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Abbreviations:

CoAz,, an cobalt{E) 5o, 152-bis{2-(2,2-dimethylpropanamido) phenyl }- 10z,
20a-(nonanediamidodi-o-phenylene) porphine

CoAz,aa-dy B-pyrrole okladeuteriated CoAzy,;, oy

CoAz2 cobalt{ ) 5g,150: 10, 20x-bis(nonancdiamidodi-o-
phenytene)porphyring

CoAz2.d, B-pyrrole oktadeuteriated CoAz2

CoDe2 cobalt(11} 58,1 50:10,20a-bis(dodecanedinmidodi-o-
phenyienc)porphyrine

CoTFP cobalt{I1) tetraphenytporphine

Co{ TPP-d,) or Co(TPP-2Hg)

B-pyrrole oktadeuteriated Co( TPP)

Co( T PP) cabalt{ 11} a*-*picket fence™ perphine
DCP 3,5-dichloropyridine

Hb hemogtobin

i, cobalt{II}-substituted hemoglobin
IR infrared

Im imidazole

Im-d, 4,5-didenterioimidazole

Im-d, 2.4,5-trideuterioimidazole

Mb rayogiobin

Mbg, cobalt({I!}-substituted myoglobin
By pysidine

py-*H. or py-d. perdeuteriated pyridine

RR resonance Raman

TNOP tri-r-octyiphosphine oxide
{-Melm l-methylimidazole

1,2-DiMelm 1,2-dimethylimidazole

4-CNPy #4-cyanopyridine

4-DMAPy 4-(dimethylamino)pyridine

4-M1 4-methylimidazole

4-M1-*H, or 4-Ml-d,
*Ml'zﬂz or 4‘Ml'dz
Reo

ﬁCo

H

v
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N-deuteriaied 4-methyiimidazole

2, 5-dideuterio-4-methylimidazole

cobalt( I} }-substituted hemoglobin u-chain
cobalt(11)-substituted hemoglobin f-chain
bending vibration

stretching vibration

1. Introduction

The mammalian oxygen transport proteins, hemoglobin (Hb) and myoglobin
{Mb} are probably the most theroughly studied of all biomolecules [{-6]. Both are
members of the class of proteins, commonly called heme proteins, which contair a
heme group (ihe iron complex of protoporphyrin EX, a tetrapyrrole macrocycle} at
the active site. In the case of the oxygen transport proteins (Hb and Mb), the
ferrous iron binds molecular oxygen reversibly, oxidation of the iron being inhibited
by the protection afforded by the surrounding protein. While the monomeric Mb
serves essentially as an oxygen storage protein within muscles, the actual oxygen
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transport protein, Hb {which accounts for the hulk of the protein present in red
blood cells} is a tetrameric species (of2) which exhibits cooperative ligand binding.

Despite the accumwiation of a quite extensive body of knowledge, questions
remain unanswered, even at on essentially fundamental fevel. For example, both
proteins possess a (distal) histidylimidazole positioned so as to facilitate hydrogen
bonding with the bound dioxygen. The importance of such H-bonding for the
oxygenation process continues to attract much attention j7-13]. Perhaps even raore
surprising is the fact that dispute still continues concerning the number of stable
structures [14-19].

The iatense mterest in the details of dioxygen binding to these protelzis prompted
an extensive effort by many research groups to develop and study model compounds
in an attempt to understand the sieric and electronic factors which control oxygen
binding in the native systems. These claborately designed model systems inciude the
“picket-fence” 120-24], “capped™ {25-29], “strapped™ [30--35}, and “jellyfish™ {36
401 metalloporphyrins, among others, The essential rationale behind the use of such
systems is, of course, that struciural and environmental perturbations can be well-
controlled and related to obseyved spectroscopic and functional response. Thus, in
order to mosi effectively employ such model systems, it 1s important to establish
reliable speciroscopic probes of the key clements {i.¢.. the Fe-Q; fragment} in the
models and native systems.

Traditionally, vibrational spectroscopy { both infrared (JR) and Raman) has served
as a powerful probe of ligand binding iz metal centers in ¢coordination and organo-
metallic compounds {41} Thus, it is not surprising that much ¢ffort has been
expended in attempis to apply thess techniques to the study of ligand binding to
heme proteins and model contpounds {42-43]. In principle, these methods offer
great potential for detection of slight changes in bonding associated with subtle
structural perturbations inasmuch as, theorctically, they may provide a direct probe
of the bound O, through detection of the fundamental vibrations of the Fe-QO,
fragment (i.e., v(0-0), v(Fe-0) and 3( FeC0)}. Unfortunately, despite this inherent
potential, vibrational speciroscopic studies of these issues and these systems have
been hampered by ambiguities arising from several technical and interpretational
difficulties.

In the case of IR spectroscopy, the inherently weak v(0—-0) absorption is obscured
by an envelope of features associated with vibrations of the peptide. While it is
possible, in principle, to extract the weak v(O-O) absorptions from the other bands
in this congested speciral region by employing difference technigues, as discussed in
detail by Caughey and co-workers in their report of carefully conducted IR studics
[17], many factors can give rise to artifacts in these difference spectra. Thus, there
is some impetus to cxplore the utility of Raman spectroscopy for the study of
these issues.

While the normal Raman eifect is noteriously weak and lacks the sensitivity 1o
study dilute solutions, the resonance Raman (RR) effect is ideally suited to the
study of heme proteins. In this technique great incireases in sensitivity and selectivity
are realized by using (laser) excitation wavelengths in resonance with the strong
electronic absorption bands associated with the active site chromophore (i.c., the
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oxygenated heme group). Since the first RR spectra of heme proteins was reported
by Strekas and Spiro [461, the technique has been applied by many workers to
investigate heme structure in a large pumber of derivatives [47-33]. Unfortunately,
it has not been possible to identify conditions under which the v(0-0) of the O,
adducts of native Hb and Mb is effectively enhanced, thus eliminating the possibility
of directly probing the Fe-O, fragment by observation of this mode.

A major breakthrough was achieved by Yu and co-workers [ 15,16, 54] who demon-
strated that the w(0-0} of the corresponding cobaltous analogues is strongly
enhanced by excitation near the very intense (so-called Soret) band which oceurs
near 400 nm, though it should be pointed out that the mechanism of enhancement
is thought to be associated with an underlying charge-transfer transition ascribable
to the Co-0, fragment. The fact that these cobalt-substituted analogues retain the
gross structural and functional properties of the native system [55-59] validates the
utility of RR studies of these as an effective strategy to probe the factors which
influence oxygen binding.

Given the availability of an effective probe (i.e., RR spectroscopy of the cobalt
analogues), systematic studies employing model compounds were undertaken by our
group in order te gain insight into the steric, electronic and environmental factors
which influence the vibrational spectral patterns of the model compounds so as to
provide an interpretive framework for analysis of the RR spectra of the cobalt-
substituted proteins.

The purpose of the present review is to summarize the results of these and related
studies. As will be apparent, while the essential assumption that RR siudies of mode!
compounds are¢ useful for the interpretation of the spectra of these proteins is
demonstrated, it will also be clear that the spectra of both the proteins and model
systems are severcly complicated by an uvnusually strong (coupling) interaction
between the v(0-0) and internal modes of other fragments of the system, including
the trans-axial base and intimately associated molecules of the environment.

2. Vibrationally coupled dioxygen in model compound systems
2.1, Coupiing with internal modes of the trans-axial base
2.1.1. Spectral consequences of the effect

2.1.1.1. O, adducts of pyridine complexes: the first evidence of the effect. 1t is
appropriaie to begin with a quite simple chemical system; that of the dioxygen
adduct of the pyridine complex of cobalt tetraphenylporphine, Q,CoTPP{py) [60-
621. Actually, in most of our studies we utilize the B-pyrrole deuvteriated analogues
of the various porphyrins it order to avoid an annoying overlap of the v(**0-*0)
with a strong macrocycle mode which occurs near 1084 cm ™! in the case of the
natural abundance porphyrins, Thus, for studies with TPP we utilize TPP-H,
(abbreviuted also as TPP-dg), so the first example to be considered is
Q,Co{ TPP-*H,)}{ pyr), whose RR spectra are shown in Fig. I, Traces A and B give
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Fig. |. Resonance Raman spectra of Co( TPP-?H,} in CHCl; solution containing 3% pvridine at —90°C:
(A) Co(TPP-*H,)+no oxygen, 457.9-nm excitation; {B} Co(TPP-*H,}+'°0, (ca. 4 aim.}, 457.9-nm
excitation; {C) Co(TPP*H)+no oxygen, 406.7-nm exciiation; (D) Co(TPP-"Hg)+ **0; (ca. 4aun.),
406.7-nm cxcitation. 8" denotes the solvent bands (udapted from Ref. [60]).
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the RR spectra of Co(TPP-*Hy){pyr) and the corresponding O, adduct
[O.Co{TPP-*Hg)(pyr)]. respectively, obtained with 457.9 nm excitation. The strong
new feature at 1142 cm™! appearing upon oxygecnation is associated with the
v(**0—**0) mode (vid¢ infra). The spectra shown in traces C and D were obtained
using 406.7 nm excitation, where it is evident that the v{O-0) band is more strongly
enhinced relative to the porphyrin macrocycle and solvent bands. For this reason,
the 406.7 om line is used almost exclusively to obtain the RR spectra of the O,
adducts discussed here.

