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We report the first assignment of the Fe-C—O bending 
vibration, at 574 cm - 1 , in an unconstrained heme model, 
FeOEP(Py)(CO) (Py, pyridine; OEP, octaethylporphyrin). This 
is essentially the same frequency as is observed for heme protein 
CO adducts,1 implying that the Fe-C—O unit remains linear 
in the latter, despite distal steric contacts. The IR spectrum 
rules out recent proposals2 that the Fe-C—O bending funda
mental is actually at a much lower frequency, ~290 or ~360 
cm - 1 . This assignment is important because it reflects the 
energy required to bend the FeCO linkage. 

Assignment of the F e - C - O bending mode stems from the 
observation by Yu and co-workers3 of a 578 cm - 1 band in the 
resonance Raman (RR) spectrum of MbCO (Mb, myoglobin), 
which shows a larger 13CO frequency shift than does the F e -
CO stretching mode, seen at 512 cm - 1 . The bending frequency 
is especially sensitive to 13C, because the C atom is strongly 
displaced in the bending mode (Chart 1). A higher frequency 
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for bending than for stretching is unusual among chemical bonds 
and implies an unusually high bending force constant. This 
effect is a consequence of the strong backbonding, which 
dominates the FeCO energetics. Electron donation from the 
filled Fe(II) &xz,yz orbitals to the CO Jt* orbitals is optimum for 
a linear Fe-C—O unit.4 Bending of the Fe-C—O angle is 
therefore strongly resisted. A value of 0.8 mdyn'A has been 
estimated5 for the Fe-C—O bending force constant, from which 
harmonic energies of 7 or 28 kcal/mol can be calculated for 
the energy required to impose FeCO angles of 160 or 140°. 
Energies in this range are unlikely to be generated by protein 
steric forces, in view of the conformational degrees of freedom 
of the side chains and the main chain.6 

These energy estimates are thrown into question, however, 
by recent proposals that the 578 cm - 1 RR band is not the 
bending mode fundamental but rather its overtone23 or else a 
combination band involving the bending mode and a porphyrin 
vibration.2b The rationale for these proposals is that the bending 
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Figure 1. Fourier-transform infrared spectra of FeOEP(Py)(CO), 
FeOEP(Py)(13CO), RuOEP(Py)(CO), and RuOEP(Py)(13CO) in CsI 
pellets. The isotope difference spectra show only two isotope-sensitive 
bands, assigned as indicated. FeOEP(Py)(CO) was synthesized ac
cording to a modification of the published procedure.14 FeOEP(Cl), 
obtained from Midcentury, was dissolved in THF and reduced by zinc 
amalgam. Pyridine and CO were added to the filtrated solution. 
Addition of degassed water precipitated FeOEP(Py)(CO), which was 
collected by centrifugation and dried over nitrogen. RuOEP(CO)(Py) 
was prepared by dissolving RuOEP(CO)(THF) (Aldrich) in neat 
pyridine, followed by precipitation with water. The dried solid was 
then chromatographed on an alumina column with chloroform as eluent. 
RuOEP(Py)(13CO) was obtained by photolyzing RuOEP(Py)(CO) in 
pyridine in the presence of 13CO. The infrared spectra were ac
cumulated for 300 scans with a Nicolet 800 spectrometer. 

mode is of E symmetry in the idealized C^ point group of CO-
heme and lacks a mechanism for RR enhancement.5-6 A totally 
symmetric component is present, however, for the overtone and 
for some combination bands, allowing for RR enhancement. 
Kitagawa and co-workers2b assigned the bending mode funda
mental to a very weak band at 365 cm - 1 in RR spectra of CO 
adducts of hemoglobin and other heme proteins (but not Mb), 
which shows the requisite isotope pattern. Tsuboi's overtone 
proposal2" requires that the fundamental be at ~290 cm -1 , where 
it has not been detected. If either of these proposals is correct, 
then the force constant is much lower than has been estimated, 
and the energy required to distort the FeCO unit would have to 
be revised downward. 

