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ABSTRACT

VIBRATIONAL, ELECTRONIC AND STRUCTURAL PROPERTIES OF HIGH

VALENT CATALYTIC INTERMEDIATES OF HORSERADISH PEROXIDASE

By
W. Anthony Oertling

The active site of the two-electron oxidized compound I intermediate of
horseradish peroxidase (HRP-I) is usually described as an oxoferryl porphyrin
m cation radical. In order to assess separately the effects of each oxidation
equivalent on the structural, electronic and vibrational properties of this heme
complex we present a resonance Raman (RR) characterization of a series of
model compounds. From comparison of the FeO stretching frequency, v(FeO),
of synthetic oxoferryl hemes and oxoferryl heme proteins the predominant
determinant of the v(FeO) is identified as a trans-ligand effect, with a lesser
effect coming from H-bonding of the oxo ligand. Through a separate RR study
of metalloporphyrin 7 cation radicals (MP*’) the vibrations of the oxidized
porphyrin macrocycle are analyzed and compared to those of the parent
metalloporphyrin (MP). The frequency of the vibrational modes in the 1450-1700
cm~1 range of the MP*" are found to be an inverse linear function of porphyrin
center-to-pyrrole nitrogen distance, similar to that which describes the
vibrational frequencies of the parent compound. Thus, as is the case for the

MP, the high frequency vibrations of the MP*" reflect porphyrin core geometry.



W. Anthony Oertling

In the enzymatic cycle, HRP-I is reduced by substrate to the more stable
HRP-II. These two intermediates are thought to contain similar oxoferryl
structures. Based on RR measurements of the v(FeO) by others, the oxo ligand
of HRP-II is thought to be H-bonded at pH 7 but not as pH 11. We present RR
scattering from a flowing HRP-I sample prepared by rapid mixing. The v(FeO)
is very similar to that of HRP-II at high pH. This is taken to suggest that, unlike
HRP-II, there is no H-bond to the oxo ligand of HRP-I at pH 7. A mechanism,
consistent with these RR observations and past kinetic studies, is proposed
for the reduction of HRP-I by p-cresol. The frequencies we measure for the
in-plane vibrations of HRP-I, however, are not characteristic of a MP*'. Possible

explanations for this result are discussed.
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CHAPTER 1

GENERAL INTRODUCTION

Aerobic organisms reduce molecular oxygen (O9) to water (H9O). Partial
reduction of dioxygen can result in the formation of hydrogen peroxide (H9O9)
and superoxide (O9~). These compounds are potentially dangerous to the organism
and are removed from the cell by enzyme catalases, peroxidases, and superoxide
dismutases. While catalase enzymes convert hydrogen peroxide directly to
water and dioxygen, peroxidases utilize hydrogen peroxide to oxidize various
organic and inorganic compounds.!

The active site of native peroxidases and catalyses most often contain
a five-coordinate ferriprotoporphyrin IX prosthetic group as shown in Figure
1-1a. The proximal ligand to the iron may vary and is typically a histidine
nitrogen (e.g. horseradish peroxidase, HRP),2-4 cysteine sulfur (e.g.
chloroperoxidase, CP0),4:5 or tyrosine oxygen (e.g. bovine catalase, CAT).6

Horseradish peroxidase isolated from plants is the best characterized and
most readily available of the peroxidase enzymes. The general catalytic
mechanism of plant peroxidases is depicted by the following scheme proposed

originally for HRP:7



CH
a ] 2
CH CHy
HyC CH=CH,
CH, CH,
|
CH; (|:H2

|
COOH COOH

b CHy CH3
H5;CH
HyC—H2C CHz CHy
HSC—-HZ'C CH2-CH,
o G
CHs CHy
Figure 1-1. (a) Ferriprotoporphyrin IX. (b) Metallooctaethylporphyrin.

Carbons a (or a) are bonded to the nitrogen atoms. Car-
bons b (or B ) are bonded to the peripheral substituents. The
methine, CH, positions are meso. The metal center, M, may

be further ligated in the axial positions normal to the
macrocycle plane.



Native (Felll) + HyO -+ compoundI (Fe"V") + Hy0
compound I (Fe"V") + AH -+ compound II (FelV) + A
compound II (FelV) + AH » native (Felll) + A* + Hy0

2A° + products

In the first step of this sequence, the heme reacts with hydrogen peroxide
to form compound I (green), which is two oxidation equivalents above the native
ferric state. Compound I rapidly oxidizes the substrate in the second step,
forming the more stable, second intermediate, compound II (red). In the final
step of the reaction, compound II relaxes to regenerate the native ferric state
of the enzyme (brown).