The region wherein the v(0-Q) is expected to occur is shown in expanded scale
in Fig 2, which itlustrates the spectra obtained for variously isotopically labeled
derivatives. The solid line in (race A gives the spectrum for the 90, adduct obtained
in CH,CL;. In fact, there it is seen that the strong 1143 cm ™! feature possesses a
high frequency shoulder which is associated with a solvent mode (the 1156 cm™!
feature), For this reason, the spectram was also obtained in C2H,Cl, (abbreviated
also as CD,Cl;) in order to eliminate this spectral overlap. As will be discussed
later, this near coincidence of the v(**0-'°Q} with the solvent mode gives rise to a
quite interesting effect, but for now it is useful to avoid this complication by
considering only the spectrum obtained in C?H,Cl,, shown by the dashed line in
trace A. Thus, in C2H,Cl,, the v(*%0-1%0) is observed as a strong symmetric band
located at 1148 cm~*,

In many, if not most, metal (M) complexes of diatomic ligands (XY) {ie,
M{XY)), the XY fragment behaves approximately as a simple harmonic oscillator.
Thus, given the value of 1148 cm ™ * for tke inherent frequency of the v(*0-1%0), it
is expected that the v(*®*0-'20) would occur at 1082 cm~* (i.e., the isotopic shift,
AvI®0/%Q, is expected to be 66 om™1). However, as can be seen from inspection of
trace B (solid line), nve new features appear when '*0, is replaced by '%0,. The
strong band is located at 1084 ¢!, while the weaker, lower frequency, feature
occurs at 1067 ecm L. This 1067 cm ™! (“satcliite”) feature has a frequency which is
similar to that of an internal mode of pyridine [63-65] and it was suspected that it
may be ascribable to the axial ligand.

As the spectrum shown by the dashed line in trace B confirms, this satellite band
disappears where pyridine-?¥ is used in place of pvridine, confirming that the
1067 cm ™! arises from the pyridine in the sample. However, it is important to note
several key points. First, when the pyridine is replaced by pyr-2Hs, not only does
the 1067 cm ™! feature disappear, but the strong 1084 cm™! mode shitts down by
2em”! to 1082 cm ™. Furthermore, it is important to note that in the case of %0,
adduct (trace A), this 1067 em ™! feature is not significantly enhanced. Finally, it is
important to point out that the relative concentrations of pyridine in both cases
{10, and '8Q);) are approximately the same, and thus both spectra are relatively

Fig. 2. Resopance Raman spectra {406.7-nm excitation) of Q, adducts of Co( TPP-2Hz} in CH,CL; solution
containing 3% pyridine at --90°C under ca. 4 atm, of O, pressure: {A) '°Q,, dotted line shows the position
of ¥(**0-1%0) in C2H,Cl, at 1148 em ™% (B) '*G,, dotted linc shows the fragment of the spectrum when
pyridine-’H; has been used as a base instead of neat pyridine {(v(**0-'"0) at 1082cm™! with
pyridine-2H,); (C) “scrambled™ 0,:1%0, + 2900 + Y0, (adapted from Ref. [60]).
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independent of pyridine concentration (up to much higher concentrations).
Essentially the same results are obtained for complexes in which molecular ratio of
Co{TPP-"H,) to pyridine is 1:1; i.e., when there is no excess pyridine in solution
[61,62].

The spectrurr shown in trace C corresponds to that obtained for a sample of
so-called “scrambled oxygen”, which contains a mixture of °Q,, 00, and
18Q,. This mixture is obtained by subjecting (1:1) mixtures of 0, and *0, to an
electricai discharge from a Tesla coil [66]. Prolonged exposure to the discharge
yields the statistical distribution of °0,:150%0:%%0Q, (1:2:1), but abbreviatcd treat-
ment can produce tower amounts of the *0'*0 component. The relative concen-
trations can be conveniently monitored by Raman spectroscopy of the gas in the
bulb and the discharge halted when the desired ratio is reached. In most cases the
statistical ratio was employed, aithough in special situations (vidé infra) it is quite
useful to employ both {(1:2:1) and (i:1:1) mixtures. As can be seen in trace C, in
addition to the 1143 ¢m ™! envelope and the 1084/1067 cm ™! doublet (which are
associated with the 0, and %0, present in the sample), a strong symmetric feature
is observed at 1115 cm ™! which can be ascribed to v(1%0!%0).

Careful consideration of the spectra shown in Fig. 2 reveals the following points.
In the absence of labeling experiments (i.e,, considering only the spectra shown with
solid lines), it would appear that the v(O-0) occurs at 1143 em ™! in the case of
160y, and shifts to 1084 cm ™! upon 130, substitution and that a mysterious “satellite™
band occurs at 1067cm”! for the *0, adduct. Using these frequencies, non-
ideal isotopic shifts are derived. Thus, the observed Av{*40,/1%0,)=
1143-1084=59em™! and Av(}%0Q,/%0¥0)=1143-1115=28cm™*, while the
chserved Av(1%0**0/180,))=1115-1084 =31 cm~!. However, upon elimination of
the “interfering” modes associated with other fragments of the system (ie., the
spectra shown by dashed lines), the observed isotopic shifts are in perfect agree-
ment with  expectation. Thus, Av('%0,/"°0¥®0)=1148-1115=33cm ™!,
Av(1°0'1%0/180,)=1115-1082=33cm ™! and, of course, AW °0,/%0,)=
1148-1082=66cm™".

2.1.1.2. Implications for structural interpretations of spectra.  The fact that such
effects assume mose importance than as interesting spectroscopic phenomena is
perhaps best illustrated by consideration of the spectra obtained for the %0, adducts
of the complexes of cobalt porphyrins with 1,2.dimethylimidazole, 1,2-DiMelm,
whose spectra are shown in Figs. 3(A) and 4{A). In both cases, two relatively strong
bands appear in the region near 1140-1160 cm ™", In fact, in the first known report
of the RR spectra of an O; adduct of a cobalt substituted mode! compound [16],
the appearance of two bands for the *®0, was unfortunately taken as evidence for
the presence of two distingt conformers. However, as evident upon inspection of the
specira of the 0, analogues (Figs. 3(B) and 4(B)), only a single strong band is
observed for v»(!30-1%Q). Tt should be poinlel ocut that, in the case of
1%0,Co( Ty PP)(1,2-DiMelizy) (Fig. 4(B)), the weak low frequency shoulder on the
v(**0-"%Q) band is due to overlap with an internal mode of the porphyrin at
1078 em™1; i.e., in this case the deuteriated porphyrin was not employed, Clearly,
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Fig. 3. Resonance Raman spectra (406.7-nm excitation) of dioxygen adducts of Co{TPP—H,) in
CH,Cl, eontaining 3% of 1.2-dimethylimidazole at —90°C under ca, 4 atm, of O, pressure: (A) Oy
(B} 0, {(adapled from Ref. [60]).
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Fig. 4. Resonance Roman spectra (406.7-nm excitation} of dioxygen adducts of Co(T,, PP) in CH,Cl;
containing 3% of 1,2-dimethylimidazale at —90°C under ca. 4 atm. of O, pressure: (A} %0y (B) "0,
{C) 150,/1%080/80, = 1/2/i (adapied from Ref. [60}).
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the dovblet siructure observed in the case of YO, cannot be attributed to two
different chemical forms.

Considering the case of Cof{ TPP-2H;) (Fig. 3), given the value of 1079 ¢cm~? for
the inherent frequency of v(!*0-1%0), it is expected that the inherent value of
v(*0-1%0) is 1145cm ™! (i.e., 1079+ 66 cm™Y). The base 1,2-DiMelm is known to
have an internal mode located near 1150cm™! [60]. Thus, interaction of the
»(1%0-10) with this base mode induces a low frequency shift of the “v(0-Q)”
mode (by 5-6cm™ 1Y) to 1139¢cm ™! and a corresponding shift to high frequency for
the “base™ mode by 5-6 cm ™! (i.e., 1150-1155 cm™1), The point to be emphasized
is that, if care is not taken to perform required isotopic labelling studies, erroneous
structural interpretations can arise. Therefore, it became important to perform
extensive and systematic studies on many complexes in order to assess the magiitude
and clarify the deiails of this type of coupling interaction involving coordinated
O,.

2.1.1.3. Systematic model compound studies

2.1.1.3.1. 4-Methylimidazole. An example where each of the O, isotopomers
can couple with a single intermal mode of the trans-axial ligand (and one that is of
interest from the standpoint of having direct relevance to the heme protein spectra)
is the case of O, adducts of cobalt porphyrin ¢omplexes with 4-methylimidazole
{4-MI), a close structural analoge of the proximal histidylimidazole of the proteins
[671. The normal Raman spectra of 4-MI, its N-deuteriated (4-MI-*H,) and ring
deuteriated {4-MI-*H,) analoges are given in Fig. 5. There it is seen that the natural
abundance 4MI possesses a band at 1107 om ~!, whereas 4-MI-2H, (abbreviated also
as 4Ml-d,) exhibits no bands in the region between 1100 and 1160 em™~*.

