Apex Il system,
with graphite-monochromated Modk(. = 0.71073 A) radiation

'R, resonance Raman spectroscopy; NRVS, nuclear resonance vibra-from 100 to 350 K (700 Series Oxford Cryostream). The Oxford

tional spectroscopy.
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control unit is calibrated at the factory using the phase change of
Rochelle’s salt at 109 R? The factory calibration was checked in
our laboratory with an irorconstantan thermocouple and an
Omega 199 temperature meter. All reported temperatures are
believed accurate to within 2 K. The programs SADABSnd
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TWINABS®2 were applied for absorption correction. All structures
were solved using the Patterson method irf%ghd refined using
XL.34 All atoms were found after successive full-matrix least-
squares refinement cycles Bhand 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 t.the equivalent isotropit) of

the parent atom and Dx5for methyl hydrogen atoms.

Complete crystallographic details are given in the Supporting
Information. Data sets were acquired at multiple temperatures for
each of the six-coordinate NO complexes. Mono-[FE{FP)(NO)-
(2-Melm)] (mono= monoclinic), at 150 and 293 K, contains a
second orientation of NO oxygen which has been refined with
thermal parameters equal to the first orientafiofiri-[Fe(TpFPP)-
(NO)(1-Melm)] (tri = triclinic) contains a second orientation of
NO oxygen in data acquired at 200, 224, 293, and 350 K. Data
were acquired on a second triclinic crystal of [FeFPP)(NO)(1-
Melm)] which contained two twinned components related by & 180
rotation (minor componert 20%). This second example of the
triclinic form also contained a second orientation of NO oxygen in
data acquired at 224 and 293 K. [FeCH;PP)(NO)(1-Melm)]
contains a second orientation of NO oxygen in data acquired at
293 and 330 K. Each of the [FegfDCHPP)(NO)(1-Melm)]
structures contain a disorderpemethoxy group modeled as two
positions and modest rotational disorder of the 1-methylimidazole
ligand that was left unmodel€8.

Infrared Measurements. Infrared spectra were taken on a
Nicolet Nexus 670 FT-IR spectrometer. Selected single crystals
were ground/mixed minimally with KBr (50:1) to avoid loss of
1-methylimidazole ligand. The KBr pellet was placed in a Specac
variable-temperature cell with an Omega Engineering CN310 solid-

state temperature controller and evacuated to a pressure of 0.1 mbar.

The variable-temperature cell was then placed in the Nicolet Nexus
670 FT-IR spectrometer, and spectra were taken in both ascending
and descending 20 K intervals in the range of 1648 K.

Results

The crystal and molecular structures of three six-coordinate
NO iron(ll) porphyrinates have been obtained at multiple
temperatures between 100 and 350 K and with several
crystalline specimens. [FegiFPP)(NO)(1-Melm)] was found
to exist as two crystalline polymorphs: a monoclinic form
denoted mono-[Fe@FPP)(NO)(1-Melm)] and a triclinic
form denoted tri-[Fe(pFPP)(NO)(1-Melm)]. The [Fe-
(TPOCH;PP)(NO)(1-Melm)] derivative was also studied.
Cell parameters and crystallographic data for 18 distinct and
completed measurements are summarized in Table 1. De-
tailed crystallographic data are presented in TablesD8.

Temperature-dependent infrared spectra were taken be-
tween 105 and 350 K for [FeDCH;PP)(NO)(1-Melm)],

(32) Sheldrick, G. M.TWINABS Universita Gottingen:
Germany, 2006.

(33) (a) Sheldrick, G. MXS Bruker-Nonius AXS: Madison, WI, 2001.

(b) Patterson, A. LPhys. Re. 1934 46, 372.

(34) Sheldrick, G. MXL; Bruker-Nonius AXS: Madison, WI, 2001.

(35) Although the thermal parameters of the second orientation have been
refined as equal to the first orientation, there is evidence (especially
in structures above 100 K) of electron density between the first and
second orientations that can not be properly modeled as two or even
three atoms.

(36) Attempts were made to refine the 1-methylimidazole with two rigid
bodies or a disorder model with isotropic thermal parameters with no
improvement to the structure.

Gatingen,

914 Inorganic Chemistry, Vol. 47, No. 3, 2008

Table 1. Summary of Crystallographic Data for Structure Determinations

final WR2

0.0346

a,A b,A c,A a, deg B, deg y, deg V, A3 unique data  obsdata final R1
12.1603(2)

11.4205(2)

temp, K

0.0936

92.789(1) 102.651(1) 99.585(1) 1907.12(5) 14,421 12,319

14.3296(2)

100

tri-[Fe(TpFPP)-
(NO)(1-Melm)p:c

0.1104
0.0912
0.1003
0.0963
0.1025
0.1235
0.1188
0.1363
0.1040
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Crystalline [Fe(Porph)(1-Melm)(NO)] Dervatives

Figure 1. ORTEP diagrams (50% probability ellipsoids) of tri-[Fe(TpFPP)(NO)(1-Melm)] (left), mono-[Fe(TpFPP)(NO)(1-Melm)] (center), and [Fe-
(TpOCH;PP)(NO)(1-Melm)] (right) at 100 K. Hydrogen atoms are omitted for clarity.