The structural, electronic and magnetic properties of peroxidase compounds
I and II have been investigated for a number of years.8 Most studies have used
HRP owing to the ease of isolation and purification? as well as the stability
of its compound I (HRP-I) relative to other peroxidases.] The absorption spectra
of native HRP, HRP-I and HRP-II appear in Figure 1-2. HRP-I is currently
described as a spin-coupled oxoferryl porphyrin m cation radical complex.4 In
this structure one electron has been removed from the ferric center to yield
FelV and the other electron has been removed from the porphyrin ring to yield
a delocalized porphyrin m cation radical. The FelV center is six-coordinate,
being bound on the proximal side by histidine nitrogen and on the distal side
by an oxime group, yielding a O=FelV-N(His) configuration axial to the heme
ring, reducing the « cation radical but leaving the oxoferryl nitrogen ligation

unchanged.z'4

Significance of the Oxoferryl and Porphrin x Cation Radical Structures

The oxoferryl n cation radical structure is considered common to catalytic
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Figure 1-2. Optical absorption spectra of native HRP (N), HRP-I (I)

and HRP-II (II). Reference 31.



intermediates of a range of heme peroxidase and catalase enzymesl~4 and possibly
to cytochrome P450.10 The n cation radical structure has also been implicated
in the photosynthetic process of both higher plants and bacteriall and in the
catalytic cycles of nitrite and sulfite reductases.1?2 The oxoferryl structure
has also been proposed for an intermediate in the reaction of cytochrome oxidase
with dioxygen.13 Thus the significance of both the oxoferryl and the porphyrin
m cation radical structures to the redox and electron transport functions of

metalloporphyrins in nature is clear.

Aim and Strategy of the Thesis

The aim of this work is to characterize the vibrational, electronic and
structural properties of the fipst intermediate of the catalytic cycle of HRP,
HRP-I, by using resonance Raman spectroscopy in conjunction with rapid mixing
techniques applied to the enzyme in vitro. The difficulties associated with
this measurement, the means adopted to circumvent them, and the results
obtained by the technique are discussed in Chapter 5. In addition to the work
with the enzyme, we utilize systematic spectroscopic studies of various model
compounds to explore separately the properties of the oxoferryl-nitrogen linkage

and the porphyrin = cation radical. This work is described in Chapters 2-4.

Metalloporphyrin ¥ Cation Radicals and Compound I

Chapters 2 and 3 describe a spectroscopic study of highly symmetric (Dg4})
metallooctaethylporphyrin = cation radicals (see Figure 1-1b). Oxidation of
the porphyrin ring occurs by the removal of an electron from either of the nearly
degenerate highest filled mmolecular orbitals (HOMOs). In D4y symmetry these
oribtals are designated aj,( ) and ag,( ). Their structure is shown in Figure

1-3.14 As representative examples for discussion we choose two cobaltic



HOMO-1 "aZU ()"

Figure 1-3. The atomic orbital (AO) structure of two HOMOs of porphine.
The AO coefficients are proportional to the size of the
circles; solid lines indicate positive values, dashed lines
negative. The view is from the positive z axis. The straight
dashed lines indicate the nodes of the aj, ( 7) orbital.
Reference 14.



octaethylporphyrin 7 cation radicals, ColllOEP*'2Br~ and ColllOEP*'2C104~.
These two compounds are thought to occupy the 24, and 2A 4, electronic ground
states, respectively. Much emphasis has been given to characterization of the
spectroscopy of these (and other) metalloporphyrin 7 cation radicals (MP*")
in terms of these two electronic configurations. While this approach has been
successful in the first approximation, especially for interpreting the EPR and
ENDOR spectra of these compounds,19:16 some controversy has emerged based
on NMR results.1? The original extension of the model compound studies to
the enzyme intermediates is presented in Figure 1-4. Based on the similarity
of the optical absorption spectra of HRP-I and CAT-I to that of CoIHOEP+‘ZCIO4'
and ColllOEP*'2Br~, respectively, Dolphin et al.l6 proposed porphyrin 7 cation
structures for the enzyme intermediates. It is further suggested that both
electronic states are represented by HRP-I (2A5,) and CAT-I (2A;,). EPR and
ENDOR measurements have confirmed the 7 cation radical formulation for
HRP-1.18,19 However, the question of electronic ground state for these and
other compound I structures is unclear. The results for EPR and Mossbauer
studies21-23 often seem to contradict classifications suggested by optical
absorption spectra.20,24 More specifically, the EPR and Mossbauer measurements
of compound I type intermediates often give evidence of magnetic coupling
between the S=1 oxoferryl and the S=1/2 porphyrin = cation radical spin systems.
Such interaction is not expected if the porphyrin radical resides in the ap,( =)
orbital owing to the lack of spin density on the nitrogen. atoms (see Figure 1-3).
However, chloroperoxidase compound I (CPO-I) and certain reconstituted HPR-I
species exhibit both 2Alu type absorption spectra and magnetic coupling. Thus
a contradiction arises. Furthermore, the magnetic coupling between
paramagnetic metal centers, such as the oxoferrryl structure and porphyrin

n cation radicals, is not well understood.22:25 Part of this confusion is caused



Figure 1-4. Optical absorption spectra of (a) cobaltic octaethyl-
porphyrin 7 cation radicals, (b) compound I enzyme
transients. 2Ag, type spectra (—). 2A;, type spectra (--).
Reference 16.



by the lack of knowledge of the effects of symmetry lowering on the spectral
properties of metalloporphyrin 7 cation radicals.22 In the natural compound
I systems the molecular symmetry is lowered (from Dyp) by asymmetric peripheral
substitution of the ring, mixed axial ligation and possibly further by porphyrin
core distortions. Neglecting core distortions (i.e. doming or buckling of the
porphyrin ring system) the symmetry of compound I is Cg or lower. An
understanding of the relationship between the different mechanisms of symmetry
lowering and the electronic ground state as well as an understanding of how
each influence of spectroscopy of the MP*' are necessary to resolve these
questions. It has been suggested that S4 type ruffling of the porphyrin ring
may provide an overlap pathway for antiferromagnetic coupling in ferric porphyrin
m cation radicals.25 Thus, with our MP*' model work we take a structural
approach which focuses on understanding the effects of the porphyrin core
geometry on the vibrational and electronic properties of the MP*'. It is
anticipated that the resulting correlations can be used to suggest core geometries
for unknown structures. Below, in Figures 1-5, 1-6 and 1-7 optical absorption
spectra of various catalase and peroxidase compound I intermediates are

collected.



