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is 1,2-propylenediamine). We thus find that (Figure 6) there
is a strong increase in log K for a variety of metal ions as the
a* values for these ligands increase, provided that they are
symmetrically substituted. This at first sight seems inexpli-
cable, unless we note that, while the o* values increase linearly
from methylamine to ferr-butylamine as more methyl groups
are added, the E, values “telescope”, so that they are for methyl
0.00, ethyl 0.07, isopropyl 0.47, and tert-butyl 1.54. Thus, the
symmetrical ligand DL-bn produces the same inductive strength
as Me,en (1,1-dimethylethylenediamine), because DL-bn is in
our model composed of two ethyl groups, while Mesen is
composed of one methyl and one isopropyl. The latter ligand
has, however, a much larger combined E, value of 0.47, as
against only 0.14 for the two ethyl groups of DL-bn. Figure
6 shows how finely balanced are the contributions of inductive
and steric effects, in that such a seemingly small change as
placing both methyl groups on the same C atom of the bridge
of Me,en can destabilize the complex relative to that of en,
whereas placing them on separate C atoms as in DL-bn can
stabilize the complex.

One of the important features of the macrocyclic effect is®
that with N-donor macrocycles, provided that the metal ion
fits reasonably well into the macrocycle, there is a strong
increase in the ligand field parameter 10Dg. We find that for
C-methyl-substituted en ligands the same effect is found.
Thus, in the square-planar form of the Ni(II) complex with
en, the single intense transition occurs at 22 200 cm™!, while
in the analogous complex® with Me,en the transition occurs
at 23000 em™!. Similarly, for the square-planar Ni(II) com-
plexes of triethylenetetramine, this transition occurs at 22300

cm™!, while for the macrocycle 13-aneN, (1,4,7,10-tetraaza-
cyclotridecane) it occurs® at 23530 cm™!, The similar response
of the above ligand field transitions, and the “hidden” nature
of the inductive effects, whether we are dealing with the effects
of C-methylation on en type ligands, or the macrocyclic effect,
suggests that the extra stabilizations observed for both these
effects are in many ways similar in origin.

Conclusions. The binding of the proton to ligands in water
is not always a good indicator of inductive effects, which
therefore may be “hidden”. Gas-phase results show up these
hidden inductive effects very strongly, for both the proton and
other Lewis acids. For both the proton and other Lewis acids,
these inductive effects may be masked in aqueous solution by
steric hindrance. For metal ions with low susceptibility to steric
hindrance such as Ag(I) with primary amines or square-planar
Cu(II) and Ni(II) with C-methylated en ligands, the inductive
effects may be able to overcome steric effects and manifest
themselves as increasing complex stability and stronger ligand
fields.

Acknowledgment. The authors thank the Senate Research
Committee of the University of the Witwatersrand and the
Council for Scientific and Industrial Research for financial
support of this work and a bursary to B.S.N.

Registry No. (Cyanomethyl)amine, 540-61-4; benzylamine, 100-
46-9; 3-aminopentane, 616-24-0; diisopropylamine, 108-18-9; ethy-
lamine, 75-04-7; isopropylamine, 75-31-0; tert-butylamine, 75-64-9;
cyclopentylamine, 1003-03-8.

(34) Fabbrizzi, L. J. Chem. Soc., Dalton Trans. 1979, 1857,

Contribution from Sandia National Laboratories,
Albuquerque, New Mexico 87185

Metal Effects on Metalloporphyrins and on Their 7—= Charge-Transfer Complexes with

Aromatic Acceptors: Urohemin Complexes'

J. A. SHELNUTT
Received July 13, 1982

Metallouroporphyrins containing Cu(II), Ni(II), Fe(III), and Co(II) were investigated with absorption and resonance Raman
spectroscopy. Systematic spectral changes are observed as the metal is varied. The spectral changes associated with metal
substitution were found to be similar to changes observed for m—r complexation of the metalloporphyrins with phenanthrolines.
Further, metal substitution systematically alters spectral changes that accompany w—~r complexation of the metalloporphyrin
with neutral aromatic acceptors. The spectral changes can be traced to the effects of the metal ion and the =— interaction
on the highest occupied a,,() orbital of the porphyrin. An interpretation based on arguments concerning the a, () orbital
leads to an explanation of the core-size dependence of several Raman marker lines of metalloporphyrins and also of the
spin-state marker lines in hemes. Iron(III) uroporphyrin and its complexes with derivatives of phenanthroline are examined
in detail. The binding constants for these complexes and the resulting spectral changes are strikingly similar to those for
complexes with other metal porphyrins. Both copper uroporphyrin and iron(III) uroporphyrin complexes show a proportionality
between the shifts in the core-size marker lines and the acceptor properties of a series of phenanthroline derivatives. Comparisons
of other spectroscopic and equilibrium binding data suggest that urohemin, like copper uroporphyrin, forms charge-transfer
complexes with the phenanthroline ring parallel to the porphyrin macrocycle.

Introduction

Metalloporphyrin complexes, as intermediates in reactions
catalyzed by the metalloporphyrins, are central to the phe-
nomenon of catalytic activation, and, in particular, the coor-
dination chemistry of the metal ion has been extensively
.studied in this regard. The porphyrin ring too plays an es-

! This work performed at Sandia National Laboratories supported by the
U.S. Department of Energy under Contract DD-AC04-76-DP00789,

sential role in the catalytic process. For example, the mac-
rocycle provides a “surface™ with specific steric properties that
influence catalytic reactions. In addition, cis and trans effects
on axial coordination at the metal affect ligand reactivity and
have received considerable attention.!* Among the cis effects

(1) Buchler, J. W.; Kokish, W.; Smith, P. D. Struct. Bonding (Berlin) 1978,
(2) Ar;tipa.s, A.; Buchler, J. W.; Gouterman, M.; Smith, P. D. J. Am. Chem.
Soc. 1980, 102, 198.
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are the effects of peripheral substitution. The electron-with-
drawing ability of substituents influences ligand affinity and
reactivity by transmission of electronic structure differences
in the porphyrin ring to the axial ligand(s) via the metal-
porphyrin interaction.!™

Another possible means of controlling the charge density
that is available in the porphyrin ring for transfer to a metal
ligand is by formation of a m—m complex between an aromatic
donor or acceptor and the porphyrin moiety. Charge transfer
from the porphyrin ring to an aromatic acceptor, for example,
will decrease the ring’s w-electron density that is available to
be moved onto a w-acceptor axial ligand such as O,. This kind
of mechanism has been postulated® for protein control of
ligand-binding affinity in hemoglobin and may be involved in
the control of biological functions of some of the other heme
proteins such as the peroxidases.® Association with a me-
talloporphyrin also affects the aromatic molecule and may
change its reactivity.” Therefore, it is of interest to spec-
troscopically determine the structures of these molecular
complexes in solution and to ascertain the changes in the
electronic structure of the 7—= complexed metalloporphyrin.

