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Figure 10.13. Predicted powder (black) and out-of-plane (red) spectra of
[Fe(TpivPP)(1-Melm)(O4)]. Modes with significant Fe-Im motion are
highlighted.

Comparing the modes in Figure 10.4 and Figure 10.10, an increase in the
frequency of each mode is observed for the carbonyl complexes. This agrees well
with the >0.1 A decrease in the length of the Fe-Im bond. However, the motions
of the four vibrational modes associated with the Fe—Im stretch are very similar in
all six complexes. Only small differences are observed as a result of the reduction

is symmetry associated with the bent FeNO unit.

10.3.3 Fe-Im Vibrational Modes in [Fe(TpivPP)(1-Melm)(O,)]

The strength of the Fe-His bond in the five-coordinate systems has been used
as a gauge of protein ligation and activation states, and as a possible predic-
tor of protein activity.[58] Some insight into the nature of the Fe-His(Im) bond
post ligand ejection has been attained through flash photolysis experiments with
MbXO and HbXO.[68, 231, 232] However, directly studying the Fe-Im bond in
[Fe(Porph)(1-MeIm)(O,)] complexes has been difficult. NRVS has allowed for the
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Figure 10.14. Experimental (black) and predicted (red) powder spectra
of [Fe(TpivPP)(1-Melm)(Os)]. Modes with significant Fe-Im motion are
highlighted.

observation of Fe-Im in a [Fe(Porph)(1-Melm)(O2)] for the first time.

Powder NRVS and DFT predicted NRVS spectra are used to assign the Fe—
Im modes in [Fe(TpivPP)(1-Melm)(O3)]. The predicted powder and out-of-plane
spectra are given in Figure [10.13] The first two modes predicted at 150 and
152 cm™! involve iron out-of-plane motion along with rotational and translational
motion of the imidazole. These modes have similar composition to the first two
Fe-Im modes predicted for six-coordinate carbonyls and nitrosyls. The next three
modes are located at 176, 193, and 200 cm~!. The first mode, at 176 cm™!, has
24% of its KED involved in the motion of the Im ligand while only 6% involved the
motion of FeO,. The modes at 193 and 200 cm™' each have ~ 20% of their KED
involved in the motion of FeOy and 20% of their KED involved in the motion of Im.
Finally, the mode at 330 cm™! is again assigned to the FeXO translation, although
in [Fe(TpivPP)(1-Melm)(0O3)] only 22% of the total KED involves the motion of
the FeOy unit (~35% for [Fe(TPP)(1-Melm)(CO)] and (~40% for [Fe(TPP)(1-
Melm)(NO)] .
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TABLE 10.7

VIBRATIONAL MODES IN [Fe(Porph)(XO)(1-Melm)] WITH
SIGNIFICANT Fe-Im MOTION

Compound Fe-Tm, A
[Fe(TPP)(CO)(1-Melm)]  2.0503(14) 151¢ 172 225 331
[Fe(TpivPP)(1-MeIm)(O2)]  2.07(2)® 170 202

Fe(TPP)(NO)(1-Melm)]  2.1698(10) 148 174 211 311

a

em~ L. b from reference [145]

The predicted out-of-plane and experimental powder spectra are given in Fig-
ure [10.14] The experimental powder data have two peaks in the region assigned
to the Fe-Im rotation (bend) and the Fe-Im stretching modes. These modes
are observed experimentally at 170 cm™! for the Fe-Im rotation (bend) and 202
em~! for the Fe-Im stretch. Only two distinct modes are observed in this region,
however, multiple unresolved modes could contribute to either of these peaks. Ad-
ditionally, analyzing only the powder data makes a definitive assignment of Fe-Im
vibrational modes difficult. A more definite assignment of the modes in this re-
gion, and an observation of the FeO, translational mode, might be possible if a
suitable single-crystal measurement was available. At this time no single-crystal

sample of [Fe(TpivPP)(1-Melm)(O;)] has been measured.

10.4 Summary

This chapter describes the Fe-Im vibrational modes in [Fe(Porph)(XO)(L)]
complexes where XO = CO, NO, and O,. Modes with significant Fe-Im motion
in Fe(Porph)(XO)(1-Melm)] are given in Table [10.7 The length of the Fe-Im

bond is correlated with the Fe-Im vibrational modes in the nitrosyl and carbonyl
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complexes. The shifts in frequencies, however, are small and distributed between
at least four vibrational modes. Comparing the oxygen complex with the nitrosyl
and carbonyl complexes is more difficult. The correlation between the Fe-Im
bond length and the Fe-Im vibrational modes is no longer observed when the O,
complex is included in the analysis. This may be the result of the influences from
the picket fence porphyrinate or the modes may be assigned improperly due to
the lack of single-crystal data.