10

1204
1001
7 801
E
T
2 60-
o
Q 40
204
o
Figure 1-5. Optical absorption spectra of compound I intermediates
(2A1y type). -
(a) native horse erythrocyte catalase (CAT) and CAT-I.
Reference 26.
100 (—r—r—r—r—r—r—————7—
90 CpPO
80
70
o N
£ 50 8
w 6
CPO-1 a
20
10 1 2
S T U 0 O T A O I A
340 380 420 ars 515 555 595 635 675 ns

(b) native chloroperoxidase (CPO) and CPO-I. Reference 24.



11

Lt 1 ¢ 2t & 8 0 % & 1 % 4 4 1
360 400 440 480 520 360 600 640 680
WAVELENGTH (am)

Optical absorption spectra of compound I intermediates.
(a) native ferric bromoperoxidase (BPO) and BPO-I.
Reference 27.

Figure 1-6.

140 T T T 35
A
it LiP
120 i - 30
"
o !
'|
,l
1o it — 25
- 'l
(] ,:
€ so| P — 20
T ;)
= I
E P
|
w {
]
[]
]
!

(o]
400 500 600 700
A (nm)

(b) native lignin peroxidase (LiP) and LiP-I. Reference 29.



Absorbance

12

&
A
©
~N

3
o
-—
Absorbance

200 450 500 550 600 650
Wavelength (nm)

(c) Rapid scan spectrophotometric measurements for the
reactions of intestinal peroxidase (IPO) and lactoperoxidase
(LPO) with hydrogen peroxide at pH 7.1. Dashed lines repre-
sent native enzyme. the numbers show time in ms from the
stop flow to the end of the wavelength scan. Thus, early times
represent compound I spectra, and late times compound II. At
intermediate times, mixtures were obtained. Reference 28.



150
e 100
Q
\ i
s
€
=~ 50
250 300 350 400 450 500 550 66(? 650 700
WAVE LENGTH (mp)
Figure 1-7. Absorption spectra of native cytochrome c peroxidase (CcP)

and CcP-1. Reference 30. CcP-I contains an amino acid
radical rather than a porphyrin radical.



10.

11.

12.

REFERENCES

Bolscher, B. Ph.D. Thesis.
Dunford, H.B.; Stillman, J.S., Coord. Chem. Rev. 1976, 19, 187-251.
Frew, J.E.; Jones, P., Adv. Inorg. Bioinorg. Mech. 1984, 3, 175-213.

Hewson, W.D.; Hager, L.P. in "The Porphyrins"; Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. VII, pp. 295-332.

Cramer, S.P.; Dawson, J.H.; Hodgson, K.O.; Hager, L.P., J. Am. Chem.
Soc. 1978, 100, 7282-7290.

Murthy, M.R.N.; Reid, R.J.; Sicignano, A.; Tanaka, N.; Rossmann, M.G.,
dJ. Mol. Biol. 1981, 152, 465-499.

(a) Chance, B., Arch. Biochem. Biophys. 1952, 41, 416-424; (b) George,
P., Nature 1952, 169, 612-613.

(a) Theorell, H.; Ehrenberg, A., Arch. Biochem. Biophys. 1952, 41, 442-461;
(b) Brill, A.S.; Williams, R.J.P., Biochem. J. 1961, 78, 253-263;
(c) Blumberg, W.E.; Peisach, J.; Wittenberg, B.A.; Wittenberg, J.B., J.
Biol. Chem. 1968, 243, 1854-1862; (d) Wittenberg, B.A.; Kampa, L.;
Wittenberg, J.B.; Blumberg, W.E.; Peisach, J., J. Biol. Chem. 1968, 243
1863-1870; (e) Peisach, J.; Blumberg, W.E.; Wittenberg, B.A.; Wittenberg,
J.B., J. Biol. Chem. 1968, 243, 1871-1880.

(a) Keilin, D.; Hartree, E.F., Biochem. J. 1951, 49, 88-109; (b) Shannon,
L.M.; Kay, E.; Lew, J.Y., J. Biol. Chem. 1966, 241, 2166-2172.

Groves, J.T.; Haushalter, R.C.; Nakamura, M.; Nemo, T.E.; Evans, B.J.,
J. Am. Chem. Soc. 1981, 103, 2884-2886.

Parson, W.W.; Ke, R. in "Photosynthesis: Energy Conversion by Plants
and Bacteria"; Govindjee, Ed.; Academic: New York, 1983.

Chang, C.K.; Hanson, L.K.; Richardson, P.F.; Young, R.; Fajer, J., Proc.
Natl. Acad. Sci. USA 1981, 78, 2652-2656.

14



13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.
28.
29.
30.

31.

15

Blair, D.F.; Witt, S.N.; Chan, S.I., J. Am. Chem. Soc. 1985, 107, 7389-7399.
Maggiora, G.M., J. Am. Chem. Soc. 1973, 95, 6555-6559.

Fajer, J.; Davis, M.S. in "The Porphyrins", Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. IV, pp. 197-256.