In earlier studies, nickel(II) uroporphyrin I (NiURO),
copper(II) uroporphyrin I (CuURO), and the free base of
uroporphyrin III were found to form complexes in H,O with
a wide variety of neutral and charged heterocyclic aromatic
compounds, such as pyridine (py), caffeine, viologen, and
phenanthroline (phen).®!! The uroporphyrins are convenient
to study in aqueous solvent because they are freely soluble and
do not aggregate appreciably at the concentrations necessary
for Raman and absorption measurements.!"'?  Uroporphyrin
(isomer I) has alternating acetic and propionic acid side chains
at the eight 8-carbon positions of the pyrrole rings. Lack of
appreciable aggregation of metallouroporphyrins at high pH
is a result of electrostatic repulsion of the ionized carboxylic
acid groups.!? In addition, the Cu(II) and Ni(II) ions in the
porphyrin ring do not readily add axial ligands. Therefore,
these metalloporphyrins were ideal for use in experiments to
identify and investigate =—= complexes.

For this purpose, complexes of CuURO with a large numebr
of phenanthroline derivatives were examined with Raman
difference spectroscpy (RDS) and absorption spectroscopy.®’
The shifts in the Raman lines of the metalloporphyrin that
are a result of complex formation were measured, as were the
equilibrium binding constants (from absorption difference
measurements). The acceptor properties of the phenanthro-
lines correlated well with observed frequency shifts in a group
of Raman lines.*® Phenanthroline derivatives that are hindered
from lying flat on the porphyrin ring are an exception. On
the other hand, Raman line shifts for a phenanthroline de-
rivative that has sterically hindered nitrogen lone pairs did
correlate with acceptor properties. Consequently, the phen-
anthrolines clearly do not coordinate directly with the metal
ion but form =—= charge-transfer complexes with the phen-
anthroline ring parallel to that of the porphyrin.

With the catalytically more interesting iron(III) uro-
porphyrins, however, the partially filled d, orbitals of the

(3) Antipas, A.; Buchler, J. W_; Gouterman, M.; Smith, P. D. J. Am. Chem.
Soc. 1978, 100, 3015.
(4) Caughey, W. S,; Barlow, C. H.; O'Keefe, D. H.; O'Toole, M. C. Ann.
N.Y. Acad. Sci. 1973, 206, 296.
(5) Shelnutt, J. A.; Rousseau, D. L.; Friedman, J. M.; Simon, S. R. Proc.
Natl. Acad. Sci. U.S.A. 1976, 76, 4409.
(6) Shelnutt, J. A.; Satterlee, J. D.; Erman, J. E. J. Biol. Chem. 1983, 258,
2168.
(7) Manassen, J. Catal. Rev.—Sci. Eng. 1974, 9, 223.
(8) Shelnutt, J. A. J. Am. Chem. Soc. 1981, 103, 4275.
(9) Shelnutt, J. A. J. Phys. Chem. 1983, 87, 605.
(10) Shelnutt, J. A. J. Am. Chem. Soc. 1983, 105, 774.
(11) Mauzerall, D. Biochemistry 1968, 4, 1801.
(12) Blumberg, W. E.; Peisach, J. J. Biol. Chem. 1965, 240, 870.
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out-of-plane Fe should be available for stronger axial coor-
dination. However, the results presented in this paper dem-
onstrate for some addends (e.g., for the phenanthrolines) that
the presence of Fe(1lI) has little effect on either the binding
affinity or structure of the complex in aqueous solution.
The present study examines the properties of the iron(III)
uroporphyrin I (FelURO) complexes is some detail with Ra-
man difference spectroscopy and absorption spectroscopy. In
addition, the urohemin results are compared with those for
nickel(11), cobalt(1I), copper(Il), and free-base uroporphyrin
complexes. The covalency of the metal—porphyrin bond varies
within this group,'®!® and it is anticipated that differences in
the varying degree of = bonding of the metal to the porphyrin
ring will specifically affect the =—= interaction in the
charge-transfer complex. The resulting differences in the
Raman line shifts are used to obtain a more detailed picture
of the relative importance of the forces holding the complex
together. In addition, new information concerning the met-
al-porphyrin interaction and the ways it can be affected by
electronic properties of the porphyrin is obtained.

Materials and Methods

Iron(IIT) uroporphyrin I chloride was obtained from Porphyrin
Products. A high fluorescence background in the spectrum of this
material obscured the Raman spectrum, although the absorption
spectrum exhibited no extra bands. Column chromatogrpahy on
Sephadex G-50-40 removed most of the fluorescence background, and
a reasonably good Raman spectrum could be obtained for the high-
frequency region (1280-1680 ¢cm™) at 457.9-nm excitation. In
contrast, Raman spectra of fluorescent magnesium and zinc metallo-
uroporphyrins could not be obtained because of background scattering
and the fact that they were bleached by irradiation.

The cobalt uroporphyrin was also purchased from Porphyrin
Products as the cobalt(III) uroporphyrin I chloride. A large amount
of green impurity with peaks at 599, 559, and 434 nm was removed
by first equilibrating a Sephadex column with a dithionite solution
in 0.1 M NaOH and then reducing the cobalt(III) porphyrin with
dithionite before application to the column. The green impurity is
eluted before the cobalt(II) uroporphyrin I (CoURO). The phen-
anthrolines were obtained commercially as before® and were used
without further purification.

Typically, samples were prepared by dissolving Fe(URO)Cl in about
1 mL of 0.1 M NaOH to a high concentration. This solution was
chromatographed with 0.1 M NaOH as an eluent. The middle
fractions were collected and further diluted (=~1:10) with a 0.1 M
NaOH solution in distilled H,O, in Tris-buffered H,O, or in methanol
to about 8 X 107 M for Raman spectra and to 2 X 10~ M for
absorption spectra. Absorption spectra were obtained on a Perkin-
Elmer Model 330 spectrophotometer with matched 1-mm or 10-mm
thermoelectrically cooled quartz cells.