Table 2. Selected Structural Features for mono-[R&HPP)(NO)(1-Melm)], tri-[Fe(PFPP)(NO)(1-Melm)], [Fe(POCHsPP)(NO)(1-Melm)], and

[Fe(OEP)(NO)(1-Melm)} at 100 K

Fe-Nz2 Fe-Nj#  Fe-Ng? Fe—Nno,
complex Fe-Nno? Fe—Nin2 av short long Fe-N—0OP Fe—Nntilt> Nyo—Fe—Nim?  N—02
tri-[Fe(TpFPP)(NO)(1-Melm)] 1.7521(9) 2.1689(9) 2.011(8) 2.004(3) 2.018(3) 138.64(8)  5.1,3.3 176.08(4)  1.1819(12)
tri-[Fe(TpFPP)(NO)(1-Melm)[#2  1.7593(12) 2.1669(12) 2.009(9) 2.0018(18) 2.017(3) 138.12(11) 4.7,3.3 176.30(5)  1.1843(16)
mono-[Fe(PFPP)(NO)(1-Melm)] 1.7481(11) 2.1312(11) 2.002(14) 1.992(4) 2.011(11) 137.27(9)  7.2,2.6 175.08(4)  1.1808(14)
[Fe(TPOCHPP)(NO)(1-Melm)]  1.7486(8)  2.1659(8) 2.003(14) 1.993(11) 2.014(4) 136.17(7)  4.9,5.7 171.73(3)  1.1856(11)
[Fe(TPOCH;PP)(NO)(1-Melm)[#2 1.7532(10) 2.1699(11) 2.010(14) 2.000(11) 2.020(3) 135.89(9)  5.0,6.0 171.92(4)  1.1898(14)

[Fe(OEP)(NO)(1-Melm)}d 1.6465(17) 1.9889(16) 2.003(5) 177.28(17) 178.75(8)  1.135(2)

aln A. PIn deg.c Crystal contains a twinned componefiit 130 K38

tri-[Fe(TpFPP)(NO)(1-Melm)], and mono-[FepFPP)(NO)-

and 1.188(3) (av) A for the NO bond distance; and 137.27-

(1-Melm)]. Experiments were performed in both ascending (9)°, 138.4(4} (av), and 136.0(2) (av) for the Fe-N—O
and descending temperature order with no indication of bond angle.

hysteresis.

Discussion

The structural and vibrational parameters of three com-

plexes, [Fe(Porph)(1-Melm)(NO)], differing only in the para

substituent of the four aryl groups, display temperature-
dependent variations. Moreover, the variation of these
systems displays apparent reversibility with no detectable

hysteresis.
Molecular Structures, 100 K. We report the crystal and

molecular structures of the three iron(ll) porphyrinates: tri-

[Fe(TpFPP)(NO)(1-Melm)E” mono-[Fe(PpFPP)(NO)(1-
Melm)], and [Fe(POCH:PP)(NO)(1-Melm)]. The molecular

structures, at 100 K, are illustrated in Figure 1. The nitrosyl
ligand is completely ordered in all three derivatives; these

Several additional features of six-coordingdtEeNG;’
porphyrinates are summarized in the formal core diagrams
given in Figure 2. One feature is the displacement of the Fe

from the 24-atom mean plane. In all cases there is a small

(0.05-0.08 A) displacement toward the NO ligand. The
projection of the FeNyo vector onto the porphyrin plane
is displayed in Figure 2 as the short line; the small circle
represents the oxygen position. The projection of the
imidazole onto the porphyrin plane is displayed in Figure 2
as the long line; the large circle represents the position of
the 1-methyl group. The projection of F&lyo is close to
bisecting a pair of FeN, bonds; the actual values and the
angle between the FeNO and imidazole planes are also shown
in the figure.

As can be seen in Figure 1, the-Rdyo vector is tilted
off-axis from the heme normal in the direction of the NO

are the first examples of completely ordered nitrosyls in six- oxygen atom. The tilts for mono-[FefFPP)(NO)(1-Melm)]

coordinate [Fe(Porph)(NO)(1-Melm)] complexes. The three tri-[Fe(TpFPP)(NO)(1-Melm)], and [Fe(@OCHsPP)(NO)-
new derivatives have similar structural features. Selected 1-Melm)] are 7.2, 4.8(3) (av), and 5.0(2) (av), respec-

geometrical parameters are given in Table 2. For comparison

the only example of the related iron(lll) derivati¥és also

given in the table. Two independent determinations of

structure at 100 K were carried out for tri-[FeHPP)(NO)-
(1-Melm)] and [Fe(POCH:PP)(NO)(1-Melm)]; the aver-

aged values for the two determinations will be cited. The

observed values for the Fé&yo bond distance, the NO
bond distance, and the F&l—O bond angle are all similar.
Values for tri-[Fe(pFPP)(NO)(1-Melm)], mono-[Fe(@F-
PP)(NO)(1-Melm)], and [Fe(@OCH;PP)(NO)(1-Melm)],

respectively, are 1.7481(11), 1.756(5) (av), and 1.751(3) (av)