Dolphin, D.; Forman, A.; Borg, D.C.; Fajer, J.; Felton, R.H., Proc. Natl.
Acad. Sci. USA 1971, 68, 614-618.

Morishima, I.; Takamaki, Y.; Shiro, Y., J. Am. Chem. Soc. 1984, 106,
7666-7672.

Schulz, C.E.; Devaney, P.W.; Winkler, H.; Debrunner, P.G.; Doan, N.;
Chiang, R.; Rutter, R.; Hager, L.P., FEBS Lett. 1979, 103, 102-105.

Roberts, J.E.; Hoffman, B.M.; Rutter, R.; Hager, L.P., J. Biol. Chem.
1981, 256, 2118-2121.

DiNello, R.K.; Dolphin, D., J. Biol. Chem. 1981, 256, 6903-6912.

Rutter, R.; Valentine, M.; Henrich, M.P.; Hager, L.P.; Debrunner, P.G.,
Biochemistry 1983, 22, 4769-4774.

Schultz, C.E.; Rutter, R.; Sage, J.T.; Debrunner, P.G.; Hager, L.P.,
Biochemistry 1984, 23, 4743-4754.

Rutter, R.; Hager, L.P., J. Biol. Chem. 1982, 257, 7958-7961.

Palcic, M.M.; Rutter, R.; Araiso, T.; Hager, L.P.; Dunford, B.H., Biochem.
Biophys. Res. Comm. 1980, 94, 1123-1127.

Gans, P., Buisson, G.; Duée, E.; Marchon, J.-C.; Erler, B.S.; Scholz, W.F.;
Reed, C.A., J. Am. Chem. Soc. 1986, 108, 1223-1234.

Schonbaum, G.R.; Chance, B. in the "The Enzymes"; Boyer, P.D., Ed.;
Academic Press: New York, 1976, Vol. 13, pp. 363-408.

Manthey, J.A.; Hager, L.P., J. Biol. Chem. 1985, 260, 9654-9659.
Kimura, S., Yamazaki, I., Arch. Biochem. Biophys. 1979, 198, 580-588.
Renganathan, V.; Gold, N.H., Biochemistry 1986, 25, 1626-1631.
Yonetoni, T., J. Biol. Chem. 1965, 240, 4509-4514.

Hewson, W.D.; Hager, L.P., J. Biol. Chem. 1979, 254, 3182-3186.



CHAPTER 2

CHARACTERIZATION OF SIX-COORDINATE OXOFERRYL PROTOHEME BY
RESONANCE RAMAN AND OPTICAL ABSORPTION SPECTROSCOPY*

SUMMARY

As a model for oxoferryl intermediates of heme enzymes, we have
synthesized (1-methylimidazole) oxoferryl protoporphyrin IX dimethyl ester,
O=FelV(Im)PPDME, and characterized it by using optical absorption and resonance
Raman spectroscopy. We observe an FeO stretching frequency, v(FeO), of
820 cm~l for O=Fe!Y(Im)PPDME, which is assigned by its shift to 784 cm™!
upon substitution of 160 with 180. While the optical absorption spectrum of
the six-coordinate protoheme model is very similar to that of oxoferryl myoglobin,
its v(FeO) is 23 cm~l higher. Based on results from five- and six-coordinate
oxoferryl porphyrin models, we attribute this higher frequency to weaker

imidazole ligation and an absence of protic environmental effects.

*Robert T. Kean, W. Anthony Oertling, and Gerald T. Babcock, J. Am. Chem.

Soc., 1987, in press.
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Oxoferryl species, O=FelY, have been postulated in the catalytic cycle
of cytochromc ¢ oxidase,! as the oxygen donating species in cyctochrome P-450,2
and as intermediates in the reactions of catalases and peroxidases.3 Given
the diverse chemistry catalyzed by these various enzymes, heme pocket
modulation of the chemical reactivity of the O=FelV unit seems likely. Resonance
Raman detection of the v (FeO) in various protein species and model compounds
supports this notion. In a comparison of oxoferryl peroxidase species,4 oxoferryl
myoglobin,® and five- and six-coordinate heme model compounds,b:7 the
frequency of v(FeO) varies by ~ 85 cm™! (see Table 2-1). This is in strong
contrast to v(Fe-Og) which varies by only ~ 10 cm~l in protein species and
heme model compounds.8 In addition, there are distinct differences in the optical
spectra of the various oxoferryl protein species.9-11 Previously reported
oxoferryl model compounds have given insight into the factors affecting the
v (FeO) frequency, but since they were made on non-physiologically active
hemes, they do not give specific information about the optical spectra or the
other Raman active vibrations of the protoheme-containing oxoferryl protein
species. To address these points, we present here optical and Raman data for
a six-coordinate, imidazole-ligated, oxoferryl protoheme model compound.