Raman difference spectra®!4 were obtained by placing the solution
of metallouroporphyrin in both sides of the partitioned Raman cell
and adding the solid phenanthroline to give either a saturated solution
or a concentration of at least 1072 M. The cell was then placed into
the rotator. The spectra of the complex and of the metallouroporphyrin
alone were obtained simultaneously on the RDS apparatus.>®!¢
Calculation of the difference spectra was performed on a Hewlett-
Packard 9845T computer after signal averaging up to 50 0.5-h scans
of a 400-cm™! region of the Raman spectra. During long data collection
times, the samples were monitored for decomposition by periodically
dumping single-scan Raman spectra. No changes were noted in the
Raman spectra of single scans during signal averaging. In some
instances, fast Fourier transforms were used to smooth the Raman
spectra.

The spectrometer resolution was 2 cm™. The power of the argon
ion laser was about 300-400 mW in a partially focused beam; the
Raman cell is rotated at ~6000 rpm. The errors in the frequency
differences reported are no greater than £0.2 cm™! for the FeURO
complexes and are smaller (£0.1 cm™) for the other metalloporphyrins.

(13) Berezin, B. D. “Coordination Compounds of Porphyrins and Phthalo-
cyanines”; Vopian, V. G., Translator; Wiley: Chichester, 1981.

(14) Shelnutt, J. A.; Rousseau, D. L.; Dethmers, J.. K.; Margoliash, E. Proc.
Natl. Acad. Sci. U.5.4. 1979, 76, 3865.



Metalloporphyrins and Their #—r Complexes

T T T

FeURO
====FeURD +NaCi

— — FOURO +MV* *
—--=FeURO +im~

ABSORBANCE (LINEAR UNITS)

L L
400 500 800 700
WAVELENGTH (nm)

©
o
°

Figure 1. Absorption spectrum of iron(III) uroporphyrin in 0.1 M
NaOH (—), the methylviologen (MV?*) complex with FeUROQ (—
—), the low-spin imidazole (Im) complex (—--—) and salt-(NaCl)
aggregated FeUROQO (---).

Results

Absorption Spectra and Spectral Changes. Copper uro-
porphyrin in either alkaline aqueous solution or aqueous
methanol has a typical metalloporphyrin absorption spectrum
with the « band at 562 nm, the 8 band at 524 nm, and the
Soret band at 397 nm. The « and Soret bands correspond to
m—=* transitions to the two lowest lying doubly degenerate
electronic states of the macrocycle.!®* The 8 band is a vi-
brational sideband of the purely electronic transition to the
lower of the two E, states (D4, molecular symmetry). Nickel
and cobalt uroporphyrins also have typical metalloporphyrin
absorption spectra, although their bands are hypsochromically
shifted to 552 (« band), 516 (@ band), and 392 nm (Soret)
for Ni and to 551 nm (a band) with a shoulder at 520 nm (8
band) and to 393 nm (Soret) for Co(II). The band maxima
are close to those reported for the corresponding metallocta-
ethylporphyrins.'6

In contrast, iron(III) uroporphyrin does not have a typical
metalloporphyrin absorption spectrum (Figure 1) but exhibits
“extra” bands thought to be the result of charge-transfer
transitions involving the metal d orbitals.> The absorption
spectrum of FeURO in 0.1 M NaOH solution (pH 14) in
Figure 1 shows peaks at 593, 480, and 393 nm with clear
shoulders at about 520 and 350 nm.

H,URO has a typical!® free-base porphyrin spectrum with
four main peaks in the visible. The additional bands are results
of reduced symmetry (D,;) brought about by the protons on
two of the pyrrollic nitrogens. The reduced symmetry splits
the degeneracy of the a-band states and gives two purely
electronic transitions of x and y polarization in the plane of
the porphyrin ring—each with an associated vibrational sat-
ellite. The two bands of lowest energy at 600 and 559 nm are
the x-polarized transition and its vibrational sideband.!” (The
N-H bonds are along the x axis.) The higher energy visible
bands at 559, 537, and 501 nm and the somewhat broadened
and asymmetric Soret at 396 nm have mixed x and y polar-
izations.!’

Addition of other molecules to solutions of CuURO, Co-
URO, NiURO, Fe'"URO, and H,URO produces shifts in the
absorption bands.¥!! Addition of neutral aromatic heterocyclic
compounds generally results in a bathochromic shift of the
absorption bands. An example is the addition of phenan-
throline to an FeURO solution, which causes a red shift of
3-5 nm in the absorption bands in the visible (593 nm — 597
nm; 480 nm — 483 nm) and in the Soret band (393 nm —
398 nm). Figure 2 shows changes in the absorption difference
spectrum that result from addition of phenanthroline to a

(15) Gouterman, M. J. Chem. Phys. 1959, 30, 1139.
(16) Smith, K. M. “Porphyrins and Metalloporphyrins”; Elsevier: Amster-
dam, 1975; p 884,
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Figure 2. Absorption difference spectra of the Soret band of urohemin
in 0.1 M NaOH at increasing concentrations of o-phenanthroline.
The shape of the family of curves is indicative of a red shift in the
Soret for the phen-FeURO complex.

solution of Fe™URO in 0.1 M NaOH. A red shift in the Soret
band occurs upon formation of the FEURO-phen complex,
and a clear isosbestic point is observed at 399 nm. The lack
of an isosbestic point in the 330-350-nm region is a result of
phenanthroline absorption in this region. The concentrations
of phenanthroline in Figure 2 are determined from the ab-
sorption difference at 320 nm. In alkaline H,O, scattering
from undissolved phenanthroline particles at the highest
concentrations and the tail of phenanthroline absorption ob-
scure the isosbestic points in the visible bands because of
background shifts. However, in aqueous alkaline methanol,
the solubility of phenanthrolines is not a problem, and clear
isosbestic points are revealed.

For H,URO, the addition of either phenanthroline or
pyridine results in red shifts of all bands, but the shifts are
considerably larger for the x-polarized bands than for the
y-polarized ones.

The general rule that red shifts occur in the bands of the
porphyrin upon complex formation has exceptions, however.
For the imidazole~-FeURO complex, the visible band shapes
and positions change completely; a new band appears at 539
nm with a shoulder at 562 nm (Figure 1). The Soret band
of the imidazole complex does show a bathochromic shift with
disappearance of the shoulder at 350 nm. In contrast, the
CuURO-imidazole complex is slightly bathochromically
shifted in both visible and Soret regions.

The changes in the absorption spectrum of FeURO upon
formation of complex with the methylviologen dication are
shown in Figure 1. The viologen complex displays a blue shift
and a broadening in the FeURO band at 593 nm and a
weakening of the other visible bands. The Soret is weaker,
and the former shoulder on the Soret becomes a band with
a maximum at about 350 nm. Similarly, for the CuURO-
MVZ* complex, a blue shift and a broadening was observed
in the 562-nm band. However, in the Soret only a weakened
red-shifted band was observed. CuURO has no extra band
near 350 nm.