A for the Fe-Nyo bond distance; 1.1808(14), 1.183(2) (av),

(37) An analysis of the NRVS vibrational spectra of tri-[FpEPP)(NO)-
(1-Melm)] and mono-[Fe(pFPP)(NO)(1-Melm)] and the 100 K
structures have been previously reportgd.

(38) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod 999 121, 5210.

tively. This tilt appears to be a direct effect of the FeNO

bonding; we find no steric reasons for the tilts. Moreover,
this tilt is associated with an asymmetry in the equatorial
Fe—N, bonds. The two FeN, bonds that bracket the NO
ligand are shorter than the average, whereas the other two
are longer. This asymmetry is clearly a bonding effect.
Porphyrin core asymmetry is also observed in five-coordinate
{FeNG "’ porphyrinates? For the complexes mono-[Fe-
(TpFPP)(NO)(1-Melm)], tri-[Fe(pFPP)(NO)(1-Melm)], and
[Fe(TpOCHzPP)(NO)(1-Melm)], respectively, the two short
Fe—N, bonds are 1.992(4), 2.003(2) (av), and 1.996(10) A
(av), while the long FeN, bonds are: 2.011(11), 2.017(3)
(av), and 2.017(5) A (av), respectively. Since the first
experimental elaboration of the tilt and equatorial asymmetry,

(39) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod 997, 119 7404.
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Figure 2. Formal diagram of the porphyrinato core of tri-[Fe(TpFPP)(1-
Melm)(NO)] (top), mono-[Fe(TpFPP)(1-Melm)(NO)] (middle), and [Fe-
(TpOCHPP)(NO)(1-Melm)] (bottom) at 100 K displaying the perpendicular
displacements (in units of 0.01 A) of the core atoms from the 24-atom
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Figure 3. Selected structural features of [Fe(Porph)(1-Melm)(NO)] with
standard deviations. Standard deviations are based on the five 100 K
structures presented herein and two previous structure determiatidpns
and the assumption that all are drawn from the same population.

general to all six-coordinateFeNG;” porphyrinates; it is
also observed in [Fe(TPP)(NO)(1-Melnif]* [Fe(TPP)-
(NO)(4-NMePy)],?° and [Fe(F,PP)(NO)(1-Melm)}©

A saddling pattern is observed for the core 24 atoms of
tri-[Fe(TpFPP)(NO)(1-Melm)] and mono-[FefFPP)(NO)-
(1-Melm)], while in [Fe(TPOCH:PP)(NO)(1-Melm)] the core
is only modestly ruffled. Saddling is a commonly observed
core conformation of six-coordinate iron(ll) porphyrinates
with a single axial diatomic ligand. Saddled cores have been
observed in [Fe(TPP)(NO)(1-Melm?3}, [Fe(TPP)(NO)(4-
NMe,Py)],?® and [Fe(TPP)(NO)(4-MePip¥F

The structures of these three six-coordingfeeNG’
porphyrinates further strengthen and confirm observations
made during earlier studi@s*>*>Wyllie et al. suggested a
best set of structural parameters for six-coordif&eNG} ”
porphyrinateg® With the inclusion of the additional points
presented herein, the canonical values for the bonding
parameters of six-coordinafg=eNG;” porphyrinates with
imidazole ligation may now be even more firmly assigned.
Selected average structural parameters and standard devia-
tions* for [Fe(Porph)(NO)(1-Melm)] are given in Figure 3.
Data include the five 100 K structures presented herein and
two previous structure determinatiof¥$®The range of bond
lengths for each of the bonding parameters is small, with
the exception of the FeN,, bond, which is known to be
very long, owing to the structural trans effect of NO. The

mean plane. Positive displacements are toward the nitrosyl-coordinated faceaverage values of bonding parameters agree well with those
while the imidazole ligand is displaced on the negative side of the porphyrin presented previously as general parameters for six-coordinate

core. The orientation of the imidazole ligand with respect to the porphyrin

core is also illustrated. The location of the 1-methyl group is represented

by the large circle, while the location of the nitrosyl projection onto the
porphyrin core is indicated by the small circle.-Rép bond distances (A)
and angles (deg) are also displayed.

a number of DFT calculatioA%“* have provided an elec-
tronic basis for ligand-based asymmetry.