The (1-methylimidazole) oxoferryl protoporphyrin IX dimethyl ester, O=FelV
(Im).PPDME, was prepared according to reference 12. The optical absorption
spectl'um13a is inset in Figure 2-1. The shoulder at 619 nm is due primarily
to u-oxo dimer contamination. The peak positions compére favorably with those
of oxoferryl hemoglobin,9 and oxoferryl leghemoglobin,10 (v~ 418, 545, and 575
nm) but are most similar in both wavelengths and relative intensities to oxoferryl
myoglobin (~ 420, 550, and 580 nm at pH 6.8).11 The spectrum of O=FelV
(Im)PPDME, like the oxoferryl globin species, is distinct from that of horseradish

peroxidase compound II (HRP-II; ~ 418, 527, and 555 nm).14 In Figure 2-1 we
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present the intermediate frequency region of the Raman spectrum13b of O=FelV
(Im)PPDME. The peak at 820 cm~! shifts to 784 cm~1 upon substitution of 160
by 180, and is assigned to FeO stretching vibration. The 36 cm~1 shift is expected
for an oxoferryl structure. The v (FeO) frequency observed for O=FelV
(Im)PPDME does not vary with temperature over the range -90 C to -190 C
or with porphyrin ring substituents (TPP or OEP).15 This frequency is compared
with the , (FeO) frequencies of other oxoferryl species in Table 2-1. The high
frequency region of the O=FelV(Im)PPDME spectrum (not shown) contains features
of both HRP-II16 and oxoferryl myoblobin® yet it is not identical to either.l®
The similarity of the optical spectrum of oxoferryl myoglobin with that of O=FelV
(Im)PPDME indicates that the two are electronically very similar. The difference
in the v (FeO) frequencies suggests environmental perturbations. Differences
in the v(FeO) frequency between the peroxidase species and oxoferryl myoglobin
have been discussed in terms of hydrogen bonding effects4Cs€ and out-of-plane
iron effects.9 It has been suggested that 7 charge donation from the protein
into the porphyrin may be important in the mechanism of horseradish
peroxidase,17 but it is not known whether this has any affect on the v(FeO)
frequency. Comparison of these systems with the model compounds gives further

insights into the variables which affect the v(FeO) frequency.

A trans ligand effect is seen very clearly in the model compounds (see
Table 2-1). The five-coordinate models display the highest v (FeO) frequency,
while the strong ligand (Im), six-coordinate samples display the lowest frequency.
Electron density from the sixth ligand, along the z axis (normal to the heme
plane), may compete with the ferryl oxygen for cs-bonding18 and weaken the
FeO bond. Alternately, if the iron is initially displaced toward the oxygen in

the five-coordinate species, the presence of a strong sixth ligand may pull the
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Table 2-1

Comparison of v(FeO) for Various Oxoferryl Species

Species 2 v (PeO)b Ref.
HRP-II pH 6.0 776 4c,e
HRP-II pH 11.0 787 4b,c
CcP-1 767 4d
oxoferryl Mb 797 5
o=FelVTMP 843 21
O=FelVTPP | 852 6
o=FelVOEP 852 6
O=FelV(THF) TpivPP 829 7
O=FelV(Im)TpivPP 807 7
0=Fe!V(Im)PPDME 820¢
O=Fe!lV(Im)TPP 820
O=FelV(Im)OEP 820

8 Abbreviations: HRP-II, horseradish peroxidase com-
- pound II; CcP-I, cytochrome c peroxidase compound I;
Mb, myoglobin; TMP, tetramesitylporphyrin; TPP,
tetraphenylporphyrin; OEP, octaethylporphyrin; THF,
tetrahydrofuran; Im, 1-methylimidazole; TpivPP,
"picket fence" porphyrin, tetra(o-pivaloylphenyl)-
porphyrin; PPDME, protoporphyrin IX dimethyl ester.
b Frequency in ¢ m-1.

€ This work and reference 15.
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iron into plane causing greater = interaction between iron and porphyrin orbitals,
and a weakening of the FeO r -bond.? The difference in the v (FeO) frequency
of our models (in toluene) versus the (TpivPP)? species (in THF) appears to results
from solvent effects since temperature and ring substituent effects were ruled
out above. This may reflect stronger imidazole binding in the more polar and
non-aromatic THF. Although hydrogen bonding of the oxo ligand to the distal
histidine could be involved, the lower v(FeO) frequency of oxoferryl myoglobin
may indicate stronger proximal imidazole ligation in myoglobin than in the
model compounds. This seems reasonable since the imidazole is protein bound
in myoglobin and may not easily move or rotate to less strongly ligating
configurations available to the free solution models. Similar trans ligand effects
may contribute to the difference in v (FeO) frequencies observed for HRP-II
and oxoferryl myoglobin. For the respective five-coordinate ferrous enzymes,
the higher v(Fell-imidazole) frequency for HRP indicates stronger imidazole
ligation.19:20 For the oxy complexes, v (Fell-imidazole) is also higher for HRP
than for myoglobin but its v(Fe-09)8C is lower. A similar inverse relationship
between (Fell-CO) and trans ligand strength has been reported for monomeric

insect hemoglobins188 and heme model compounds.18b
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CHAPTER 3

RESONANCE RAMAN SPECTROSCOPIC DETECTION OF

DEMETALLATION OF METALLOPORPHYRIN » CATION RADICALS*

SUMMARY

Soret resonance Raman (RR) spectrum of samples of several different
metalloporphyrin n cation radicals (MP*') prepared by both chemical and
electrochemical oxidation in CH9Cly reveal the presence of free base diacid
salts produced by demetallation of the complexes. The large extinction
coefficient of the diacid salt allows its selective enhancement by the RR
technique at concentration levels not always evident in absorption spectra but
sufficient to cause serious artifacts in the RR spectra of these samples, making
recognition and analysis of the scattering from the MP*' impossible. Proper
control of experimental conditions, particularly choice of excitation frequency,
can eliminate these complications and produce RR spectra of MP*" free of

contributions from the diacid salt.