At high salt concentrations both CuURO!? and urohemin
aggregate. Figure 1 shows the effect of high NaCl concen-
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Table I. Equilibrium Binding Data for Metalloporphyrin Complexes at 27 °C
10° X
[porphyrin], 10%[addend]pax, AG,

addend solvent MP M M (A4 pmax) kcal/mol % satn
1,10-phen 0.1 M NaOH CuURO 1.8 6.5 (0.16) 5.39 83
FeURO 2.6 11.4 (1.7) 4.4 95

H,URO 28.0 1.5(0.16) 35 86

MeOH CuURO 1.7 32(0.18) 37 80

NiURO 1.8 34.7 (0.28) 3.3 80

1,7-phen 0.1 M NaOH CuURO 1.9 5.6 (0.18) 5.82 93
MeOH CuURO 1.6 50(0.16) 1.3 35

4,7-phen 0.1 M NaOH CuURO 1.8 3.5(0.16) 5.8 90
MeOH CuURO 1.1 50(0.16) 1.8 35

2,9-Me phen 0.1 M NaOH CuURO 1.9 2.6 (0.10) 4.5 82
FeURO 1.7 1.8 (1.1) 4.5 76

MeOH CuURO 1.3 80 (0.21) 2.3 >70

4,7-Me, phen 0.1 M NaOH CuURO 1.9 4.5 (0.10) 4.3 82
MeOH CuURO 0.9 19.1 (0.17) 3.8 >85

5,6-Me,phen 0.1 M NaOH CuURO 1.9 3.5(0.10) 4.4 80
MeOH CuURO 1.4 20 (0.30) 4.0 88

4-Me-phen 0.1 M NaOH CuURO 1.9 12 (0.17) 5.3¢ 92
MeOH CuURO 2.6 77 (0.27) 3.8 93

5-Me-phen 0.1 M NaOH CuURO 1.9 14 (0.17) 4.9¢ 86
5-Cl-phen 0.1 M NaOH CuURO 1.8 5(0.15) 6.29 93
MeOH CuURO 1.3 39 (0.20) 4.2 95

5-NO,phen 0.1 M NaOH CuURO 1.9 6.0 (0.14) 4.1 87
5-Ph-phen 0.1 M NaOH CuURO 1.9 3.9 (0.01) 4.1 27
MeOH CuURO 2.3 28.4 (0.06) 3.2 75

4,7-(OH), phen 0.1 M NaOH CuURO 1.9 10 (0.06) 3.4 75
5,6-phen-dione 0.1 M NaOH CuURO 2.0 29 (0.08) 2.8 73
Mv?+ 0.1 M NaOH CuURO 1.4 0.6 (0.09) 8.6 >98
pyridine Tris (pH 8) CuURO 1.1 1500 (0.40) 1.0 90
H,URO 7.9 2300 (0.07) 0.8 89

0.1 M NaOH T'eURO 1.2 1500 (0.4) 0.8 80

H,URO 6.7 1400 (1.3) 0.7 80

2,6-lutidine 0.1 M NaOH CuUROQ (23 °C) 1.3 1100 1.9 94
chloroquine Tris (pH 8.4) CuURO 1.2 25(2.2) 6.3 >95
FeURO 0.6 2.7(1.2) 6.0 >95

@ Result of a 2:1 binding analysis using a nonlinear, least-squares fitting routine.

trations on the absorption spectrum of FeURO. The Soret
band of salt-aggregated FeURO is blue-shifted and reduced
in intensity. The spectrum of the FeURO dimer is very similar
to published Soret spectra of hematin in an aggregated
state.’¥2  Neither CuURO nor the salt-induced CuURQ
dimer exhibits the strong shoulder in the 350-nm region evident
in the urohemin spectra, but a large blue shift in the Soret is
observed. The effect of salt on the absorption spectrum of
NiURO is similar to its effect on solutions of CuURO.

At concentrations higher than those employed for the Ra-
man and absorption measurements reported herein, aggrega-
tion of urohemin at pH 14 has been observed by using proton
NMR.222  Adding salt or lowering the temperature results
in a shift in the dimer—-monomer equilibrium in favor of the
dimer. Only two forms are detected in the absorption spec-
trum.?? Neither dimer nor monomer forms could be mistaken
for u-oxo dimer because the paramagnetic shifts are much
larger than observed shifts for u-oxo-dimer species.”? The
observed shifts near +37, +39, and -21 ppm for urohemin
monomer and near +30, +33, +47, +48, and —34 ppm for the
dimer are consistent with high-spin iron(IIT) porphyrin com-
plexes and are not consistent with an antiferromagnetically
coupled species.”* The urohemin monomer is presumably an
hydroxy complex. The dimer is either a m—n aggregate or a

(17) Gouterman, M.; Stryer, L. J .Chem. Phys. 1962, 37, 2260.

(18) Brown, S. B.; Dean, T. C.; Jones, P. Biochem. J. 1970, 117, 733.

(19) Brown, S. B.; Hatzikonstantinou, H. Biochem. Biophys. Acta 1979, 585,
143,

(20) Blaner, G.; Zvilichovsky, B. Arch. Biochem. Biophys. 1968, 127, 749.

(21) Satterlee, J. D.; Shelnutt, J. A., in preparation.

(22) Shelnutt, J. A.; Dobry, M. M.; Satterlee, J. D., in preparation.

(23) LaMar, G. N.; Walker, F. A. In “The Porphyrins”; Academic Press:
New York, 1979; Vol. 1V, Part B, Chapter 2.
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Figure 3. Plot of the difference in absorbance at 407 and 388 nm

in the absorption difference spectra of the Soret band of FeURO in
Figure 2. The curve is a least-squares fit of the theoretical 1:1 binding;

FeURO + phen £ FeURO-phen
log K = 3.2. The temperature is 27 °C.

dihydroxy-bridged species as reported for other aqueous hemin
solutions.?