The spectra of the O, adducts of Co{TPP-dg){(4-MI1) and Co(TPP-dy)(4-MI-d;)
are given in Fig. 6. In the case of the 0, adduct in the presence of 4-MI {Fig. 6(A),
soiid line), the »(O-0) meode is observed at 1146 cm ™! along with a weak feature
at 1105 cm !, When 4-MI-d, replaces 4-MI (trace A, dotied line), the 1105¢m™!
band disappears. Simultaneousty, the v(**0-°Q) downshifts by 3cm™ The
v(1*01%0) mode of ¥0,Co(TPP-dg)(4-MI) is observed at 1077 cm ! as a strong
feature accompanied by the weak band at 1111 cm ™! (trace B, solid line). Again, as
in the case of %0, dioxygen adduct, this weak band disappears (and »('*0-120)
upshifts by 3 cm ™) when 4-MI-d, is used. This spectral behavior is consistent with
that expected for vibrationally coupled dioxygen. The v(**0--1%0), having an inherent
frequency of 1143 cm ™1, interacts with the 1107 cm ~! 4-MI mode (Fig. 6{A)) giving
rise to two bands at 1146 and 1105cm™!, respectively; i.c., the higher frequency
band upshifts, while the lower frequency band downshifts by the same amount
{(2-3cm™Y). Upon substituting 4-MI-d,, this coupling is ecliminated. The
1105¢m™! band disappears revealing the inberent frequency of v(}%0-'°0) as
1143 ¢m . The same explanation holds for the *Q, adduct.

These somewhat subtle effects of vibrationally coupled dioxygen are a consequence
of rather weak coupling between modes which are relatively far separated (ca.
30-35 cm ™). Fig. 6(C) provides a dramatic llustration of the remarkable spectro-
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Fig. 5. Raman spectra of 4-methylimidazole and deuteriated analogues (see text) in C?H,Cl, measured
at room temperature with excitation at 406.7 nm {10 mW of laser power at the sumple). Asterisks mark
solvent bands {from Ref, [67]).



L.M. Proniewicz, J.R. Kincaid { Coordination Chemistry Reviews 161 { 1997) 81127 93

1146

CoTPP-dg 143

C 1080
! 1 {
975 1075 1175
Pay cm™!

Fig. 6. Resonance Raman spectra of dioxygen adducts of Co{TPP-*H;) in the presence of 4-MI {solid lnc)
or 4-M1-2H, (dashed line) a1 —90°C in C*H,Cl, with excitation at 406.7 nm (10 mW of laser power at the
sample): {A) ¥0,; (B) 120, (C) 150, 1B0M0/8Q, (1/2/1). Asterisks mark solvent bands (from Ref. [67)).
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scopic manifestation of strong vibrational coupling; i.e., as the interacting modes
become frequency matched. Given inherent v(*0-'%0) and v(**0-**0) frequencies
of 1143 and 1080 cm~%, »(**0-180) is predicted to occur at ~11licm™?, ie,
midway between 1143 and 1080 cm™!. Accordingly, in the case of 4-MI-d, (no base
mode is present in this region), the v(**0-'30) is observed at 1111 cm ™! along with
v(I0-1°0) and v(**0-*30) at 1143 and 1080 cm ™!, respectively. When 4-MT is used
{trace C, solid line), the RR spectrum changes dramatically. The close matching of
v{**O-130), having an inherent frequency of 1111 em ™!, with the interacting 4-MI
mods at ~ 1107 cm™?! results in very efficient coupling which gives rise to two fairly
strong bands, of roughly equal intensity, located at +8-10 cm ™! from their inherent
frequencies of ~1!07 and 1111 cm™? (i.e., at 1099 and 1121 cm™%).

2.1.1.3.2. 3,5-Dichloropyridine. Having documented the sxistence of this cou-
pling effect in several different model systems, a system was sought which would
prove useful for a thorough and systematic study. In the case of O; adducts of
cobalt porphyrin complexes with 3,5-dichloropyridine (DCP), the vibrational inter-
action betwesn v(0-0O) and an internal mode of DCP is of adequate strength to
permit an investigation of the energy-matching dependenc. of the interacticn modes
over a controlled range of frequency separations [68-71].

The spectra of the O, adducts of Co(TPP-dg}{DCP) in C*H,Cl, are shown in
Fig. 7. As is seen in trace A, in the spectrum of the!®Q, adduct, a strong band is
observed at 1160 cm "' along with a weak feature at 1112 cm ™. In (he case of the
130, adduct (trace B) both the 1160 and 1112 cm™? bands disaprear and are replaced
by bands occurring at 1121 cm ™! (weaker) and 1086 cm ™! {sironger). One possible
interpretation of these abservations is that the dioxygen adduct exists in two chemical
(or structural } forms which exhibit v(**0-°0) frequencies at 1160 and 1112 cm ™2,
The corresponding 0, adducts would also be expected to exhibit two v(**0-180)
bands, and two bands are indeed observed at 1121 and 1086 cm™*. According to
this interpretation, the form exhibiting the highest frequency v{00-Q) would yield a
Av(*°0,~120,) of 39 em ™! (1160-1127 cm™~!) and the second form (lower frequency
v(0-0)) would yield a Av{'%0,-**0,) of only 26 cm™* {1112-1086 cm ~%). These
Av(Y%0.,—180,) values are quite small compared to that predicted {(~65 cm ™) by the
diatomic harmonic oscillator approximation. Furthermore, given the observed inten-
sities of these bands, this approach would also require that either the relative
population or the inherent RR scattering efficiencies of the two isotopic species are
different. That is, it would be necessary to consider the higher frequency form to
predominate for the 90, adduct and the lower frequency form to be the major
form for the %0, adduct. Alternatively, it would require that v{**0-'5Q) has an
inherently greater scattering efficiency tn the second chemical form.

Such tenuous arguments can be avoided by mvoking vibrational coupling of

Fig. 7. Resonance Raman spectra of Co{ TPP-dp} (DCP)YO, in C*H,CH, at —90°C (excitation at 406.7 nm,
10mW laser power at the sample): (A) %Oy (B) 20, (C) M0, 001G, (L:2:i) (D)
B0, 900190, (1:1:1). The 1050 em ™! is a sofvent band (from Ref. [68]).
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v(0-0) with an internal mode of the (trans) coordinated DCP. The Raman spectrum
of free DCP in CH,CIl, exhibits, among others, two strong bands of comparable
intensity at 1109 and 1012 e~ !, While small shifts may be associated with coordina-
tion of the DCP, it is reasonable to expect internal modes of the coordinated lieaind
to occur near these 1110 and 1010 cm ™ regions. Inasmuch as the inberent frequencies
of the v(0O-0) modes for the various dioxygen isotopomers apparently occur between
~10%0 and ~ 1160 cm ™!, interactions with the ~1110cm ™! ligand mode may be
anticipated. As will be discussed later, such interactions may be treated quantitatively
o provide estimates of induced shifts and relative intensities of the coupled modes
[71]. However, the interpretation of the spectral data for this sysiem (shown in
Fig. 7) can be briefly summarized here, as follows. The strong 1160 cin™! feature
{trace A)is assigned to v(**0-*%0) and the weaker 1112 ¢cm ~! feature to an enhanced
(coupled) internal mode of the coordinated DCP. Their inherent frequencies are
1156 and 1115 cm ™!, respectively; i.e., the higher frequency component is upshifted,
while the lower frequency component is downshifted (by the same amount,
3-4 em ") because of the vibrational coupling interaction. Given an inherent fre-
quency for the v(**0-'°0) mode of 1156 cm ~?, the harmonic approximation predicts
the occurrence of v(**0-'*0) at 1090 cm ™', This latter frequency is also close in
energy to the internal tigand mode at 1115 cm ™. Interaction of these two modes
yields two RR bands, both of which are shifted from their inherent frequencies by
5+ 1cm~! (the accuracy of the frequency measurement is + 1 cm ™*); i.e., bands are
observed at 1086 and 1121 cm ™! (trace B).

Further confirmation of this coupling, and a clear demonstration of the spectro-
scopic complexity that inay result from such behavior, are provided by the study of
adducts formed with scrambled dioxygen (i.e., °0,:°0'*0:'®0Q,). The RR spectrum
of the solution containing the adduct formed in the presence of 1:2:1 scrambled
dioxygen is shown in Fig. 7(C). In this figure, the band observed at 1160 cm ™! is
readily assignable to the 'O, adduct, while the 1121 and 1086 cm ™! features are
atuributable to the 0, adduct. However, new features are observed at 1132 and
1108cm™'. The 1108 cm™* band overlaps and obscures the band expected at
1112cm ™! (ie., the weak ligand mode associated with the %Q, adduct). This
complex spectroscopic pattern is entirely consistent with the above interpretation.
Thus, given a v(*%0-*°0) inherent frequency of 1156 cm ™', the diatomic harmonic
approximation wonld yield a v(**0-'%0) frequency of 1123 cm ™', This frequency is
within 8 cm ™! of the inherent frequency of the coordinated ligand mode, and these
two vibrationally couple, resulting in splitting of the coupled modes. Namely, inter-
action of the (high frequency) v(!%0-1%0) with the 1115cm ! DCP mode results
in shifts of the coupled modes by +9%9cm™'(1123-1132cm™?') and
—7em™! (1115-1108 cm ™) from their inherent frequencies. Further support for
this explanation is provided by the spectrum of the }:1:i scrambled dioxygen adducts
shown in Fig. 7(D}, which confirms “linkage” of the 1132 anci 1108 cm™! features.
Thus, in this case the intensities of these two bands, relative to one another, remain
sitailar to those observed in the 1:2:1 scrambled case, but intensities of both of them
are proportionately decreased, relative to those associated with the "0, and '*Q,
adducts.
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2.4.2. The utility of coupling interactions as a structural probe

The previously discussed studies document and describe the spectral consequences
of coupling interactions between v(0-0} and internal modes of the trans-axial
ligand. While it is obvious that such effects can severely complicate the RR spectra
of these species, it is also true that such effects provide information which is not
readiiy accessible by other methods. Specificaily, the changes in spectral patierns
which result from variations in coupling parameters are apparently greater than
shifts in the inherent frequencies; i.e., slight structural perturbations which are
insufficient to effect a change ir vibrational frequency of the bound dioxygen are,
in some cases, sufficient to induce an easily discernable change in the observed
spectral pattern. Two separate studies ara now summarized which nicely demonstrate
this ntility for detection of very subile structura! effects.