x

W. Anthony Oertling, Asaad Salehi, Chi K. Chang, and Gerald T. Babcock,

J. Phys. Chem., 1987, in press.
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Resonance Raman (RR) spectroscopy has been utilized to extract structural
and electronic information from naturally occurring metalloporphyrin systems
and their models, and has recently been applied to synthetic metalloporphyrin
n cation radicals (MP*").1-3 The preparative techniques for MP** generation,
however, rarely produce a homogeneous sample.4 Owing to the selective
enhancement afforded by Soret excitation RR, it is possible to detect trace
amounts (less than 3%) of porphyrin free base diacid salts in samples of MP*"
prepared by chemical and electrochemical oxidation in CH9Clg. If unrecognized,
the presence of the diacid salt may cause serious artifacts in the RR spectra
of these samples that prevent accurate analysis of scattering from the mp+.1
Proper control of experimental conditions, particularly the choice of excitation
frequency, can produce RR spectra of MP*" free of contributions from the
diacid.3,5

One-electron oxidation of Co and Zn octaethylporphyrin (OEP) in dry CH9Cly
leads to divalent metal porphyrin = cations.3,6 Laser excitation at 363.8 nm
selects against resonance enhancement of possible residual starting materials
and produces good quality RR spectra.3 RR spectra of these MP*" samples
excited at 406.7 nm, however, are often dominated by bands not present in
spectra of 363.8 nm and not assignable to parent MP modes.” The frequencies
of these bands (most noteworthy are those at 1394 and 1558 cm~1) show no
metal dependence. These facts suggest the presence of an impurity which absorbs
strongly near 406.7 nm.

Figure 3-1a and 3-1b show RR scattering excited at 406.7 nm from samples
of ConOEP""CIO4' prepared with AgClO4 and CoInOEP+'ZCIO4‘ prepared with
Fe(Cl104)3, respectively.8 Although the RR spectra of these two species excited
at 363.8 nm are very similar3, with excitation at 406.7 nm additional bands

appear in the spectrum of the cobaltic OEP*" relative to the cobaltous sample.
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Resonance Raman spectra excited at 406.7 nm.

(a) CollOEP*"C104~ prepared with AgCl0Oy;

(b) CollIOEP**2C104~ prepared with Fe(C104)3;

(c) ColllOEP*'2C104™, prepared with Fe(C104)3 and a trace
amount of HC1O4;

(d) H4OEP2+2C104™, prepared from H9OEP + HC104. All
samples were dissolved in CH9Cly. A spinning quartz cell
and ~20 mW laser power were used. Solvent bands are
labelled with an *.
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Figure 3-1c shows scattering from a sample of ComOEP+'ZClO4‘ prepared

with Fe(C104)3 and a trace amount of HC104. The added intensity of the spurious
bands in this spectrum suggests that the impurity is caused by acid promoted
demetallation of the MP*" and protonation of the resultant free base porphyrin.
Figure 3-1d shows the RR spectrum of the diacid salt H4OEP2+ZCIO4‘, confirming
this as the interfering species.

Thus, RR spectra of MP** samples exicted at 406.7 nm may contain artifacts
due to free base diacid salts present at concentrations too low to be obvious
in the optical absorption spectrum yet high enough to dominate the RR scattering
at 406.7 nm. This is clear from the Soret optical properties of the impurity:
the Soret band sharpens dramatically and red-shifts to 406 nm (¢ = 430m M-lcm-1)
upon formation of the diacid from OEPH2.9 Thus, the narrowed bandwidth,
the increased extinction coefficient € and the coincidence of the Soret transition
energy with the laser line at 406.7 nm, explain the selective scattering from
the impurity.

Figure 3-2 shows scattering excited at 390 and 406.7 nm of ZnOEP*'Cl0O4".
The absence of bands at 1394 and 1558 cm™! indicates no contributions from
the impurity with 390 nm excitation.10 Spectra excited at 406.7 nm show bands
at 1394 and 1559 cm™! as depicted in Figure 3-2b. Unlike the ColllOEP**2C104~
sample, which appears to be stable to prolonged laser irradiation, the
contributions from the impurity (marked by the dashed lines) increase
dramatically with repeated scanning of the ZnOEP*'ClO,{ sample until they
dominate the spectrum as shown in Figure 3-2c-d. The solvent bands at 704
and 1423 cm-l show the opposite trend and decrease in intensity, indicating
stronger absorbance at 406 nm as the impurity concentration increases. Indeed,
for this MP*" sample with the Soret band at 387 nm, the Soret absorbance at

406 nm of the protonated porphyrin was easily seen to increase in parallel with



29

Figure 3-2. RR spectra of ZnOEP*'Cl04. (a) Agx = 390 nm; (b) - (d)
show a time course at Agx = 406.7 nm for ~ 1 ml of sample
in a quartz spinning cell with a laser power of 16 mW. The
time values indicate total irradiation time at the end of the
scan.
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the changes in the RR spectrum.11