Equilibrium Binding Data. By far the most common pattern
of shifts in absorption spectra is a red shift of all bands as
illustrated by the phenanthroline complexes with FeURQ
(Figure 2). These spectral shifts provide a convenient means
of determining the apparent equilibrium association constants
K of these complexes by absorption difference spectroscopy.
Figure 3 shows a plot of the difference in A4 for the maximum
at 407 nm and minimum at 388 nm (Figure 2) as a function

(24) Goff, H.; Morgan, L. O. Inorg. Chem. 1976, 15, 2062.
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Figure 4. Raman spectrum of FeURO, the 2,9-Me,phen-FeURO
complex, and the Raman difference spectra. The RDS are expanded
by a factor of 2. The calculated frequency shifts are indicated. A
Raman line of 2,9-Me,phen is observed near the FeURO line at 1402
em™, The peak marked with an asterisk is an emission line (488 nm)
of the laser. Instrumental parameters for the spectra are described
in the text.

of the total concentration of phenanthroline. The line through
the data points is a theoretical curve obtained by a simple 1:1
equilibrium binding analysis. A good least-squares fit was
obtained with an equilibrium association constant of about
1600 (log K = 3.2). For the highest concentration of phen-
anthroline (near saturation in H,0), the curve shows that
complex formation is about 95% complete. By contrast,
neocuproine was about 76% complexed at saturation (2 X 107
M 2,9-Me,phen), and a least-squares fit was obtained for a
log K of 3.3. Frequency shifts in the Raman lines reported
in Table II have been corrected for incomplete complex for-
mation.

Table I gives the equilibrium binding data for complexes
of metallouroporphyrins with the addends listed in the first
column. For the phen—-CuURO complexes, the binding en-
ergies at 27 °C in 0.1 M NaOH range from 2.8 kcal/mol
(5,6-phen-dione) to 6.2 kcal/mol (5-Cl-phen).

The data in Table I clearly indicate that the metal in the
porphyrin has little influence on phenanthroline binding. For
example, for the 1,10-phen and 2,9-Me,phen complexes in 0.1
M NaOH, the binding energies for iron and copper porphyrins
do not differ by more than 0.9 kcal/mol. In contrast, a com-
parison of either copper or iron porphyrin to the free base
shows a small but significant reduction in the binding energy
of about 0.9-1.8 kcal/mol (e.g., compare AG for the phen—
FeURO (4.4 kcal/mol) and the phen—-H,URO (3.5 kcal /mol)
complexes). However, the phenanthrolines still bind strongly
to uroporphyrin even when no metal is present.

From Table I one can also see that the position of the
nitrogen atoms in the phenanthroline ring only marginally
(<0.5 kcal/mol) affects the binding energy in 0.1 M NaOH
solutions. This is revealed by comparing free energies for the
complexes of 1,10-phen (5.3 kcal/mol), 1,7-phen (5.8 kcal/
mol), and 4,7-phen (5.8 kcal/mol) with CuURO.

Finally, steric hindrance of the lone-pair orbitals of the
nitrogens of the phenanthrolines does not affect binding sig-
nificantly as shown by a comparison of AG for the hindered
2,9-Me,phen complex (Figure 8) and the less hindered 1,10-
phen complex for both copper and iron uroporphyrins.

For comparison with the phenanthroline complexes, I have
included in Table I the equilibrium association data for com-
plexes with methylviologen (MV?*), chloroquine (CQ**),
pyridine, and 2,6-lutidine. The methylviologen dication is seen
to bind more tightly than phenanthroline and its derivatives
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Figure 5. Raman spectrum of the pyridine complex with FeURO (---),
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(X%4). The pyridine concentration is high (>0.1 M); therefore, several
pyridine lines are superimposed on the FeURO spectrum (marked
py). The calculated, complex-induced shifts are indicated for v, and
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Figure 6. Raman spectrum of FeURO in an aggregated state at 3
M NaCl in 0.1 M NaOH (---), the Raman spectrum of FeURO in
the absence of salt (-~), and the Raman difference spectra (X2). The
asterisk designates a laser emission line at 1345 cm™'.

and isomers. The antimalarial drug chloroquine also exists
as a cation at pH 8.4 and exhibits strong binding to the neg-
atively charged porphyrin. Pyridine, on the other hand, binds
more weakly than the phenanthroline derivatives and the
cations (AG = 0.8 kcal/mol for H,URO).

Raman Spectra and Spectral Shifts. The metal coordinated
in the uroporphyrin core affects the frequencies of the Raman
lines of the uncomplexed metalloporphyrins as shown in Table
II. The lines at 1379 (»,), 1499 (¥,), and 1637 cm™ () for
CuURO are shifted to 1376 (-3 cm™!), 1489 (=11 cm™), and
1627 cm™ (=10 cm™) for FeURO and to 1383 (+4 cm™),
1518 (+19 cm™), and 1656 (cm™ (+18 cm™) for NiURO.
Therefore, this group of lines (v, #3, and »,) shifts as a group
when the metal is varied, and the frequencies follow the order
Ni > Cu > Fe(III). The shift in the oxidation-state marker
line », is about one-third of the shifts in the other two lines
for Fe(IIT) — Cu(II) and about one-fifth of the shifts in the
other two lines for Cu(II) — Ni(II) substitution.

Typical resonance Raman and Raman difference spectra
for several complexes are shown in Figures 4-6. The Raman
lines are generally those associated with in-plane vibrations
of the porphyrin ring. The Raman lines of the porphyrin
dominate the spectrum, even though the concentration of the
porphyrin is roughly 1-3 orders of magnitude lower than the
complexing addend, because of resonance enhancement of
Raman scattering from the porphyrin. Resonance enhance-
ment occurs because the frequency of the laser light that
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Table Il. Metalloporphyrin Raman Line Frequencies and Shifts® upon Formation of Complex with Phenanthroline and Methylviologen in

0.1 M NaOH (and in Aqueous Alkaline MeOH) (cm™)

CuURO NiURO FelllURO CoURO
v &vppen’ AVMV""‘d v AVphenb AVMV”d v AVphenb Avyyavd v Al’1:>henb Avpy2+d
752 ~0.2
970 1.3
995 >0
1065 >0
1102 ~-12 -27
1131 1.2
1161 0.5 ~2.0
1245 ~1.8
1310 0.2 (0.8) 1300 1.4 -0.2 1307 1309 -0.4
1379 0.4 (0.5) 2.4 1383 0.4 -2.0 1376 0.6 -29
1403 1406 -3.0 1402 1402 >0
1499 1.9 -22 1518 2.9 -5.2 1489 2.0 1510 4.0
1582 >0 (1.2) —4.3 1602 2.8 -8.8 1581 >0 -2.4 1598 3.0
1637 2.0 (1.7) -1.3 1656 5.3¢ ~1.4 1627 2.0 -2.4 1647 4.4

@ Corrected for incomplete complex formation. ®f=1.08. ¢ f=1.05.

excites the Raman spectrum is coincident with a = — 7*
electronic transition of the porphyrin. In the present study,
resonance enhancement permits selective excitation of the
complexed metalloporphyrin without interference from either
the complexed or the uncomplexed addend molecules, which
are present at higher concentration than the porphyrin.