The Fe-N,, bond is also tilted off-axis, but by smaller

amounts. Moreover, as can be seen in Figure 1, the imidazol
tilt and the NO tilt are toward each other so as to lead to a

“bowing” in the Nyo—Fe—Ni, bond angle. “Bowing” of
the Nyo—Fe—N, unit is not unique to these porphyrinates.

Although it has not been noted previously, this feature is

916 Inorganic Chemistry, Vol. 47, No. 3, 2008

{FeNQG 7 porphyrinate® yet give additional information due
to the multiple data collections and the high precision of the
data.

(40) Praneeth, V. K. K.; Nier, C.; Peters, G.; Lehnert, Morg. Chem
2006 45, 2795.

(41) Cheng, L.; Novozhilova, I.; Kim, C.; Kovalevsky, A.; Bagley, K. A.;
Coppens, P. Richter-Addo, G. B. Am. Chem. So200Q 122, 7142.

(42) Ghosh, A.; Wondimagegn, T. Am. Chem. So200Q 122 8101.

e Ghosh, A.Acc. Chem. Re005 38, 943.

(43) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, 3.Phys
Chem A 1997 101, 8914.

(44) Patchkovskii, S.; Ziegler, Tnorg. Chem 2000 39, 5354.

(45) Scheidt, W. R.: Piciulo, P. L1. Am. Chem. Sod 976 98, 1913.

(46) Standard deviations are calculated on the assumption that the values
are taken from the same population.



Crystalline [Fe(Porph)(1-Melm)(NO)] Dervatives

Molecular Structures, Multiple Temperatures. A “for-
tuitous” failure of the crystal cooling system led to the
collection of a data set for tri-[FeFPP)(NO)(1-Melm)]
at room temperature. The structure revealed two orientations
of the NO ligand; a disordered NO is common with many
prior exampleg>494547Upon repair of the cryocooler, the
structure was redetermined at 100 K. The same crystalline
sample now showed a single orientation of the NO ligand at
the lower temperature. This suggests that the second orienta-
tion of NO in tri-[Fe(TpFPP)(NO)(1-Melm)] is a tempera-
ture-dependent phenomenon. Accordingly, we collected a
number of additional data sets at different temperatures and
on two crystal samples for tri-[FepFPP)(NO)(1-Melm)}'é4°
A total of 10 distinct data sets were collected; the order of
data collections is indicated in Table 3. The graphical
depiction in Figure 4 shows experiment order, experiment
temperature, NO orientations, and the population of the major
NO orientation. Several generalizations are apparent from
the figure for tri-[Fe(pFPP)(NO)(1-Melm)]. First, at low
temperature the NO ligand is ordered for two different crystal
samples. Second, similar populations of the NO orientation
are observed at the same temperature. Third, the population
of the second orientation increases with increasing temper-
ature. Fourth, the order/disorder of NO is a thermally driven,
reversible process. Finally, the results appear to be sample
independent, although in this experiment and the others
following have been necessarily limited to two samples each.

A smaller set of temperature-dependent structure deter-
minations were subsequently made for mono-[lpEHP)-
(NO)(1-Melm)] and [Fe(POCHsPP)(NO)(1-Melm)F° Again,
temperature-dependent NO orientational disorder was ob-
served. The experimental order given in Table 3 also shows
apparent reversibility of the NO orientation. At room
temperature, two orientations of NO were found in both
complexes. However, at lower temperatures, each of the two
samples contains only a single orientation of the NO ligand.

These three studies allow for the observation of possible
temperature-dependent variations or trends in the coordina-
tion group geometry of{ FeNG’ porphyrinates. Bond
lengths, angles, and other geometrical parameters for the
coordination group are given in Table 3. The metrical
parameters show little or no temperature dependence.
Although a second orientation of the NO becomes evident
at higher temperatures, the absolute and relative orientations
of the imidazole and the major NO orientation do not show
any temperature dependence. Formal core diagrams of all
derivatives at all measured temperatures are given in Figures
S1-S3, which show this invariance, as well as only very
small differences in core conformations. The g,

(47) Scheidt, W. R.; Brinegar, A. C.; Ferro, E. B.; Kirner, J.J-.Am.
Chem. Soc1977, 99, 7315.

(48) ORTEP diagrams of tri-[FeFPP)(NO)(1-Melm)] at each reported
temperature (see Table 3) are displayed in the Supporting Information.

(49) During the 350 K data collection for tri-[FeffFPP)(NO)(1-Melm)],
sample decay became evident. The reported structure is based on a
subset of the total reflections that represent 100% completeness to a
resolution of 0.90 A.

(50) ORTEP diagrams of mono-[FgffPP)(NO)(1-Melm)] and [Fe-
(TpOCH;PP)(NO)(1-Melm)] at each reported temperature (see Table
3) are displayed in the Supporting Information.