2.1.2.1. The effect of hydrogen bonding of {trans-axial) imidazole ligands on the
observed spectral patterns. One control mechanism for the reactivity of heme
proteins which has received considerable atiention [72-76] involves alteration of the
properties of the coordinated histydyl imidazole as a result of hydrogen bonding of
the imidazole N—H to other active site residues or the peptide framework. The
possible influence of such proximal side hydrogen bonding on the stability of O,
adducts of Hb and Mb has been extensively discussed {72,75]. As will be seen,
model compound studies clearly demonstrate the potential utility of vibrational
coupling effects for revealing such subtle factors.

As will be made evident in the following discussion, the O, adducts of the
imidazolc complexes of cobalt porphyrins exhibit complicated RR spectral patterns
characterized by multiple oxygen-isotope sensitive bands {77,78]. In this study we
have employed the cobalt complex of a highly protected porphyrin (i.e., 5o,150-
bis[2-(2, 2-dimethylpropanamido)phenyl]-10e, 20x~{nonanediamidodi-o-phenylene)
porphyrin, abbreviated CoAz,,uet; its structure is shown later in the paper in
Fig. 12} to eliminate the direct interaction between bound O, and other solution
components. This facilitates selective modulation of the properties of the trans-axial
bound imidazole by variation of solute conditions.

The RR spectrum of the '*(), adduct of CoAz, ax exhibits two bands at 158
and 1138 em ™! (Fig. 8(A)). The spectrum of the ®0, adduct is shown in the same
figure in trace B. In this case, the B-pyrrole deuteriated porphyrin was utilized to
avoid overlap of the v(1*Q-%Q) with the porphyrin mode at 1078 cm ™!, As can be
seen in trace B, two new bands appear at 1068 and 1082 cm ™!, the higher frequency
band showing the greater intensity. Although the appearance of two bands in both
traces A and B in the v(0-0) region may suggest the presence of two structural
conformers, the reselt shown in Fig. 8(C) demonstrates that this cannot be the
correct interpretation. In this case (trace C) the solution contains the '°Q,, ¥Q,
and '%0'"0 adducts (1:2:1 “scrambled™ dioxygen). The strong symmetric band at
1111 cm ™ is readily assighed to ¥{*%0-'20); i.c.. there is no evidence for the presence
of a second conformer. Instead, the appearance of multiple bands discussed in traces
A and B is the result of vibrational coupling of v(%0-'%0) and v(**0-1%Q) with
difierent internal modes of ceordinated imidazole.
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The validity of this inierpretation was supported by comparison of the corres-
ponding spectra obtained with deuteriated analoguss of imidazole, where different
vibrational patterns are observed for the adducts bearing axial ligated
4,5-didentericimidazole (Tm-d,} and 2.4,5-trideuterioimidazole (Im-d;) {77}, The
point is that these deuteriated imtdazole analogues have identical chemical properties
and therefore (in the absence of vibrationa!l interaction) are expected to vield identical
spectra. The complex behaviour observed in the RR spectra is thus the result of
complicated vibrationa! mode coupling. Mevertheless, it is satisfving 1o point out
that this complete set of complex data conid be reasonably explained, in an intemally
consistent manner, by invoking vibrational coupling interactions among the specific
modes of the various imidazole and O, isotopomer pairs.

Returning to analysis of the spectra in Fig. 8§, approximation of the bound di-
oxygen as a harmonic oscillator leads to an expected isotopic shift of
~66 cm ! (Av(1%0,-180,)). That is, given a »(**0-'80) inherent frequency of
1iil em™!, the v{(**0-190) and v(*®0-*0) modes are expected to occur at 1144
and 1078 cm ™ ¢, respectively. The spectrum of free imidazole exhibits a band near
1144 et that is expecied to shifi up to ~1150¢m ! vpon coordination [79-81];
it was actually determined to be 1152 cm ™! by comparison of more extensive data
[77]. Interaction of the ¥(%0-1%0) mode (inherent frequency of 1144 cm ™) witin
this mode results in the appearance of two bands shifted by ~6em ™! from their
inherent frequencies; ie., the 1144 and 1152cm™! modes shift to 1138 and
1158 cm™*. The lower frequency mode contains the major contribution of ¥w(0-0)
and thus exhibits greater intensity.

The RR spectra presented in Fig. 8 were recorded in the presence of large excess
of imidazole; ligand concentration > 100 x cobalt porphyrin concentration. At this
high concentration in nonprotic solvents imidazole self-associates {82-84). Thus, it
is likely that spectra presented in this figure correspond to O, adducts in which the
trans-coordinated imidazole is hydrogen bonded to excess imidazole present in the
solution, Obviously, such interactions should be decreased or eliminated by increas-
ing the temperature or lowering the concentration of imidazole, The interesting
spectral patterns shown in Figs. 9 and 10 support this expectation.

In Fig. 9 are shown the spectra obtained for the (°0,)CoAzy,0a{Im) complex in
the presence of a slight excess of imidazcle as a function of temperature. At i85 K
the spectral pattern previously shown in Fig. 8(A) is observed; i.e., two RR bands
are seen at 1138 and 1158 cm ™! (trace A). However, at room temperature (trace D)
these two bands have practically disappeared, and two new bands have emerged at
1127 and 1148 em . At the two intermediate temperatures {(traces B and C), both
sets of bands are observed. Essentially the same behavior is observed as the concen-
tration of imidazole is varied while the concentration of cobalt porphyrin is kept
constant (Fig. 10). At a base concentration of 1x10"2M, the 1138 and
1158 ¢cm ! doublet is dominant (trace A) while at § x 1074 M the 1127/1148 cm ™!
pair dominates (trace C). It is interesting to note that at very low imidazole
concentrations (traces I» and E) a base-free dioxygen adduct is apparently formed
exhibiting the v(1%0-'°Q) at 1173 cm~*, which shifis to 1107 cm ™! upon 90,/'°0,
isotopic substitution [78].
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The results presented in Figs. 9 and 10 indicate that the O, adduct that has a
hydrogen-bonded imidazole axial ligand gives rise te the 1138/1158 cm ™~ ! pair, whtie
the non-hydrogen-bonded analogue is characterized by the 1127/1148 ¢em ™! pair of
bands, To provide further support for this interpretation, we have included a study
wherein a third solution component, which is known to form a strong hydrogen
bond with imidazole [83], is added. The RR spectra shown in Fig. 11 demonstrate
the effect of adding tri-n-octylphosphine oxide (TNOP) to a solution containing the
%0y, adduct at low imidazole concentration. As is evident in the figure, the
1127/1148 cma ! pair, characteristic of non-hydrogen-bound imidazole, is converted
to the 1138/1158 cm ™! doublet upon addition of TNOP. Qbvicusly, this behavior
is consistent with the contention that the 1138/1158 cm ™! pattern is characteristic
for the hydrogen-bon-ded imidazole dioxygen adduct.

The most reasonable interpretation of these two distinctly different spectral pat-
terns is that the inherent frequencies of the iteracting with ¥("°0Q-'%0) imidazole
mternal modes are different for the two types of ligated imidazole. Thus, the
hydrogen-bonded form possesses an internal mode at 1152 cm ™! that couples with
v('*0-°0) at 1144 cm ! giving rise to the pair of bands at 1138 and 1158 em ™1
(i.e., +6 and —6cm™~! shifts, respectively). The observation of a strong
1148 cm ™! band along with a2 weak feature at 1127 cm ™!, indicates that the non-
hydrogen-bonded axial imidazole possesses an internal mode having an inherent
frequency of 1131 cm ™, Interaction of this mode with the v{(!*0-'°0) mode at
1144 cm ™! gives rise to two bands at 1127 and 1148 em ™! (Le., shifted by —4 and
+4cm™! from their inherent frequencies). It is also satisfying to note that, as
expected (vidé infra)}, the strength of the observed coupling is greater for the former
case where the inherent frequency difference is 8 em ™! (1152-1144 cm ™!} than for
the latter, where this difference is 13 em™? (1144-1131 ¢m ™). That is, the observed
frequency perturbations are 6 and 4 em ™!, respectively, and the 1158/1138 cm™!
ratio is larger than the 1127/1148 ¢cm ™! ratio. Finaily, to conclude this section, it is
important to emphasize that hydrogen bonding of one trans-axial imidazole with
other solutes does not lead to changes in the inherent frequencies of the w(0-0).
The only spectral consequence of such hvdrogen bonding s the change in the
observed spectral pattern that results from alteration of vibrational coupling of
v(0-0} with iniernal modes of the trans-ligated imidazole.