A unique feature of the present Raman study is the use of
the Raman difference apparatus.>*'425-27  With this instru-
ment the spectra of two distinct molecules (in the present case,
the porphyrin and the porphyrin-addend complex) can be
obtained simultaneously. The RDS technique allows accurate
comparisons of the frequencies, shapes, and intensities of the
Raman lines of the porphyrin and the complex. Differences
in frequency Ay of the Raman lines of the metalloporphyrin
alone and in the presence of addend can easily be obtained
to an accuracy of 0.1 cm™. The differences reported are
calculated from the approximate formula? Av = 0.38/1,T/I,,
where T is the line width at half-maximum and /, is the in-
tensity of the line as measured from the Raman spectrum. Iy
is the peak-to-valley intensity of the deflection in the difference
spectrum that occurs for lines of the metalloporphyrin-addend
complex that are shifted with respect to those of the metal-
loporphyrin; fis a correction factor equal to 1 over the fraction
of metalloporphyrin molecules that have complexed with ad-
dend. If the shift is larger than half the line width or if the
shape of the Raman line of the complex is different from that
of the metalloporphyrin, then the formula gives an inaccurate
value for Apv. In the former case, a more complicated ex-
pression must be used to calculate Ap.?62” Sometimes, in the
latter case, the number derived from the formula is a useful
measure of the differences in the Raman spectra even though
it should not be thought of purely as a frequency shift,

Figure 4 shows the Raman spectra of FeURO (7 X 107° M)
and the 2,9-Me,phen—-FeURO complex along with the Raman
difference spectrum of each line. Clear differences in fre-
quency are noted in the v, v3, v (1581 em™), and vy, vi-
brations. From the above formula, the differences are cal-
culated to be +0.6, +1.3, +1.0, and +1.0 cm™, respectively.
The calculated shifts may have larger than usual errors for
the three highest frequency lines since line-shape changes occur
upon complex formation for these Raman lines. The small
shape change was ignored in calculating the line shift.

Figure 5 shows the Raman difference data for the pyridine
complex. Note again clear shifts in the same lines that are
shifted for the phenanthroline complexes. The pattern of shifts

(25) Shelnutt, J. A.; Rousseau, D. L.; Dethmers, J. K.; Margoliash, E.
Biochemistry 1981, 20, 6485.

(26) Rousseau, D. L. J. Raman Spectrosc. 1981, 10, 54.

(27) Kiefer, W. Appl. Spectrosc. 1973, 27, 253.

df=100. ¢ Large line width change.

Table III. Frequency Shifts in Raman Marker Lines for Iron(II)
Uroporphyrin Complexes with Derivatives of
Phenanthroline in 0.1 M NaOH

shifts

1376 1489 1581 1627

addend cm™ cm™' @ cm™? cmt @
1,10-phen 0.6 1.8 >0 1.8
4,7-phen >0 2.2 >0 2.2
1,7-phen 2.2
2,9-Me,phen 0.6 1.3 1.0 1.0
4,7-Me,phen 220 1.3 >0 1.1
5,6-Me,phen 1.2 >0 1.1
4-Me-phen 1.9 2.3 1.2
5-Me-phen b 1.8 1.7 1.5
5-Cl-phen 0.7 2.1 1.9 1.9

@ Line shape change. b Obscuring phen line.

for pyridine is also similar to that of the phen complexes with
v4 showing smaller shifts than »; and v,

Finally, in Figure 6 the Raman difference data for salt-
aggregated FeUROQ is presented. Frequency shifts of about
2 em™! to higher frequency are found for all high-frequency
Raman lines except the 1307-cm™! line, which shifts to lower
frequency for the aggregate. Thus, the pattern of Raman line
shifts for aggregated FeURO at high salt concentrations is
different from that for complex formation with neutral addends
such as phenanthroline.

The shifts calculated from the Raman difference spectra
for complexes of phenanthroline and methylviologen with
CuURO, NiURO, CoURO, and FeURO are compared in
Table II. First, independent of the metal in the porphyrin,
most of the Raman lines, in particular the high-frequency lines,
shift to higher frequency for 1,10-phen complexes; they shift
to lower frequency for methylviologen dication complexes.
Further, the pattern of shifts upon complexation is distinct for
the two addends. For phen complexes the shift in v, is much
smaller than the shifts in »; and v,,. In contrast, for the MV?*
complexes the shifts in all of these lines are of about equal
magnitudes.

For phen complexes the ratio of the shift in v, to the shift
in either v; or v, depends on the metal. For CuURO this ratio
is about 1:5. For NiURO and CoURO the ratio is smaller
(1:7 to 1:12), and for FeURO it is larger (1:3). It is interesting
that the ratio of the complex-induced shifts for the different
metals reflects to some degree the ratio of the metal-dependent
shifts in these lines that was noted above after substitution of
Ni (1:5) or Fe (1:3) for Cu in the uroporphyrin.

Table III gives the shifts in vy, v3, v1g, and vy for complexes
of FeURO with some derivatives and isomers of phenan-
throline. All of the shifts are to higher frequency. Although
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Figure 7. Correlation between the complex-induced shift in the 1489-
(v;) and 1627-cm™ (w;} Raman lines and the sum of the Hammett
constants of the substituents on the phenanthroline ring. The para
substituent constants have been used. The correlation coefficients
are 0.85 (vg) and 0.87 (v3).

the possible errors are somewhat larger than those for the
corresponding CuUROQ data,®? the results are similar.

Figure 7 shows the linear relationship between the com-
plex-induced shifts in #,y and v; for FeURO-phen complexes
and the Hammett constants®® for the phenanthroline sub-
stituents. A clear correlation is observed for FeURQ com-
plexes, although the scatter in the data is somewhat greater
than that of CuURO complexes.®?

From the equilibrium binding data for the CuURO-phen
complexes, the degree of complex formation can be estimated
to vary between 73% (5,6-phen-dione) and 93% (e.g., 1,7-phen)
except for phenyl derivatives; the average is 85%. Therefore,
almost all of the shifts reported are roughly 15% smaller than
the actual shifts for the complex, and the relative errors are
less than 10%. This is less than errors in measurements of
frequency shifts, so the data in Table 111 and Figure 7 have
not been corrected for incomplete complex formation.

Discussion

The most obvious conclusions that can be derived from the
results presented above are (1) that the copper and iron(111)
uroporphyrins form very similar complexes with phenanthro-
lines, methylviologen dication, and pyridines and (2) that
interactions between the nitrogen lone pairs and the metal are

(28) McDaniel, D. H.; Brown, H. C. J. Org. Chem. 1958, 23, 420.
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Figure 8. Top: Molecular model of a hypothetical “perpendicular”
orientation of the rings in the 2,9-Me,phen-metallouroporphyrin
complex. Note the two methyl groups prevent interaction of the
nitrogen lone pairs with an in-plane metal ion. Bottom: Illustration
of a possible “parallel” ring orientation for the =~ complex (see Table
II).

relatively unimportant. The evidence is outlined below.