Table 3. Selected Structural Features and Nitrosyl Stretching Frequencies for mon@HRE{NO)(1-Melm)] and tri-[Fe(@FPP)(NO)(1-Melm)]

% maj
orien

rotation

Fe—Nno,
Fe—Njn tilted

138.64(8)

Fe—Np°

Fe—Ngp°

a
’

temp
[expt order]

changef
1635.74

VN-O°

N—OP

Nno—Fe—Njm¢

long Fe-N-O¢

short

Fe—-Np°

Fe—N|mb

Fe‘NNob
1.7521(9)

complex
tri-[Fe(TpFPP)-(NO)(1-Melm)j

100

206

1.1819(12)

176.08(4)

5.1,33
4.7,3.3
46,28
4.6,2.7

2.018(3)
2.017(3)
2.015(5)
2.017(6)
2.016(4)
2.014(2)
2.015(2)
2.012(3)
2.012(3)

2.007(3)

2.004(3)

2.011(8)
2.009(9)
2.007(8)
2.007(10)
2.008(9)
2.008(6)
2.009(7)
2.007(5)
2.008(5)

2.006(3)

2.1689(9)

100
100
100

96
94
93
84
82

73

206
205
206
207, 27
207, 28
207,28
209, 30
209, 30
210, 30

1635.74
1636.73
1637.23

1637.72
1638.20
1638.20
1639.56

1639.56

1640.69

1.1843(16)
1.1807(15)
1.182(3)
1.1798(17)
1.182(2)
1.188(2)
1.184(2)

1.1788(17)
1.194(6)

176.30(5)
176.10(5)
176.38(8)
176.33(5)
176.50(5)
176.76(6)
177.38(6)
177.61(6)
178.04(12)

39,55

34,25

33,29
3.2,2.7

4.6,3.0
4.3,2.8

138.12(11)
138.89(11)
138.90(16)
138.99(12)
138.95(12)
138.13(15)
138.77(16)
138.32(18)

139.1(3)

2.0018(18)
2.0021(12)
2.0010
2.002(2)
2.0030(6)
2.0038(4)
2.004(2)
2.004(2)
2.004(3)

2.1669(12)
2.1725(12)
2.1724(19)
2.1774(13)
2.1814(12)
2.1880(14)
2.1906(14)
2.1885(15)

2.193(3)

1.7593(12)
1.7480(12)
1.743(2)

1.7477(13)
1.7473(12)
1.7579(14)
1.7427(14)
1.7524(15)
1.724(3)

mono-[Fe(PFPP)-(NO)(1-Melm)]

100
100

1

0
0, 84
1,79

1624.39
1625.18

1.1808(14)
1.215(3)

175.08(4)
175.91(12)

7.2,2.6
6.1,25

137.27(9)
135.7(3)

2.011(11)
2.014(11)

1.992(4)
1.99(2)

2.002(14)

2.003(14)

2.1312(11)
2.128(3)

1.7481(11)
1.748(3)

Inorganic Chemistry,

92
74
100

1625.97
1630.49

1.201(2)
1.200(4)

175.71(7)
176.54(10)

6.3,1.9
54,17

136.54(14)
138.2(3)

2.012(13)
2.011(13)
2.014(4)

1.991(6)

1.995(1)

2.002(14)
2.003(12)
2.003(14)

2.1325(14)

2.158(2)

1.7558(15)
1.753(3)

[Fe(TpPOCHsPP)-(NO)(1-Melm)]

1616.14 203

171.73(3) 1.1856(11)

136.17(7) 49,57
135.89(9)

1.993(11)

2.1659(8)

1.7486(8)

100
80
76

203

1619.53 201, 286
1620.18 202, 287

1616.14

1.1898(14)
1.2004(20)
1.210(2)

171.92(4)
173.10(5)
173.39(6)

5.0, 6.0
4.6,6.0
41,57

135.83(12)
135.88(15)

2.020(3)
2.018(5)
2.016(4)

2.000(11)
2.000(8)
1.999(7)

2.010(14)
2.009(12)
2.008(10)

2.1699(11)
2.1992(12)
2.2030(14)

1.7532(10)
1.7464(12)
1.7438(14)

aln K. PIn A. ¢In deg.? Uncertainties at 100 K are about 0.4nd are somewhat larger at higher temperatures where disordered NO is found, st xt:1. Frequencies for a particular temperature are
interpolated from the best fit line in Figure 70° is the 1-methyl group position of 1-Melm, rotations are clockwisExperiments +3 used a crystal with a twin component. Experimentsl@ used a second

crystal with no twinning" See ref 49! Experiments 24 used a second crystal.
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Figure 4. Diagram displaying the order of data acquisition for tri-[FeffPP)(NO)(1-Melm)]. The temperature of data acquisition and occupancy factors
for the major orientations are also displayed.