2.1.2.2. Axial ligand distortions revealed by coupling effects.  Another heme protein
control mechanism which has attracted much attention, and which is rather difficuit
to probe, is the influence of steric-induced distortion of proximal histidine bonding
to the heme. Though it is expected that vibrational spectroscopy would be an
obviously useful probe of such effects, it has not proven possible to directly monitor
the internal modes of histidine by ultraviolet RR methods and prospects do not
seem hopeful [79-81]. Thus, the ability to probs internal modes of the proximal
histidine indirectly via these coupling cffects with v(O-Q), offers a unique opportu-
nity. In order to assess this potential, a systematic study involving several different
axial ligands (pyridine, imidazole and their derivatives) and several super-structured
porphyrins (which are capable of inducing distortions in axial ligand disposition)
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was undertaken [61]; the structures of the cobalt {I1) complexes of the three
superstruciured porphyrins [39] utilized being given in Fig. 12,

As was shown earlier, an internal mode of pyriding, hoving an inherent frequency
near 1070 cm ™! ~ficiently couples with v(**C-"2Q) (Section 2.1.1.1). Thus, it is most
convenient to concentrate attention on the ¥(), adducis. The RR spectra of the
130, adducts of the pyridine complexes with CoAz2 and CoDe2 are given in Fig. 13.
As can be seen by compatison of traces A and B, an internal pyridine mode is
observed at 1075cm™! (trace A). When pyridine-d- is used this band disappears
and the inherent frequency of the v(**0-'"0) is revealed at 1086 cm ™! (trace B).
This 2 cm ™! downshift of the v{!*0-1%0) upon removal of the coupling implies that
the inherent frequency of the inéernat coordinated pyridinc mode is 1077 cm™%; i.e.,

Co(Az-pivea)

Fig. 12. Structures of Co(Az2), Co(De2) and Co(Az,xx).
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the inherent frequency is expected to be 2cm™! higher than the observed
1075cm !, given the 2 cm ! downshifi of the »(1*0-'20). Thus, by comparison of
Figs. 2(B) with 13(A), it is clear that the presence of the strap in the complex with
CoAz2 imposes an encumbrance to trans-axial ligand binding which, in turn, induees
2 +8cm™*' (1077-1069 ¢cm~?) frequency perturbation of the internai mode of the
bound pyridine.

In addition to the 8 em ™! upshifi induced by the steric constrains of the strap, a
detectable weakening in the strength of vibrational coupling is observed. Thus, as
is shown in Fig. 13(C), when toluene-dg is used as the solvent, no satellite feature
is observed in this region. The solvent-induced shift of v{(**0-%Q) from 1086 cm™!
(trace B} to 1096 em™! {trace C) is comparable to that cbserved for analogous
{unprotected} CoTPP adducts {84] and implies that the strap does not impede
interaction of CH,Cl, with the bound dioxygen. The essential point here is that, in
the case of CoAz2, the bound pyridine is apparently sufficiently distorted to weaken
vibrational coupling to suck an extent that the two modes (1077 and 1096 cm ™'}
are non-interacting. On the other hand, in the case of unrestrained pyridine bending,
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such as CoTPP(py)'®0, complex in toluene [84], coupling is observed between the
1067 and 1094 em ™! mod~s.

The 8 cm ™! upshift of the pyridine mode is apparently caused by the steric
hindrance between the strap and pyridine molecule that, in turn, influences the
B{CCH) vibrations. In “unprotected” metalloporphyrins, such as CoTP#, the axial
ligand is perpendicular to the mean porphyrin plane and tends to take the eclipsed
orientation witn respect to the N—Co-N axis {85]. In the case of the 9-carbon atom
polymethylene strap (CoAz2) pyridine is too large to fit into the cavity. Surprisingly,
such a distorted orientation of pyridine does not significantly influence the strength
of the cobalt-oxygen linkage since the w(Co-0;} and v{O—0) exhibit inherent
frequencies similar to the dioxygen adducts of Co(T,PP) [84].

It is interesting to note that this apparent axial ligand distortion is relaxed in the
case of the Q, adducts with CoDe2, which possesses a longer, more flexible strap.
As shown in Fig. 13(D), the v(**0-'30) is observed at 1086 cm ™!, as a shoulder
overlapped with the 1082 cm™' porphyrin band and the internal pyridine mode
again appears at 1067 cm ! (inherent frequency of 1069 cm ™).

Steric hindrance between the strap and the axial ligand also influcnces other
physicochemical properties of metalloporphyrins. For example, Kyuno et al. [39]
reported that the equilibrium constant values for pyridine and |-methylimidazole
(1-Melm} binding to CoAz2 are nbout [00-fold less than those for CoDe2 or
CoAz,na complexes. They pointed out that the binding of these nitrogencous
ligands is inhibited selectively in the case of CoAz2. Debois et al. [40] showed that
iron(II) complexes of CToAzpy,va, when reacied with 1-Melm, formed mainly a
S5-coordinate complex since the bulky pickets and a short strap restrict the axial
ligand from binding inside the porphyrin “pocket”. Thus, 1-Melm binds from the
“unprotected” side of the porphyrin ptane. When the 9-carbon atom polymethylene
strap is replaced by a 12-carbon atom strap, a 6-coordinate complex is formed; i.c.,
the size of the cavity is large enough to accommodate the axial ligand. They also
reported that the v(Fe -O;) is practically insensitive to the strap length, a result
which is consistent with cobalt complexes [60,61].

In conclusion, the relatively short strap of the CoAz2 complex causes distortion
of the trans-axial ligand, while the longer, more flexible, strap of the CoDe2 porphy-
rin permits relatively unrestrained binding. The RR data not only show that the
strength of the Co-Q, linkage remains relatively unaltered by this distortion (i.e.,
the inherent frequencies for v{0-0) remain constant), but they also provide definitive
spectroscopic evidence for the distortion (i.e., the ligand internal modes are strongly
perturbed and thereby give rise to remarkable spectral differences).

2.1.3. Quairitative treatment of the model compound data

The previous seciions summarized the results for specific examples involving
several different trans-axial ligands. While the existence of the coupling effect in
each of these works was clearly demonstrated by isotopic substitution, in any given
case the actual number of different coupling interactions was rother small and no
attempt was made to relate the observed frequency shifts and relative intensity of
the coupled modes to theory, although it was noted that the behavior generally
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approximated that expected for coupled oscillators [67,68]. Having accumulated a
relatively large body of data, it was then shown {71] that all of the different coupling
interactions so far observed could be treated collectively and that the observed
frequency shifts and relative intensities are m goed agreement with the values
calculated using the familiar Fermi resonance formulation [861.

2.1.3.1. Theoretical framework.  As is fully described in a standard reference work
on vibraticnal spectroscopy [87], anharmonicity ray lead to interactions of normal
modes giving rise to frequency perturbations of the coupled modes from their
inherent frequencies and mixing of the vibrational eigenfunctions. Such interactions
are adequately treated by first-order perturbation theory which leads to the following
expression for the new frequencies. Here, we use a modification of Herzberg’s
notation.

v=u, 1/ 2(4W7 + 5)2 {1)
In this expression
Ve = 172(v:° + 9"}
i.e., the average value of the unperturbed frequencies of the coupled modes.Also,
0=(v,"— v}

i.e., the separation of the unperturbed levels. Finally, W, is the matrix element of
the perturbation function ¥ in the equation

Wa=l® Wy, d 2)

where ¥,” and ¥;° are the nonperturbed eigenfunctions of the two vibrational levels
which interact. W is determined by the anharmonic terms in the potential energy.
Since ¥, and ¥, belong to the same symmetry and W is totally symmetric, these
two levels will repel each other, each shifting by 1/2¢4W?% + 6)"? from the average
value, and the shifts from the unperturbed values will increase as the separation
decreases.

In Eq. (1), W,; is an energy term which can be derived from known values of the
perturbed and unperturbed frequencies {vidé infra). Such experimentally determined
values of W,; include a factor which depends on the effective mass of the coupled
modes. Thus, in the case of the dioxygen adducts of interest here, the derived Fy;
will depend on the reduced mass of the vw(O-0) and that of the internal ligand
mode. Clearly, the relative W,; values for **Q, coupling to different ligand modes
cannot be easily estimated since there is ambiguily in defining effective reduced
masses for internai modes. On the other hand, it is useful to consider the expected
relative values of W, for coupling of different dioxygen isotopomers with the seme
internal ligand mode. Thus, white the inherent coupling strength is independent of
the oxygen isotopomer employed, the experimentally determined W,; values are
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expected to vary in the following manner:
W, (1%0,): W,.(150*¥0): W,,(**0;)~ 1.00:0.985:0.970

Utilization of these expected relative values is useful in calculating W,; and the
inherent {unperturbed) frequencies of v(0-0O) and internal ligand modes from the
observed (i.e., perturbed) frequencies and intensities.

The vibrational interaction alse leads to mixing of the ecigenfunctions according
to the following equations derived from perturbation theory [87]:

¥, —a,° b, (3a)
Y, =b¥,° +a¥, (3b)

where

\/(4W§i + 845
TV 208w 4 )

and

\Fawﬁi + 82§

24WE + 522

The above equations were derived for the interaction of a fundamental with an
overtone or combination mode of the same symmetry to explain the appearance of
two bands near 1300 cm ™! [W(CO),,,,] in the spectrum of CO, [86]. However, Lax
{88} has shown that similar equations result for the coupling of two fundamentals
in solids, and his approach has been applied to the analysis of Fermi resonance in
fluid solution [89,90]. Later, Monecke {91] extended these treatments and has
pointed out that, for frequencies and anharmonicities nomally encountered in
molecules, the new expressions yield calculated results which are insignificantly
different from those calculated by using Eq. (1). Veas and McHale [69] have devel-
oped a general and rigorously correct theoretical framework for treating resonance
vibrational interactions of solute modes with those of an unresiricted number (¥)
of associated solvent molecules. While this development represents an important
contribution to the general problem of solute—solvent vibrational interactions {with
no restrictions on ), for the special case where N=1, the equations are essentially
identical with the Fermi resonance equations (i.e., Eq. (1), Eq. (32} and Eq. {3b)).
In fact, Veas and McHale [69] successfully applied their equations to the coupling
of v(0-0) with the DCP fragrent of Co{ TPP-d,)(DCP)(Q,); i.e.. the experimental
data presented in Section 2.1.1.3.2.