First, equilibrium data in Table I show that binding energies
for the phenanthrolines are remarkably insensitive to the metal
incorporated into the porphyrin and that they are only slightly
affected even by the absence of the central metal ion. As seen
in Figure 8 (top), 2,9-Me,phen has highly sterically hindered
lone pairs on the nitrogens, so that axial ligation at the metal
is forbidden if the metal is in plane as is the case for CuURO.
The metal may be out of plane in iron(I) uroperphyrin, and,
consequently, a strong interaction between Fe(llI) and the
2,9-Me,phen derivative might have been expected. However,
this is not reflected in the binding energies, since they are
identical for the iron(III) and copper porphyrins (4.5 kcal/
mol). As noted previously,®? for CuUROQ the binding energy
of the 2,9-Me, derivative is not significantly lower than that
of the unhindered dimethy! derivatives.

The pyridines behave in a similar manner. The nature of
the metal present, even the absence of the metal ion, only
weakly affects the binding energy of pyridine (Table I).
Furthermore, for the in-plane copper porphyrin, steric hin-
drance of the nitrogen lone pair does not lower the binding
energy for 2,6-lutidine as would be expected if interaction of
the lone pair with the metal were important.

The changes in the absorption spectra of complexes with
iron and copper porphyrins are also similar, although the
FeURO spectrum itself is more complex than that of CuURO.
Red shifts of both the Soret and visible bands occur upon
binding of phenanthroline to either the copper or the iron
porphyrin. For the complex of methylviologen with FeURO,
a blue shift of the & band and a red shift of the Soret is
observed (Figure 1); similar shifts occur upon formation of
the CuURO-MV? complex. However, upon complexation
with imidazole, the absorption spectrum of FelJRO changes
entirely, reflecting binding at the iron ion and the change from
the high- to low-spin state (Figure 1).

Finally, changes in the Raman spectra that accompany
complex formation are similar for FEURQ and CuURO. For
both metalloporphyrins, the Raman lines at high frequency
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shift to higher frequency by several wavenumbers upon com-
plexation with phenanthroline. Also, the shift in the pure
oxidation state marker line v, is smaller than it is for »;, v,
and v, regardless of the metal present. This pattern of shifts
is preserved for the pyridine complex as shown by Figure 5.

The positions of the nitrogen atoms in the phenanthroline
ring have little effect on the Raman shifts for the complexes
(Table III and Figure 7) regardless of the metal present in
the porphyrin ring. Also, the binding affinities of the phen-
anthroline isomers differ little, further suggesting that direct
interaction of the metal with the nitrogen lone pairs is relatively
unimportant.

The Raman results, in particular, further suggest that the
phenanthroline complexes are 77 complexes. Derivatives of
phenanthroline produce shifts in the CuURO Raman lines that
correlate with the acceptor abilities and the binding energies
of the derivatives.®® Derivatives of phenanthroline that are
hindered from lying flat on the porphyrin ring do not correlate
with acceptor ability, which suggests that a #—= interaction
is involved in the formation of CuURO complexes. The
correlations also suggest that a charge-transfer component of
the intermolecular interaction is important. Correlations
between Hammett constants and molecular structural prop-
erties, such as vibrational frequencies, are often observed for
a series of related = acceptors with a given donor.?’

As shown in Figure 7, the »; and v vibrations of FeURO
also correlate with the sum of the Hammett constants of the
substituents on the phenanthroline ring. Therefore, this re-
lationship holds for complexes with both CuURO and FeURO
and further provides evidence for a 7—= charge-transfer con-
tribution to the forces stabilizing the FEURO-phen complexes.
However, a high-fluorescence background for hindered com-
plexes has so far prevented verification that FeURO-phen
complexes are destabilized for phenanthrolines that cannot lie
flat on the macrocycle.

The relationship between Ay and the acceptor ability of the
addend accounts for the small shifts of the complexes of
2,9-dimethylphenanthroline with CuURO and FeURO. The
electron-donating properties of the metal substituents of 2,9-
Me,phen (and 5,6-Me,phen and 4,7-Me,phen) reduce its
acceptor ability, and this reduction explains the smaller Raman
frequency shifts associated with formation of dimethyl-
phenanthroline complexes. Thus, steric hindrance of the lone
pairs is not a factor.

Metal Effects on Porphyrin Electronic Structure. In order
to make a more complete assessment of the effects of complex
formation on the metalloporphyrin, the causes of the shifts in
the Raman lines must be understood in some detail. In par-
ticular, the similarity of the changes in the Raman lines when
either the metal is changed or phenanthroline is bound suggests
that a common property of the porphyrin is influenced by these
two dissimilar phenomena. Since many vibrational modes of
the ring are affected, searching for a common electronic
structural change in the 7 system of the macrocycle is most
productive.

Fortunately, several Raman lines are sensitive to the electron
density of the frontier orbitals of the porphyrin ring but are
insensitive to perturbations by peripheral substituents.3>3* The
v, vibration, for example, is a well-known pure oxidation-state
marker line because it shifts to higher frequency as the oxi-

(29) Foster, R. “Organic Charge-Transfer Complexes”; Academic Press:
London, 1969.

(30) Spiro, T. G.; Strekas, T. C. J. Am. Chem. Soc. 1974, 96, 338.

(31) Rakhit, G.; Spiro, T. G.; Uyeda, M. Biochem. Biophys. Res. Commun.

1976, 71, 803.
(32) Sievers, G.; Osterlund, K.; Elifolk, N. Biochim. Biophys. Acta 1979,
381, 1.

(33) Choi, S; Spiro, T. G.; Langry, K. C.; Smith, K. M,; Budd, D. L,
LaMar, G. N. J. Am. Chem. Soc. 1982, 104, 4345,
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dation state of the metal increases, but it is insensitive to the
spin state of the metal.3® For iron porphyrins this relationship
holds for the 2+, 3+, and 4+ oxidation states.>*33 The »,,
vy9, and vy, vibrational frequencies also increase with the in-
creasing oxidation state but are affected by spin state as well.*°
Increasing the valence of the metal decreases back-bonding
to the antibonding e, (7*) orbital of the porphyrin ring, thereby
raising the frequencies of these and other Raman lines. The
v, vibration is also sensitive to the oxidation state of the ring
for the = mono- and dianions of vanadyl and zinc porphyrins.>
Molecular orbital calculations predict that electron(s) will enter
the frontier e,(7*) orbital in these anions.® Therefore, the
w-anion data are consistent with the hypothesis that v, is a
marker of the charge density in the e (7*) orbital of the ring.
However, spectra of vanadyletioporphyrin dication also show
a shift of 9 cm™ to lower frequency relative to the frequency
of v, for the neutral molecule;* thus, », may be dependent on
bonding orbitals as well.