distance and the FeNyo tilt angle show the largest tem-
perature-dependent effect.
Tilting of the Fe-Nyo vector, as described above, is an
inherent characteristic ¢fFeNG, 7 porphyrinates. The Fe
Nno tilt shows an apparent temperature dependence; the tilt
is smaller with increased temperature. However, the true
degree of temperature variation is difficult to measure due
to uncertainties associated with the NO nitrogen position.
The two orientations of the NO ligand lead to two positions
of the nitrogen that should lead to a small change in the
apparent refined position which is the average of the
population-weighted positions. This, along with possible
effects of increased thermal motion, leads to apparent shifts
in the nitrogen position and concomitant decreases in the
tilt angle that overstate the temperature-dependent change.
As displayed in Figure 3, the tilting of the F&lyo vector
In {FeNQ7 porphyrinates induces asymmetry in the-Fe Figure 5. Plot of cell volume per molecule @or Fe—Niy, bond distance
Np bonds. All of the complexes presented, at every temper- (&) vs temperature (K). Data illustrated are (red circles) tri-[fPP)-
ature, have a similar pattern of a pair of shortenee Ng ENr(;)e(nl-c'i\i/':an;)gas()b['g: p%%fég;))(ﬁﬁg)ng-E\';gfgf)g;lg)(lc;il\:grifljl)]éa;r]\% .
bonds and a pair of eIongatgd—Fl‘dp bonds. Average values trg\]e plots are fit linearly. Correlation coeffcients for theptop[bottom] plots
of short and long FeN;,, for tri-[Fe(TpFPP)(NO)(1-Melm)], are tri-[Fe(TpFPP)(NO)(1-Melm)] 0.99[0.96], mono-[FefFPP)(NO)(1-
mono-[Fe(PFPP)(NO)(1-Melm)], and [Fe{@DCH;PP)- Melm)] 0.99[0.97], and [Fe(F©OCH;PP)(NO)(1-Melm)] 0.97[0.99F
(NO)(1-Melm)], which contain a single ordered NO at 100 dependence on temperature. Plotted in the lower panel of
K, have been calculated and are dlsplayed in Table 3. FigureSiS the temperature dependence of theNkg bond
Although variation of the FeN, bond lengths attributed to  for tri-[Fe(TpFPP)(NO)(1-Melm)], mono-[Fe@FPP)(NO)-
multiple orientations should be observed, the measured(1-Melm)], and [Fe(POCHsPP)(NO)(1-Melm)]. The change
differences are smaller than the uncertainties; bond asym-in cell volume as a function of temperature is shown in the
metry is observed in all cases. top panel of Figure 5; the correlation between changes in
The strong trans effect of NO causes the rupture of the cell volume and the FeN ,,, bond length are evident. The
Fe—His bond in a number of protein systems to give five- change in cell volumes for the three complexes between 100
coordinatel FeNG 7 systems?*3while in others, upon NO  and 293 K is about 3:63.8%. The changes in cell volume
binding the heme remains six-coordinaf&eNG".***>  are not unusual for porphyrin complexes in our experience,
Clearly, understanding the nature of this bond and its effects a|th0ugh perhaps at the upper end of ranges obsé&ivide
are essential to understanding hefiteNG ’ NO-sensing change of the FeN,, bond distance in [Fe@OCH:PP)-
systems. The activation “switch” in sGC is an apparent (NO)(1-Melm)] (2.1659(8)-2.2030(14) A, 106-330 K), tri-
rupture of the FeHis bond!? Structural changes induced
by the elongation and eventual scission of this bond are (51) The binding constants for the addition of an imidazole to a five-

. S ] . : coordinate nitrosyl are known to be small and are summarized in ref
believed to be essential in 5|gnal transduction, UItlmately 40. Neither the trans effect or the binding constant absolutely predict

leading to vasodilatatiotf:'” that the Fe-N;, bond will show a strong temperature dependence.
_di ; (52) For example, a six-coordinate CO complex showed a 3.2% change in
The known trans-directing eff(.aCt OENG On_the_FN'"‘“ . cell volume. N. Silvernail, B. C. Noll, and W. R. Scheidt, work in
bond suggests that the bond might be described as “soft progress.

and be especia”y Susceptib|e to temperature_dependen(53) A linear correlation coefficient, PearsoiR$* was used to judge the
environmental effect®: This is indeed the case. The length 54) f\l/t/ thJ thle dF?tERI\/IZ i (% : T_)'(YiM_ v/ «/%(f-i)z x/mziéygl?t)z g

. : . - alpole, R.E.; Meyers, R. H.; Meyers, S. L.; Ye, Rrobability an
of the plologlca_llly important FeNn _bond in each Of. the Statistics for Engineers and Scientjstsh ed.; Prentice Hall: Upper
three six-coordinat¢FeNG} 7 porphyrinates shows a linear Saddle River, NJ, 2002; pp 39894

918 Inorganic Chemistry, Vol. 47, No. 3, 2008



Crystalline [Fe(Porph)(1-Melm)(NO)] Dervatives

Figure 6. Overlay diagram displaying the relative shift of adjacent
molecules in the unit cell for tri-[Fe@PP)(NO)(1-Melm)] at 100 K. The
coordinates of the porphyrin nitrogen atoms of the 100 and 350 K structures
have been overlaid for the two molecules shown at the bottom right. The
relative differences in the intermolecular spacing~d.5 A can now be
seen between the 100 K structure (shown in blue) and the 350 K structure
(shown in red).