These results suggest a number of conclusioﬁs: (i) oxidation of MP samples
in CH9Cly often results in the formation of free base diacid impurities which
can be detected by RR at 406.7 nm; (ii) owing to trace amounts of aqueous
acid impurities in reagents, oxidation with Brg or Fe(ClO4)3 is more likely
to cause demetallation and diacid formation than oxidation with AgClO4 or
electrochemical techniques; (iii) MOEP** complexes prepared by electrochemical
or AgClO4 oxidation show detectable diacid formation for M = Mg or Zn but
not for Coll or Nij, suggesting that the ease of demetallation is core size
dependent for the MP*" as it is for the parent MP;12 (iv) demetallation of
ZnOEP+’ClO4' is enhanced by laser light in the Soret region of the spectrum;
and (v) though diacid formation may be limited to chlorinated solvents and
use of another solvent may minimize demetallation, the utility of CH9Cly for
RR spectroscopy and porphyrin oxidations may not be easily replaced.
Recognition and elimination of these artifacts is essential to characterizing
the vibrational spectra of the MP*" species. Excitation at 363.8 nm produces
RR spectra free of these artifacts and illustrates vibrational similarity of 2Aqy
and 2A2u radical types.5:13 This similarity was obscured by the occurrence
of diacid impurities in RR samples of the presumed 2A1u species of previous

studies.1
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CHAPTER 4

VIBRATIONAL, ELECTRONIC AND STRUCTURAL PROPERTIES OF
COBALT, COPPER AND ZINC OCTAETHYLPORPHYRIN » CATION RADICALS®

SUMMARY

Optical and resonance Raman (RR) spectroscopic characterization of the
oxidation products of several metallooctaethylporphyrins has been carried out.
One-electron oxidation of the macrocyclic yields a series of divalent metal
substituted octaethylporphyrin m cation radicals, MIIOEP+'CIO4' (M = Ni, Co,
Cu and Zn). The porphyrin core vibrational frequencies above 1400 cm~! of
these complexes are described by a linear function of center-to-pyrrole nitrogen
distances. A comparison of these structural correlations and of Raman
depolarization ratios with those of the parent MOEP compounds is used to
establish vibrational mode assignments for the cations. The agreement between
the correlation parameters of the MOEP and MOEP*'Cl04" suggests similar

potential energy distributions in the normal modes of both species. We find

*W. Anthong Oertling, Asaad Salehi, Young C. Chung, George E. Leroi, Chi

K. Chang, and Gerald T. Babcock, J. Am. Chem. Soc., 1987, submitted.
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that the frequencies of the stretching modes with predominantly Cy,Cy, character
increase, whereas those with CqCr, and CgN character decrease in the cation
radical relative to the neutral metalloporphyrin. Similar trends in Soret band
maxima for the m cation radicals and their parent compounds reflect changes
in the relative energy of the ag,(7 ) orbital. These structural correlations seem
to be essentially insensitive to 2A2u Vs. 2Aq, radical designation. With the
vibrational mode correlations as a guide to evaluation of porphyrin core geometry,
we have carried out a detailed analysis of the oxidation products of colloEP
and we suggest structures for the two-electron oxidized species,
CollloEP*'2C104~ and ColllOEP*'2Br~. Differences in the high frequency
vibrations of these two compounds are interpreted in terms of expansion or
possible ruffling of the porphyrin core in the latter relative to the former
compound. RR excitation in the 600-680 nm region of the ColllOEP*'2Br-
absorptions shows a lack of anomalously polarized scattering and produces spectra
similar to those obtained with near uv excitation. This suggests the absence
of strong Herzberg-Teller (HT) coupling between the excited electronic states

of the = cation radical.

INTRODUCTION

Oxidized states of metalloporphyrins (MP) participate in the redox chemistry
of a vareity of biological structures including light-harvesting photosynthetic
systems and heme proteins. Oxidation of the MP may occur at the central metal,
at the porphyrin ligand, or at both locations. The Fe2*/Fe3* redox chemistry
characteristic of the electron transfer function of cytochromes is well knoWn
and metalloporphyrin structures oxidized at both the central metal and the
porphyrin ligand have been implicated in the catalytic cycles of heme peroxidases,

P450 monooxygenases, and catalases.] Because of the extensive T system,



36

oxidation at the porphyrin yields a delocalized m cation radial; indeed, in the
case of the special pair bacteriochlorophyll a dimer in the photosynthetic
bacterial reaction center, radical character may be shared between two porphyrin
rings.2 Characterization of metalloporphyrin ™ cation radicals is thus of interest
because of their widespread occurrence in nature and because of the often unusual
chemistry in which they participate.

Both chemical and electrochemical preparations of a variety of
metallooctaethylporphyrin (MOEP) and metallotetraphenylporphyrin (MTPP)
7 cation radicals have been 1'eported.3‘6 These oxidized complexes have been
characterized principally by optical absorption,’ EPR,8 MCD,9 NMR10,11 gnd
IR12 spectroscopies, and X-ray crystallography.13 Systematic resonance Raman
(RR) studies of synthetic metalloporphyrin = cation radicals (MP*') can identify
structural and electronic factors which influence their redox properties and
chemical reactivity. Although RR spectroscopy has been applied to a few MP*"
systems, these studies are limited in scope for various reasons. Attempts to
measure RR scattering from the oxoferryl porphyrin 7 cation radical of
horseradish  peroxidase compound I (HRP-I) are complicated by
photochemistry,14:1 5 and special precautions are required to obtain its
spectrum.16 Analysis of the RR scattering from the bacteriochlorophyll cation
radical is obscured by the complexity of the parent system.17 The work of
Yamaguchi et al.18 on MTPP*" complexes is not strictly relevant owing to the
strong vibronic coupling and altered substituent pattern of the TPP which reduces
its significances as a biological model for RR studies.l9 The MOEP*' system
studied by Kim et al.20 is an ideal choice for systematic RR investigation;
however, recent work2! has revealed that some of the spectra reported by these
authors were contaminated by artifacts from porphyrin diacid salt impurities

produced by demetallation of their MOEP*" samples. This led to incorrect
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assignments of the principal vibrational modes and to erroneous conclusions
concerning the nature of metalloporphyrin wm cation radical Raman scattering.
This circumstance necessitates a re-examination of the RR spectra of these
systems.