2.1.3.2. Comparison of theory and experiment.  In the cases presented here, diffi-
culty arose in applying Eqgs. (1), {2), (3a) and (3b) to the O, adducts of interest in
that the inherent frequencies of the internal ligand modes are not directly available;
1.e., the mode gains intensity only as a consequence of coupling with v(0O-0O) and
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only the perturbed frequencies were observed. In general, one cannot employ directly
the frequency observed for the free ligand since cooedination frequently shifis lipand
modes by 10 em ™! or more [61,62,79-81]. Thus, successful application of the theory
to interactions of this type requires a more complete data set for a given adduct.
That is, either the interaction must be removed (for example by selective deuteriation
of the ligand) to reveal the inherent v(O-0), or (at least two) oxygen isotopomers
{each of which interacts with the same internal ligand mode) must be employed.

The obscrved relative intensities of the perturbed v(O-0) and internal ligand
modes can also be employed to help determine the coupling strength (W} and
inherent frequencies. Thus, in the case of the Q. adducts discussed here, a resonance
enhanced «(O-0) mode interacts with a nonresonance enhanced internal axial ligand
mode. The appearance of the internal ligand mode in the RR spectra is 2 consequence
of mixing of the cigenfunctions and., accordingly, the intensity of the “mainly ligand”
mode is expected to increase proportionally with b? (see Eq. (3b)). Similarly, the
intensity of the “mainly v(0O-0)" mode will decrease relative to its unperturbed
value, the fractional intensity being given by «* (see Eq. (3a)). It is emphasized that
the roral scattering intensity ts not affected by the interaciion but is merely distributed
between coupled modes. For example, in the case of exact resonance, §=0,
a=8=(0.5)"%, and it is seen that the perturbed levels are equal mixtures of ¥.°
and ¥ In this particular case, whercin the inherent intensities of the ligand mode
approaches 0, the result is that two bands of equal intensity are observed and these
bands are shifted by equal magnitudes (in opposite directions) from their inherent
(in this case, common) frequencies.

It is worth pointing out that in special situations (such as those discussed here)
where an “inactive” mode gains intensity only by virtue of coupling with an active
mode, the observed relative intensities, together with the observed (perturbed)
frequencies, provide sufficient information to derive inherent {requencies and W
values. However, in practice, the small errors present in the experimental data lead
to large uncertainties in the derived W,; values and calculated inherent frequencies
(more than 2 cm™'). Utilization of multiple dioxygen isotopomers, taken together
with the knowledge of the relative W, values for the various dioxygen isotopomers,
provides additional restrictions on the combinations of inherent frequencies and
W,; values which will satisfy all of the above conditions (i.e., yield correct relative
intensities and W,; values of appropriate relative magnitudes).

Eqs. (1), (2}, {3a) and (3b) were applied to data presented in Section 2.1.1. and
2.1.2 in the following manner. The observed and (estimated) inherent frequencies
of both the v{O-0) and axial ligand modes (for two or more dioxyygen isotopomers)
were used to calculate W, values and relative intensities with the use of a BASIC
program based on Eq. (1) and Eqs. (33) and (3b). The calculated intensities were
then compared with those observed (integrated intensities) and the relative W
values were also available for comparison. Slight adjustments of the input data were
made until calculated intensities matched those observed and W,; values were of
appropriate relative magnitude. During this fitting procedure, the perturbed {i.e.,
observed) fraquency values which were used as input were maintained within experi-
mental error of those actually observed. The value of the unperturbed ligand fre-
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Table 1
Summary of observed and calcufated FR frequencies and intensities for model corpounds
No. Base v vi v Chserved Calgulated W,
vo{f) vi(h) v(1,) wi)
Co(TPP-d;)
1 4MI %0, 1143 1198 1146(0.91) 1105(0.0%) 1146(0.53) 1105{0.07) 10.68
2 4Mi 15080 1110 1108 1121(0.57) 1099{0.43) 1119.5(0.55) 1098.5{(0.45) 1045
3 41 R 1077 1108 1074(0.92) 1111{0.08) 1074(0.923 1M11I(008) 1010
4 DCP 180, 1156 1115 1160(091) 1112(0.0%) 1159.4(0.93) I111.5(0.07) 1248
3 bCP 150180 1123 1165 1132(0.63) 1108¢0.37) 1131.9(0.65) L1106(0.35) 1236
6 DCP 150, 1090 1FIS 1086(0.84) 1121{0.16) 1084.9(0.86) 1120(0.13) 12.25
7 Py 150, 1081 1069 1084(0.88) 1067(0.12) 1084(0.83)  1066(0.17) 6.71
8§ Py 1500 1114 1069 1115(0.93) 1087(0.073 1115(0.98)  1068(0.02) 6.78
Co(Az,; 20}
9 Im %0, 1144 1153 1138(0.75) 1158(0.25) 113900.724)  1158(0.26) 8.37
0 Im* B0, 1078 1072 1082(0.68) 1068(D.32) 1082(0.71)  1068(0.29) 632
11 150, 1144 1131 1148(0.84) 1127(0.16) 1148¢0.81)  1327(0.1%9) 325
12 Im* 80y, 1078 1067 1082(0.71) 1653(0.29) 1082.5(0.76) 1063.5(0.24) B.08
13 ©nd, 50, 1144 1150 1137{0,76) 1156¢0.30) 1138¢0.67)  1156(0.33) 849
i4 Im-d?¥ %0, 1078 1087 1076(0.85) 1089(0.15) 1076(0.85)  1089{0.15) 4.69
15 ©n-d? OB 1111 114 1106(0.62) 111940.38) 1106(0.62)  1119(0.38) 6.32
16 Imed, 183, 1144 1117 1148(0.84) 1115(0.02) 1146(0.94) 1115(0.06) 7.62
17 Im-d? 1500 1111 1187 1107(0.58) 112000.34) 1106(0.69)  1122(0.31) 7.42
13 Iud, %0, 1114 113§ 1148(0.84) 1127(0.14) 1147(0.84)  1328{0.16) 6.93
19 Im-d; SOEG 1111 1131 1E07(0.58) F132(0.08) 1109(0.92)  1133(0.08) 6.63

In all cases integrated intensities were used as observed intensities: asterisk indicates that Cof Az, 00-dg)
was used far this case.
*Imidazole free from hydrogen bonding.

quency (an unknown quantity} was also varied, keeping the same value for the
different O, isotopomers. In addition, the inherent v(0-Q) values were con-
strained by the reduced masses relationship; ie., Av[**0,-(*0¥Q)]=
AM{(*0B0)-120,) =33 em ™.

The results of the application of this procedure to the O, adducts of Co(por)(base)
are summarized iii Fable 1. Inspection of these data clearly demonstrates that all
these complicated observed RR spectral patterns are precisely those predicted by
using the compuier program based on Eq. (1) and Eqs. (3a) and (3b). This excetlent
agreement hetween theory and experiment is illustrated diagrammatically in Fig. 14.
The greater scaiter at low valuzs of ligand intensity, Iy, is merely the result of greater
uncertainty in determining the experimental intensities of weak bands.

2.2. Coupling of diexygen with an associated solvent molecule
2.2.1, Methylene chioride

As discussed in Section 2.1.5.1 (Fig. 2(A)), Bajdor et al. [60] obtained evidence
for a peculiar type of vibrational coupling between the v(**0-°0) of the bound
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Fig. 14. Plot of observed veisus calculated ligand intensity J (see Table ! for numbering) {from Ref. [71]).

Q, 2nd an internal mode of solvent molecules (CH,CL} at ~1156 cm™!. Briefly,
it was observed that the RR specirum of Co(TPP-dg) in a CH,CL, solution with
added pyridine and %0, exhibited two unresolved bands at ~1155 and
1143 crn L, Upon solvent replacement with CD,Ci;, the 1155 cm ~? shoulder (which
was assignable to an internal mode of the sclvent) disappeared and, moest signifi-
cantly, the 1143 cm ™! band assigned to the v(**0-%0) mode was shified by
S5em™? to higher frequency. The displacement of the v{O-0) from its inherent
frequency of 1148 cm ™! is due to vibrational coupling, rather than to any possible
chemical effects of the solvent change, since no similar shift was observed in the
case of the v(1*0-'%0) frequency. These experiments provided evidence of sclective
enhancement of the 1155cm™* band as a result of this coupling since this band
was only very weakly observed in the experiment with !20;, though all components
were present in comparable concentrations [60] for both the %0, and *0, cases.
Comparison of RR spectra of the complexes in different solvents and the use of
various porphyrins indicated that such coupling is facilitated by intimate associa-
tion of a CH.CIl, molecule (presumably via hydrogen bonding) with the bound
0, [60].
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2.2.2. Toluene

A more interesting case of selective enhancement of internal modes of assaciated
solvent molecules is observed in the case of six-coordinate dioxygen adducts of
cobalt porphyrins measured in toluene [60,34,92]. As can be seen in trace A of
Fig. 15, two unresolved bands at 1151 and 1160 em ™! are observed in the region
where v(1°0-1°0) is expected to occur. The appearance of two bands in this region is
not due to the presence of two types of oxygen adducts since only one intense band
is observed (at 1094cm™") when "0, is used (trace B). The weak band at
1067 cm ™! in this spectrum is due to enhancement of an internal mode of pyridine
[60-62] as was shown earlier. The observation of a strong band at 1151 em ™! in
trace A is seen to be the result of a selective enhancement of an internal mode of
toluene, because when toluene-?Hj is used instead of natural abundance toluene,
only one strong band, assignable to v(**0-*°0), is observed at 1159 cm™! (trace C).
The small shoulder at 1174 cm™! is due to an internal mode of the bulk solvent,
toluene-*Hy; i.e., its intensity is not enhanced relative to other solvent modes.