[Fe(TpFPP)(NO)(1-Melm)] (2.1669(12)2.1934(28) A, 106
350 K), and mono-[Fe@FPP)(NO)(1-Melm)] (2.1312(1%)
2.158(2) A, 100-293 K) is small but unidirectional.

The effects of the temperature-dependent crystal packingFigure 7. Plot of uy—o (cm™2) vs temperature (K). Data illustrated are
on the Fe-Ny is best seen in tri-[Fe@PP)(NO)(1-Melm)]. tri-[Fe(TpFPP)(NO)(1-Melm)] (red circles), mono-[FegFPP)(NO)(1-
Figure 6 displays the relative shift of adjacent molecules in mﬂg) (blue squares). and [FERDCHPRIIONC Melmi] (green dia-

. points is fit linearly with correlation coeffcients
the unit cell for tri-[Fe(PpFPP)(NO)(1-Melm)] at 100 K. In* of R > 0.9953
this figure, coordinates of the porphyrin nitrogen atoms of
the 100 and 350 K structures have been overlaid for the two
molecules shown at the bottom right. The relative differences
in the intermolecular spacing of0.5 A can now be seen
between the 100 K structure (shown in blue) and the 350 K
structure (shown in red). The contraction of the cell and the
tighter intermolecular contacts in the 100 K structure can
be clearly seen. This cell contraction is manifested in a
shortening of FeN,, by about 0.02 A. Clearly, the weakness
of the Fe-N;, bond has contributed to the temperature
dependence of the FéN,, bond distance. The red vector
shown in Figure 6 has approximately equal components in
the a and b directions that are also seen in the relative
changes in the cell constants. Although the directions are
not as clear in [Fe(OCH;PP)(NO)(1-Melm)] and mono-
[Fe(TpFPP)(NO)(1-Melm)], they similarly display a shorten-
ing of the Fe-N;, bond due to contraction of the unit cell
and decreased intermolecular interactions with reduced )
temperature. Figure 8. Plot of un-o (cm*l) vs FENIm bond distance (A). Data
” . illustrated are triclinic (red circles) and monoclinic (blue squares) forms of

Variable-Temperature Infrared Studies. Temperature- [Fe(TpFPP)(NO)(1-Melm)], [Fe(POCHsPP)(NO)(1-Melm)] (green dia-
dependent infrared data were collected for [FEICHPP)- monds), and [Fe(TPP)(NO)(1-Melmj](gray triangle). Frequencies for a
(NO)(1-Melm), tri-{Fe(TpFPP)(NO)(1-Melm)] and mono- __ Bicusr temperatune e merpolated rom e beet [t e 1 g 7.
[Fe(TpFPP)(NO)(1-Melm)] at temperatures ranging from 107 (NO)(1-Melm)] (black line) andR = 0.98 for [Fe(TPOCHsPP)(NO)(1-
to 348 K. Infrared measurements were made to determine ifMelm)] (green line}®
the distinct NO orientations observed in the X-ray diffraction . . ) o
experiments would be vibrationally observable. In all three N the relative orientation of the NO and imidazole planes
complexes, a singlen_o band was observed with no (i.e., cisoid and transoid¥. Thus, relative differing orienta-
discernible broadening that might suggest a secang tions appear not to have an effectano. Rather, we believe
peak. The most significant change observed was an increasthat it is the temperature-dependent changes in theNre
ing value ofvy-o with increasing temperature. The temper- bond Iength, not any environmental differences of the NO
ature dependence (20 K intervals)gf_o vs T is given in ligand, that causes the variation of_o with temperature.
Figure 7. In all cases, the changeiin_o vs temperature ~ These values are strongly correlated for each complex. Figure
demonstrates a linear dependence with high correlation. 8 displays a plot of the FeN, bond length vs the NO

What effect leads to the temperature dependence? Astretching frequency for tri-[Fe@PP)(NO)(1-Melm)] (red
theoretical study of the two polymorphic forms of [Fe- circles), mono-[Fe(pFPP)(NO)(1-Melm)] (blue squares),
(TpFPP)(NO)(1-Melm)] suggested equivalent energy-mini- and [Fe(POCH;PP)(NO)(1-Melm)] (green diamonds). The
mized structures and vibrational data despite the differencestwo polymorphic forms of [Fe(pFPP)(NO)(1-Melm)] fall