To resolve this question, we have examined the IR spectrum 
(Figure 1) of FeOEP(Py)(CO), a heme model with an upright 
FeCO (Chart 1), as well as its Ru analog. The M - C - O 
bending and M - C O stretching modes are readily assigned to 
the bands at 574 and 495 cm"1 for M = Fe and at 595 and 523 
cm - 1 for M = Ru, via their 13CO isotope shifts, ~18 cm - 1 for 
the bend and ~ 5 cm - 1 for the stretch. (The apparently greater 
isotope shift of the Ru-CO stretch, 11 cm - 1 , is attributable to 
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an interaction with a porphyrin mode at ~512 cm-1). The Fe -
CO stretch has previously been seen at the same frequency in 
the RR spectrum of the Af-methylimidazole adduct.7 The Fe -
C-O bending mode has not previously been assigned for 
unconstrained heme-CO adducts, because the band is missing 
in their RR spectra. It shows up at ~575 cm-1, however, in 
RR spectra of some FeCO porphyrins with superstructures that 
provide distal interactions.6 Both M-CO stretching and 
M—C—O bending frequencies are significantly higher for Ru 
than Fe, reflecting stronger M - C O backbonding by Ru.8 

No 13CO-sensitive IR band is seen near 360 or 290 cm-1 

(Figure 1), the alternative positions proposed for the bending 
mode fundamental.2 This transition is allowed by IR selection 
rules, and there is no possibility that the fundamental would be 
much weaker than a combination or overtone band in the IR 
spectrum. Consequently, the proposed reassignments are ruled 
out. The 575 cm-1 bending mode fundamental is fully active 
in the IR, but its activation in RR spectra requires symmetry 
lowering, which can be provided by off-axis electric fields 
associated with the binding pocket of heme proteins or the 
superstructures of constrained porphyrins.6 

Interest in the Fe-C—O geometry was stimulated by early 
crystallographic determinations9 of the MbCO structure, from 
which the Fe-C—O unit, although disordered, was reported to 
be distinctly bent, 120-140°. But a nearly linear angle, 169°, 
was found in a recent X-ray structure of an alternative crystal 
form of MbCO, in which the bound CO was not disordered.10 

Moreover, a very recent IR polarization measurement on a 
MbCO single crystal11 has indicated no significant deviation 
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(<10°) from perpendicularity for any of the substates. Off-
axis binding of CO has been indicated by IR photoselection 
experiments, in which the polarization of the C-O stretching 
band is measured after partial photolysis with a polarized laser 
beam,12 but the calculation of the C-O bond vector requires 
assumptions about the electronic polarizations which may not 
be valid. 

The fact that essentially the same Fe-C-O bending fre
quency, ~575 cm-1, is seen in MbCO and other proteins and 
in FeOEP(Py)(CO) strongly implies that the FeCO unit is linear 
in the proteins. This inference is consistent with analyses of 
RR vibrational frequencies5'6 and of NMR chemical shifts,13 

which indicate that frequency variations among heme proteins 
are explained by changes in Fe — CO backbonding, as 
modulated by dipolar fields from protein residues, without any 
indication of geometric distortions. In addition, the RR spectra 
reveal relatively small frequency differences, 50—80 cm-1, 
between the Fe-CO stretching and Fe-C-O bending modes, 
whereas a much larger separation would be expected for bent 
Fe-C-O because of a strong kinematic interaction between 
the Fe-C stretching and Fe-C—O bending coordinates.5 

The preponderance of the evidence now disfavors any 
significant Fe-C—O bending in heme proteins. The energy 
required to produce such bending is prohibitive, due to the strong 
backbonding. On the other hand, the extent of backbonding is 
sensitive to external influences, making the CO adduct a good 
spectroscopic probe of proximal and distal effects in the heme 
pocket.6 
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