Natural abundance toluene exhibits three bands in this region at 1155, 1178 and
1210 cm ™! [63-65]). The relative intensities of these three bands in neat toluene are
sirnilar to those observed in Fig. 15(B); i.e., approximately 1:1:9, Thus, it is apparent
that the occurrence of v(¥%0-1°0) in the vicinity of the internal modes of toluene
gives rise to an enhancement of the 1178 and 1155 cin ™! toluene bands relative to
the band observed at 1210 cm ™1, It is equally apparent that if the v(0-0) is displaced
1o a much lower frequency by substitution of ¥Q,, the bands corresponding to
these internal modes are not enhanced significantly. Therefore, the mechanism by
which the internal modes of the solvent molecules are selectively enhanced by
interaction with v(Q-0) is critically dependent upon energy matching of the two
sets of modes as explained in the previous section. The sensitivity of this energy
matching was documented [84] by carrying out a set of experimenis designed to
“fine tune” the v{!%0-*°0) so as to vary iis frequency sysiematicaily between the
two toluene modes at 1155 and 1178 em ™. Such variation was accomplished by
employing a number of different nitrogeneous bases as the axial ligand. Since the
bonding in these O, adducts can generally be formulated as Co®*-04~, it is expected
that the stronger is the axial ligand, the stronger the Co-0, bond and the wealker
the O-0 bond. Although other factors may be important, if these are held constant,
the w(0-0) should be sensitive to the nature (basicity) of the axial ligand. Indeed,
the v(0-0) was varied between 1169 and 1147 cm™! as the pX, of the particular
pyridine derivative as the axial ligand varied between 0.67 and 9.70. As is clearly
demonstrated in Fig. 16, the 1155cm™! toluene mode gains intensity, while the
1178 cm ™! mode experienced smaller and smaller enhancement relative to the
1210 cm ™!, as the v(O--O) shifts from 1169 to 1147 ecm ™1,

it is finportant to emphasize the fact that this type of vibrational coupling with
“solvent” is actually the result of intimate as-ociation of an individual solvent
molecule with the resonantly enbanced Co-O; fragment. This point is clearly demon-
strated by the spectra given in Fig. 17. Trace A shows significant enhancement of
the toluene modes (at ~ 1180 and 1153 cm™1). As is shown in trace B, the spectrum
of the dioxvgen adduct of Co(T,PP)(4-cyanopyridine), obtained under identical
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Fig. 15. Resonance Raman spectrz of Co( TPP-*H;,) in 1oluene containing 3% pyridine at —85°C under
~4 aim of O, pressure: {A) °0;; (B) P04 (C) 0., toluene-"Hy {from Ref. {841).
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Fig. 16, Resonance Raman spectra of Co(TPP-*H,) in toluene containing 3% 4-cyanopyridine (A),
pyridine (B}, and 4-timethylaminopyridine {C} at —85°C under ~4atm of '°Q, pressure (from

Ref. [84]).
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Fig. 17. Resonance Raman spectra of Co(TPP->Hy) (trace A) and ot"-Co(TwPP) {trace B) in toluens
containing 3% 4-cyanopyridine at —85°C under ~4 atm of %Q; pressure (from Ref. [84)).

conditions, exhibits onty one strong band at 1159 cm™?. This latter porphyrin is a
(so-called) super-structured porphyrin which possesses bulky pivaloyl groups on one
side only of the macrocycle. It is generally accepted that these groups restrict close
association of all but very small molecules with the bound molecular oxygen. Clearly,
restricted access of the toluene molecule to the bound O, prevenis the vibrational
coupling interaction and eliminates selective enhancement of the solvent modes. In
a later study by Nakamoto and co-workers {921, other atropisomers of such super-
structured porphyrinis were employed to show that, as this restriction is incrementally
lifted (by using macrocycles with 4, 3 or 2 bulky groups on one side), the coupling
interaction is restored.
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3. Applications to heme proteins
3.1, Dioxygen adducts of cobalt-substituted hemoglobin and myoglobin

The concepts and quantitative treatment (Section 2.1.3.1) ouilined abovz for
analysis of these complex vibrational interactions can, in principle, be applied to the
RR spectra of the O; adducts of heme protein systems. However, it must be pointed
out ithat such attempts are naturally somewhat hindered by the inability to ¢liminate
or control the vibrational coupling as was accomplished in the studies of the model
compounds.

Thus in the model systems, fully deuteriated ligands can be used to reveal the
inherent v(0-0) and deuteriated porphyrins (e.g., Co(TPP-dg)) can be employed to
remove overlapping macrocycle modes. Such manipulations are not easily accom-
plished in the case of protein systems, In addition, the inherent frequencies of the
internal modes of the coordinated histidylimidazole fragment are not known since
conditions for direct resonance enhancement of these have not been identified. While
systematic application of the procedure to the proteins is thus hampered by the
considerations outlined above, it is satisfying to point out that the observed frequen-
cies and intensities can be closely approximated with Eqs. (1), (2), (3a) and (3b)
by making several assumptions which are well-supported by existing data.

The RR spectra of six different cobalt-substituted oxyheme proteins (Hbg,,
Mbca, Pcer Beo. e, and og Pr) were first presented and discussed qualitatively
in an early work [67]. The spectral daia for Hb¢, was later analyzed quantitatively
[71] by the method outlined in Section 2.1.3.1 and this analysis is briefly surnma-
rized below.

The RR spectra of the '°0,; **0'®0, and '%0, adducts of Hb., measured in
aqueous and dewteriated {L:,Q) buffers are presented in Fig. 18. In order to clarify
the complicated multiple interactions, we have diagrammatically represented the
observed spectra in Fig. 18, including separate sets of vertical lines for each compo-
nent of the spectrum {i.e., sets for the histidine and vw{0-0) modes). In the figure,
the inherent (i.e., unperturbed) frequencies of coordinated histidine and dioxygen
are depicted with dotted and broken lines, respectively, while the solid lines represent
the calewdated perturbed frequencies. It shouid be noted that this diagram is not
intended to provide an accurate representation of the calculated relative intensities.
Thoese are listed in Table 2.

As was shown in our earlier work [71], these complicated spectral patterns,
including the observed RR frequencies and their approximate relative intensities are,
in fact, precisely those predicted by Eq. (3) and Eqgs. (3a) and (3b), given the
following few, well supported, assumptions. There is only ome O, conformer

Fig, 18, Resonance Raman spectra of cobait-substituted hemoglobin A, Hbg,, in 50 mM Tris-HC} buffer
(H,0 or *H,() pH (pD) 8.2, excitation at 406.7 nm. Vertica! lines represent the following: dotted (- - ),
inkerent frequencies of coordinated histidine; broken (- - -}, inherent frequencies of coordinated 9,; and
solid lines (———), calculated perturbed frequencies of coordinated G, and histidine {(from Ref. [71]).
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Table 2
Observed and calculated RR {requencies and intensities for cobalt-substituted oxyhemoglebin in H,O
and *H,0

0, isotopomer v, ¥ Cbserved Calculated W,
vo{lo) vih} vollo} vt}

(1) %0, 1139 1148 1136(0.86)°  HI50(0D.3)  1136(0.80)  1151(0.2) 6.00
(2) %0, 1139 1108 —* HO7(weak)  1141(0.94)  1HIT{0.06) 9.52¢
(3) 0" 1106 109 1098(D —* 1098(0.58)  1117¢0.42)® 9.38
(4) 1%0M0 1506 1085 --° 1080(weak)  1113(0.80)  1078{0.20)"  [3.96¢
(5) 0, 1073 M85  1063(0.78) H)93(0.22) 1064{0.70)  1094({0.30) 13.75
(6) 50, 1139 0% 1140(D 1108(weak)  1141(0.94)  1[(07{0.06) 9.52¢
(7) 00 1306 109 1098(%) — 1098(0.38)  1117(0.42) 9.38°
(8) 0o [Lo6 gy —* —* 1109(G.87)  1086(0.13) 7.679
(9) H¥0, 1073 1089 1070(0.79) 1093(0.21) 107000.86)  1092{0.14} 7.55

In all cases intepgrated intensities were used as observed intensities. Entries -3 obtained from H,0
solution, entries 6-9 obtained from H.O solution.

*Intensity calcuiaied from data in Ref. [15].

"These features derived from a second interaction. Observed features are determined by the primary
interaction.

‘Band obscured by overlap with porphyrin macrocycle mode.