Contributions to the Fe-Im motion are distributed over at many vibrational
modes. Modes with Fe-Im rotation (bending), Fe-Im stretching, and FeXO trans-
lation are observed for all six-coordinate complexes in which single-crystal NRVS
data has been measured. The nature of these modes are similar, yet their frequen-
cies vary depending on the coordinated diatomic ligand and the porphyrinate used
in the investigation. No single vibrational mode may be described as the Fe-Im
stretch, the motion of this bond along the heme normal is a combination of many
vibrational modes, none of which resemble a two-body oscillator. These inves-
tigations provide a detailed description of the Fe-Ny, vibrational modes which
are believed to be involved in signaling processes of diatomic gas sensing heme

proteins.
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CHAPTER 11

CONCLUSION

The initial goal of this research project was to study the vg._pism) mode in
six-coordinate heme diatomic complexes. It is apparent from the preceding chap-
ters that the work done in this dissertation is not only a study of the Fe-Im bond
in heme complexes, but also a collection of investigations studying the interac-
tion of diatomic ligands with heme and the changes in structural and vibrational
parameters that are caused by diatomic molecule ligation.

The interaction of diatomic molecules with heme has several consequences.
For the biologically relevant, high-spin iron(II) hemes with histidine(imidazole)
as a ligand, coordination results in a spin transition to low spin and movement
of the iron atom into the plane of the porphyrin. Six-coordinate heme carbonyls
have Fe-XO bonds ranging from 1.70-1.80 A, although more typically these bonds
are ~1.75 A. For the five-coordinate heme carbonyls this bond length decreases
to ~1.71 A reflecting the loss of the competition of the imidazole for bonding
electrons. The vc_o for both the five- and six-coordinate species are similar,
suggesting that the Fe m-donation into the CO 7* orbitals is not perturbed by
the imidazole ligand. However, the 7 system is greatly perturbed by the solid-
state interactions between CO and adjacent molecules. The IR spectra of five
[Fe(Porph)(CO)(1-Melm)] species showed similar values of vc_o in toluene solu-

tion, however, large differences (55 cm™! range) in vo_o are observed in the solid
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state. These frequency differences result from the differing crystalline environ-
ments of the CO. Finally, with data of sufficient accuracy a correlation of Fe-C
vs C-O distances may be made akin to the spectroscopically based correlations of
m-back-bonding observed in metal carbonyls.

The Fe-Im bond has been discussed at great length in this dissertation, includ-
ing its biological significance. The coordination of diatomic molecules to heme
has a large effect on the Fe-Im bond. The average value for a Fe-Im bond in
[Fe(Porph)(XIm)] decreases from 2.147 A[243] to 2.04-2.10 A in [Fe(TPP)(XIm)-
(CO)] and increases to ~2.16 A in [Fe(TPP)(XIm)(NO)] (100 K). The changes
that incur as a result of CO coordination reflect the high-spin to low-spin tran-
sition. However, the large trans-deactivating effect of NO, leads to an elongation
of the Fe-Im bond upon NO coordination. This weak bond (Fe-Im) is especially
susceptible to changes in the cell volume. The length of this bond is correlated
with the contraction and expansion of the unit cell in the solid state. Changes
in the Fe-Im bond length have only a modest effect on the Fe-NO bond length,
however, they influence the vx_¢ though the NOFelm 7-system. The vibrational
dynamics of Fe are strongly affected by coordination of a diatomic molecule. The
vibrational consequence of changes in the Fe-Im bond are discussed in Chapter
10. The variation in the strength of the Fe-Im bond between unligated, CO lig-
ated, and NO ligated is reflected in the Fe-Im vibrational modes. Overall shifts
in modes attributed to Fe-Im motion are observed, however, the differences per
mode are small. The Fe vibrational modes with strong FeXO character are also
observed upon diatomic molecule coordination.

The nature of the Fe-ligand modes are addressed in Chapters 6, 8 and 10

detailing the assignment of modes that were difficult to definitively assign using
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IR or rR. Modes with Fe-Im rotation (bending), Fe-Im stretching, and FeXO
translation are observed for all six-coordinate complexes in which single-crystal
NRVS data has been measured. These experiments describe four major modes
with Fe-Im motion. The two lowest frequency modes had motion parallel to the
heme normal, however, also contained rotational motion of the imidazole ligand.
The third vibrational mode showed only a small amount of total kinetic energy
attributed to motion of XOFelm unit. Finally, the fourth mode, which may be
observed only in single-crystal NRVS data, is assigned as a FeXO translational
mode. These four modes have not been described previously for six-coordinated
heme nitrosyls. Finally, the FeNO vibrations are strongly mixed with at least
three modes having both vp,_no and dpeno character, however, for simplicity a
single (best) mode is assigned for each of these peaks (see Chapter 8). Neither the
Fe-ligand modes of the NO complexes nor the CO complexes resemble two-body
oscillators.

This dissertation investigates the effect of diatomic molecules on heme. The
structural and vibrational consequences of these interactions are believed to be
involved in biological processes of heme proteins. Small molecular models of these
systems have aided in the understanding of specific interactions and small struc-
tural variations that may be difficult to observe in the biological systems. These in-
vestigations ultimately model changes in ligation state, and the sequential changes

in bonding parameters, essential to heme protein function.
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