The high symmetry (D4p) and saturated Cp substituents make OEP the
most simple biologically relevant porphyrin ligand for RR study, and the oxidation
products of cobaltous octaethylporphyrin (COOEP) in particular are of interest.
One-electron oxidation of CoOEP in CH9Clg may occur at either the metal
or the porphyrin.22 Depending on the counterion present, the CoOEP
two-electron oxidation product displays one of two distinct optical absorption
spectra. These are proposed as typical of the two possible electronic ground
states which result from loss of an electron from one or the other of the two
nearly degenerate HOMOs, ajy () or ag, (7), of the porphyrin = system.9,23,24
The similarity of the optical spectra of ColllOEP*'2C104~ and ColllOEP*'2Br~
to those of HRP-I and catalase compound I (CAT-I) led to the early assignment
of the electronic states of these enzyme transients as 2Aj, and 2Aqp,
respectively.24 The versatility of the CoOEP system thus allows us to compare
metal vs. porphyrin centered oxidation products for the one-electron case, and
2A2u Vs, ZAqy radicals for the two-electron case, all with the same MOEP
species. Comparison of the cobaltous m cation radical, CoHOEP*‘CIO[, with
other MIIOEP*'C104~ species illustrates structural trends in both the RR
frequencies and Soret absorption maxima which are consistent with recent
calculations23 and very similar to those of the parent MOEP species. Exclusion
of the artifacts arising from the diacid salt impurities reveals a closer vibrational
similarity of 2A2u and 2A1u radical types than was thought previously.20 RR
excitation in both the Soret and visible absorption bands of cobaltic OEP*

samples provide spectra which suggest the absence of strong Herzberg-Teller
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coupling of electronic states and a similar scattering mechanism in both spectral

regions.

EXPERIMENTAL

Preparation of OEPH9 was carried out according to the recent method
of Wang and Chang25 and metal insertion was achieved by standard methods. 26
The metalloporphyrins were purified by recrystallization and/or chromatography
to eliminate traces of free base. CH9Cly freshly distilled from CaHy was used
as a solvent for all preparations.

Oxidations were performed chemically at room temperature by using solid
anhydrous AgClOy4, solid Fe(ClO4)3 or dilute Bry in CH9Clg. CollOEP*'C104-,
ZnllOEP*"C104~, and CullOEP*'C104~ were prepared by stirring dry CHsCly
solutions of CoOEP, ZnOEP, and CuOEP, respectively, with a 3-fold excess
of AgClOy4 for 1-3 hours.22 ColllOEP*'2C104~, was prepared by stirring excess
Fe(ClO4)3 in a solution of CoOEP for ~10 minutes. ColllOEPBr~ and
CollloEP**2Br~ were prepared by dropwise addition of dilute Bry to CoOEP
in CHyClg. MgllOEP*'C104~ and Mg!IOEP*'Br~ were prepared similarly from
MgOEP.

Dropwise addition of methanol (MeOH) to CHg9Cly solutions of
CollOEP*'C104~ and ColllOEPBr~ resulted in the formation of species with
similar  absorption  spectra, presumably CoIH(MeOH)ZOEPClO,{ and
Colll(MeOH)9OEPBr™, respectively.27 Identical samples were made by oxidation
of CoOEP with HC104 and HBr, respectively, in 3:1 CH9Cly:MeOH. All oxidations
and ligand changes were monitored by optical absorption measurements with
either a Cary 219 or a Perkin Elmer Lambda 5 spectrophotometer.

Raman spectra excited at 351.1, 363.8 and 390 nm were measured with

a Spex 1877 triple monochromator and Spex 1459 collection optics in conjunction
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with an EG&G PAR 1420 diode array detector and associated OMA II electronics.
The 351.1 and 363.8 nm laser emissions were from a Coherent 90-05 Argon
ion laser; the 390 nm line was the output of a Nd:YAG (Quanta Ray DCR-1A)
pumped pulsed dye laser (PDL-1) in which LD390 (Exiton) laser dye was used.
Instrumentation used to measure Raman scattering at 406.7, 514.5, 620, 647.1
and 676.4 nm included a Spex 1401 double monochromator with photon counting
detection interfaced to a DEC LSI 11-2 computer. The lasers were powered
by a Spectra Physics Model 265 Exciter; the lines at 406.7, 647.1 and 676.4
nm were from a Model 164 Krypton ion laser, the 514.5 nm line was from a
Model 165 Argon ion laser, and the 620 nm line was the output of an Argon
ion pumped Spectra Physics Model 375 dye laser in which Rhodamine 590 (Exciton)
laser dye was used.

Samples were spun in a cylindrical quartz cell for Raman measurements,
although static samples in cuvettes gave identical spectra. Absorption spectra
were checked before and after each Raman measurement. Of the oxidized
species examined, only ZnOEP*'C104~ and MgOEP*'Br~ showed any significant
laser induced change.2l Samples of ColllOEP*'2C104~ and ZnOEP*'Cl04”
prepared and studi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>