Inorganic Chemistry, Vol. 47, No. 3, 2008 919
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Table 4. Méssbauer Data for Six-Coordinate been described as a combination of titeorbital on NO
[Fe(Porph)(1-Melm)(NO)] and the ¢ orbital and which is an antibonding interaction
AEq,1 0, . with respect to the imidazole ligatfl A shortening in the
complex TK _mms® mms® ref Fe-N;m bond distance must lead to (small) increases in
tri-[Fe(TpFPP)(1-Melm)(NO)] 2%%3 00%756 00-2296 ttW electron donation to Fe, which decreases the donation from
200 0.76 0.30 tx the r* orbital of NO and a c_:oncomitant decreaseviiNO). .
150 0.76 032 tw The converse is also possible. There have been suggestions
100 0.75 033  tw that distal pocket interactions, steric, electronic, or both,
20 0.74 034 tw directly infl h imal dinati db .
mono-[Fe(PFPP)(1-Melm)(NO)] 293 0.75 022  tw lirectly influence the proximal coordination and by associa-
[Fe(TpOCHsPP)(1-Melm)(NO)] 293 0.87 024 tw tion signal transductiot The observation of spinspin
588 8-22 8'52 :W coupling between the imidazo¥N and NO observable in
20 0.83 0.33 tvv\‘,' the EPR specf[rum of _[Fe(Porph)(NO)(l-MeIm)] s_uggests at
[Fe(TPP)(1-Melm)(NO)] 293 0.80 024 26 least modest interaction between the two axial ligaiids.
128 8-;2 8-3% gg Méssbauer spectra have been measured in a 500 mT field
42 073 035 26 and at several temperatures. Values are given in Table 4.

The values observed are similar to those observed previously

on the same line (best fit line in black) and demonstrate that for [Fe(TPP)(1-Melm)(NOYF and are otherwise unremark-
the correlation is independent of crystalline form. Plots of able.

Fe—Nim VS vn—o for [Fe(TpOCH;PP)(NO)(1-Melm)] (green Summary. Three new six-coordinate iron(ll) nitrosyl-
diamonds), however, do not fall onto the same line as tri- ligated porphyrinates have been prepared and characterized.
[Fe(TpFPP)(NO)(1-Melm)] and mono-[FepFPP)(NO)(1- At 100 K, all structures showed an ordered nitrosyl ligand
Melm)]. These differences can be attributed to the cis effect and are the first examples of completely ordered nitrosyls
of different para-substituted porphyrinaf&sThe electron- in [Fe(Porph)(NO)(1-Melm)] complexes. The NO ligand is
donating character of the methoxy substituent in [Fe- disordered at higher temperatures; this change is a reversible
(TPOCH:PP)(NO)(1-Melm)] increases the electron density process. The new derivatives have similar structural features
on iron, thereby pushing more electron density into the including a previously unnoted “bowing” of fb—Fe—Nim
SOMO and increasing the* antibonding character of NO.  caused by the concerted tilting of F8lyo and Fe-Niy

This is seen experimentally in the lowey_o frequencies bonds. The structures of these three six-coordifiBeNG;
observed for [Fe(FOCHsPP)(NO)(1-Melm)]. The electron-  porphyrinates further strengthen and confirm observations
withdrawing fluoro-substituted analogue reduces electron made during earlier studies. X-ray diffraction experiments
density at the iron center, thereby causing the higher observedperformed at temperatures above 100 K allowed the observa-
value forvy_o in the [Fe(TpFPP)(NO)(1-Melm)] derivatives. ~ tion of temperature-dependent variations or trends in the
Although a complete temperature profile for [Fe(TPP)(1- coordination group geometry. These trends indicate a strong
Melm)(NO)] is not available, the room-temperature value correlation between the physiologically relevant—+iy,

for the parent species is in fact at an intermediate valye( bond and the stretching frequency of NO on the opposite
= 1625 cn1l),* consistent with its expected cis effect. side of the porphyrin.

Additionally, the effect of varying the length of the e
Nim bond is different for the two porphyrinates. As observed
in Figure 8, the slope of [Fe@FPP)(NO)(1-Melm)] is more
than 2x larger than in [Fe(fOCH;PP)(NO)(1-Melm)]; the
effect of changing the FeN,, bond distance ony—o is twice
as large. This further reflects differences in the electronic  Supporting Information Available: Figures S+S3, formal
characteristics imparted by the differing porphyrinates. diagrams displaying the perpendicular displacement of core atoms

The trans effect of the heme axial ligands are thought to from the 24-atom mean planes at all measured temperatures; Figures
be of great utility to diatomic sensing heme protéifs. S4-S7, ORTER diagrams of complexes at aIItemperaturgs; Tablles
Correlations of bonding parameters across the porphyrin S1-S108, det:_:uled cry_stgllogrgphlc data; crystallographlc data in
plane have been previously not¥d’ The interaction CIFfor.mat. This material is available free of charge via the Internet
between the axial ligands in heme nitrosyls are made throughat hitp://pubs.acs.org.
the SOMO. The SOMO of [Fe(Porph)(NO)(1-Melm)] has [C701700P
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