‘Calculated frequencies and intensities were obtained using I¥,, values derived from the ¥, value of the
corresponding dioxygen isotopomer {e.2., 9.52 obtained as 9.38 x {.0/0.985),

*The frequencies and intensities ure caleulated using the same W,; as was used for H;0 (i.c., 9.52).

present whose inherent v(Q-0} frequencies are: v(1%0-*0)=1139em~1,
v(1%0-'%0)=1106 cm !, and v('*0-'80)= 1073 cm ! (note the enforced agreement
of the dioxygen isotopic shift of 33 ¢m ~!). The histidylimidazole fragment possesses
internal modes at 1148, 1109, and 1085 cm ™! in H,O, but upon exchange (NH/ND}
in D,O the first two modes are downshifted to 1109 ard 1089 cm ™!, respectively,
while the 1085 cm ™! mode moves down below 1045 cm ™. These assumed histidylimi-
dazole modes are entirely consistent with previously reported data [93,94]. Thus,
free histidine in H,O (pH 8.2) exhibits four bands in this region: 1158 (broad),
1108, 1093, and 1070cm ™. In D,0, only two bands, at 1097 cm ™' (strong) and
1107 cm ™! (weak}, are observed in this same range. All of these modes are apparently
of A’ symmetry, thus they can couple with the »(0-0} mode [93,94], As has been
previously demonstrated [79-81], these histidylimidazole modes may shift slightly
upon coordination.

Hydrogen bond formation between bound dioxygen and the distal histidyl NH is
now generally accepted as a potentially important factor in the control of O, binding
[6-13]). As was made clear in our work published earlier {67,71], H,0/D,0 exchange
{which leads to NH/ND exchange of the proximal, as well as the distal, histidylimida-
zole fragments) may differentially alier the vibrational interaction between the vari-
ous v{O-0) isotopomers and the internal modes of the proximal histidylimidazoles,
which results in a wide variation in observed RR spectral patterns and apparent
“shifts”. To the extent that such *“shifts” cannot then be unambiguously ascribed to
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changes in distal side hydrogen bond strength, they cannot be taken as evidence for
distal side hydrogen bonding, as had been proposed in an early study of the RR
spectra of oxygenated adducts of cobalt-substituted heme proteins [95]. However,
we wish to emphasize that the interpretation which invokes vibrationally coupled
diexygen does not imply that distal side bydrogen bonding is nonexistent, but simpfy
that the observed H,0/D,0 shifts are the result of altered vibrational coupling
patterns rather than altered hydroger: bond strergths [60,67,71,77,78].

3.2. Dioxygen adducts of cytochrome P450: coupling of v(O-Q) with the internal
mode of the substrate

As is discussed in Section 2.2, internal modes of solvent or other solute molecules
can be resonance enhanced by specific association and interaction with the bound
dioxygen. This enhancement requires close association of the molecule in question
with the bound dioxygen, and is critically dependent upon energy matching of the
mode with the v(0-0). The RR spectra of the dioxygen adduct of adamantanone-
bound cytochrome P450 from Pseudomonas putida [96] provide an interesting exam-
ple of selective enhancement of the internal modes of an enzyme-bound substrate
molecule.

Cytochromes P450 is a family of heme monooxygenase enzymes involved in a
variety of oxidative reactions [97). Among various cytochromes P450, the one
isolated from the bacterium Pseudomonas putida is induced by camphor and is
known as cytochrome P450,,,,. It has been the most extensively studied member of
this class of enzymes owing to its relative ease of handling and its ready availability
[97]. This cytochrome is the terminal oxidase in the d-camphor hydroxylase system
and catalyzes hydroxylation of this substrate with exquisite regio- and stereospecific-
ity; i.e., the substraie is held in a fixed position near the (hydroxylating} heme active
site. The molecular structure of P450,,,, has been well established [97-101). Unlike
the majority of other heme proteins, which utilize histidylimidazole as an axial
ligand, cytochrome P45, ., possesses thiolate {(Cys357) as the proximal axial ligand
that binds to the heme iron. In the substrate-free form, a cluster of water molecules
occupies the substrate pocket, one of which serves as the distal-side axial ligand.
Upon the binding of camphor, the water cluster is expelled from the substrate
binding site and the heme assumes a pentacoordinated, high-spin configuration. The
substrate is in close proximity to the heme iron on the distal side and is held in a
relatively fixed position by a hydrogen bonding interaction between its carbonyl
oxygen and the hydroxyl group of the side chain Tyr96. In addition, there is a “lock-
and key” hydrophobic interaction between the camphor gem-dimethyl groups and
Leu244 and Val295. Thus, the substrate is positioned in the enzyme active site in a
way that it can inieract with a molecular oxygen molecule that binds to the heme
iron at the distal side [97-101].

Figs. 19 and 20 show the RR spectra of dioxygen adducts of camphor- and
adamantarone-bound cytechrome P450,,,,. Comparisen of these figures iliustrates
the effect of substrate replacement on the »(0-0} mode. It is emmphasized that ihe
electronic absorption spectrum and heme RR core vibrations of the dioxygen adducts
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Fig. 19. Resonance Raman spectra of dioxygen adduct of camphor-baund cyiochtome P450,,,, in the
v(0-10) region: trace A, *%0,; irace B, *0.. Excitation at 413.1 nm (from Ref. {961).
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Fig. 20. Resonance Raman spectra of dioxygen adduct of adamantanone-bound cytochrome P430,,,, at
—80°C in the v{Q-0) region: trace A, "0y trace B, ®*0,. Excitation at 413.1 nm {from Ref. [96]).

are identical for both substrates [96]. However, the spectral pattern in the ¥(0-0)
region exhibits a dramatic change. While a single strong band is observed at
I140em~! in Fig. 19{A), in Fig. 20(A). two bands of nearly equal intensity are
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observed at 1139 and 1147 em™*. The assignment of these bands to the v(**0-1%0)
mode is confirmed by the shifis observed upon *0,/180, substitution (iraces B of
Figs. 19 and 20). The magnitudes of the observed isotopic shirts (67 and 65cm ™!,
respectively) are in good agreement with those expected for the diatomic harmonic
oscillator (i.e., 65 cm ™).

Fig. 21 shows the difference spectra of the %0, and '®0, adducts of ¢ytochrome
P450,,, in the presence of camphor (trace A} and adamantanone (trace B) [96].
These spectra give a ¢lear-cut comparison of the band intensities and widths of the
v(G-0O) modes for both substrate-bound adducis, because the interfering heme
modes are cancelled out. The ¥(*°0C-%0) and v(**0-'30) of P450,,,, are observed,
at 1140 cm™! (positive peak) and 1074cm ™! (nepative peak), as symmetric RR
bands; an observation that is in agreement with data presented in early work on
these systems [102-104]. In trace B of Fig. 21 it is noted that both the v(*°0-1%0)
and v{**0-'*0) are broader (each is a doublet at 1139/1147 and 1074/1080 cm ™1,
respectively) for the adamantanone-bound adduci, relative to camphor. These
multiple lines can be attributed to the known conformational disorder [99] of the
Fe—0, linkage caused bv different orientations of adamantancene within the heme
pocket {96]. However, it is especially Lmportant to note that, in addition to the
broadening caused by the multiple conformers, the bandwidth of the unresolved
features in the v(0O-0) region of the %0, adduct of the adamantanone-bound
enzyme is significantly broader than that of the *Q, adduct, though the integrated
areas of the positive and negative peaks are identical within experimental error. The
observation of selective band broadening of only one isotopomer (1%0;) is most
reasonably ascribed to a vibrational coupling interaction and enhancement of an
internal mode of the bound adamantanone. As is secn in trace C, several Raman
bands occur in this region; in particular, the mode at 1140 em ™! is closely energy-
matched with the v(*%0-150) frequency. The natural substrate, camphor, does not
exhibit any band in this region and no evidence of a perturbed spectral pattern is
indicated in trace A.

As we discussed in a previous section (Section 2.2), RR enhancement of the
solvent or solute molecule internal mede vig such vibrational coupling interactions
requires close association of the molecule in question with the bound dioxygen and
is critically dependent upon energy matching of the mode with v(Q-0). Clearly,
these two requirements ar¢ satisfied for the dioxygen adduct of adamantanone.
bound cytochrome P430, and may be responsible for the observed band broadening
in the case of %0, adduct, although further studies {employing deuteriated substrate)
would be needed to unambiguously confirm such coupling.

Fig. 21. Differennce RR spectra of the 0, and '®0, adducts of cytochrome P450 from Psendomonas
patida in the presence of camphor (trace A} and adamantanone (trace B) obtained by normalizing the
respective RR spectra to the 1374 ¢m ™! band. Trace C: Raman spectrum (413.1 nm excitation)} of ada-
mantanone dissolved in CHCl,. The solvent band at 1157 cm ! is subteacted (from Ref, [96]).
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4. Summary and conchusions

The complex spectral patterns observed in the RR spectra of dioxygen adducts
of cobalt-substituted heme proteins and mode! compounds are shown 1o result from
vibrational voupling of v(0-0O) with internal modes of the trans-axial ligand or
intimately associated solvent or solute molecules. The conventional Fermi resonance
equations, applied to data obtained for multiple isotopomers, can be employed o
extract the actual inherent frequencies of the v(0-0) and the coupled internat modes
of the ligand, solute or substrate. Recent theoretical treatments validate the use of
these equations for the interaction of two fundamental modes within different
fragments of intermolecular complexes [88-91,105]. The excellent agreement
between theory and experiment is illustrated in Fig. 14, as presented earlic in
the paper.

While the existence of such complications underscore the need for high-quality
spectra and cautious interpretation, the studies summarized here clearly demonstrate
the potential vtility of such vibrational coupling interactions. Thus, even yuite subtle
structural perturbations, which may not be sufficiently strong te produce shifts in
the inherent frequency of the v(0-0) mode, can be decumented by the (sometimes
quite remarkable) effects such structural changes produce in the observed resonance
Raman spectral patterns,
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