Through interaction with ¢ and 7 donors and acceptors at
the fifth and sixth ligand sites, the iron d, orbitals become
either better donors or better acceptors with respect to the
e,(m*) orbitals of the porphyrin ring. The frequencies of
several lines, including »,, increase with decreasing eg(7*)
charge density for a series of 7-acid bis ligands.’” (See also
ref 9 and 10.)

In contrast, vs, vyg, and v, must be more sensitive to other
orbital populations since they also depend on the spin state
of the iron.3® Further, these three lines are well-characterized
structural markers of the size of the central core of the por-
phyrin ring.*® Theoretical considerations suggest that the
metal dependence of these lines is caused by changes in
electron density within the macrocycle, however, rather than
by mixing with the metal-nitrogen vibrations.?*

Kitagawa* has pointed out that variations in the frequencies
of these lines follow the electronegativity of the metal for the
H,, Zn, Cu, Co, and Ni series of octaethylporphyrins.'* Other
workers!>1%4142 had noted previously that the electronegativity
Ey of the metal influences the conjugation of the metal to the
porphyrin. Gouterman!s has suggested that increased conju-
gation lowers the a,,() orbital by interaction with an empty
p, metal orbital. The lowered energy and charge of the a, ()
orbital decrease the porphyrin bond energies and would likely
increase some force constants. The a, () orbital density is
mainly on the meso carbon atoms and the pyrrole nitrogens.
Since a normal coordinate analysis of the porphyrin shows that
the three core-size marker lines are predominately C,—C,
stretching,® it is not surprising that they would reflect sta-
bilization of the a,,() orbital. Kitagawa*® has observed that
the frequency of the a-band absorption v, is proportional to
the frequencies of the core-size marker lines for the stated
series of metals, and he invoked Gouterman’s argument to
explain the result.

The wavelength of the o band has long been known to
predict the stability of metalloporphyrins to demetalation by
protic acids,!*#1424446  The shorter the wavelength, the more

(34) Ksenofontova, N. M.; Maslov, V. G.; Sidorov, A. N.; Bobovich, Ya. S.
Opt. Spectrosc. (Engl. Transl) 1976, 40, 462.

(35) Zerner, M.; Gouterman, M. Theor. Chim. Acta 1966, 4, 44.

(36) Aleksandrov, I. V.; Yeletskii, N. P.; Sidorov, A. N. Biofizika 1980, 25,
379 (Biophysics (Engl. Transl.) 1981, 25, 389).

(37) Spiro, T. G.; Burke, J. M. J. Am. Chem. Soc. 1976, 98, 5482.

(38) Spaulding, L. D.; Chang, C. C.; Yu, N.-T,; Felton, R. H. J. Am. Chem.
Soc. 1975, 97, 2517.

(39) Gladkov, L. L.; Solov’ev, K. N. Teor. Eksp. Khim. 1980, 16, 705.

(40) Kitagawa, T.; Ogoshi, H.; Watanabe, E.; Yoshida, Z. J. Phys. Chem.
1975, 79, 2629.

(41) Anderson, J. S.; Bradbrook, E. F.; Cook, A. H.; Linstead, R. P. J. Chem.
Soc. 1938, 1151,

(42) Williams, R. J. P. Chem. Rev. 1956, 56, 299.

(43) Abe, M.; Kitagawa, T.; Kyogoku, Y. J. Chem. Phys. 1978, 69, 4526.

(44) Caughey, W,; Corwin, A. J. Am. Chem. Soc. 1955, 77, 1509.
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stable is the metal-porphyrin bond. Recently, Buchler*’ has
defined a stability index for the metal-porphyrin interaction
given by ZEy/r,, where Z/r is a measure of the ionic part of
the interaction and the electronegativity Ey measures the
covalent part. This index predicts the stability of a wide variety
of metalloporphyrins. Shelnutt!© has recently shown that the
core-size marker lines roughly correlate with the stability index
for a series of metal uroporphyrins and octaethylporphyrins.
The correlation is especially remarkable because the influence
of out-of-plane distance and axial ligands of the metal was not
considered.

The spin-state dependence of the core-size marker lines for
the iron porphyrins can also be explained in terms of the
associated changes in electronegativity and ionic radius of the
metal and their influence on the a,,(w) orbital. High-spin
Fe(II) has the lowest Ex (1.7)* and largest ionic radius (0.77
A)* and hence the lowest value for the stability index. As
predicted by the correlation, the core-size marker lines have
the lowest frequencies (about 1554 (v;5) and 1605 ecm™ (v,()).%’
On the other hand, low-spin Fe(III) has the smallest ionic
radius (0.55 A)* and highest Ex (1.8)* and thus the highest
stability. The core-size (or spin-state) marker lines attain their
highest frequencies (about 1586 and 1642 cm™) in low-spin
Fe(1II) porphyrins. In fact, the stability indices of the iron
porphyrins in all spin and oxidation states correlate reasonably
well with the frequencies of the core-size marker lines.
Further, the slope of the linear relationship between stability
and Raman frequencies is about the same as for other me-
talloporphyrins.’® This interpretation explains why the core-
size marker lines are also spin-state marker lines and, more-
over, lends some credence to arguments concerning charge
density and stabilization of the a,, (7) orbital upon metal
substitution.

Effect of Phenanthroline Complexation on Porphyrin
Structure. With this background we can now offer an ex-
planation of the Raman line shifts that occur upon formation
of metalloporphyrin—phenanthroline complexes. Remember
that, just as when the metal ion is varied, the “a,,(w)-sensitive”
(core-size marker) lines are shifted more than the “e,(x*)-
sensitive” (oxidation-state marker) line after complexes with
phenanthrolines are formed. This similarity in the pattern of
shifts suggests that phenanthroline interacts predominately
with the a, () orbital. Further, the shifts in the a,,()-sen-
sitive Raman lines are increases in frequency, so that the a, ()
orbital is stabilized and loses charge density. Therefore, phen
is an acceptor of 7 density primarily from the highest filled
a,,() orbital. The correlation of shifts in the a, ()-sensitive
lines with the acceptor properties of phen derivatives supports
this hypothesis. Lack of a similar correlation for the oxida-
tion-state marker line may be the result of the lack of sig-
nificant = density in e,(w*) for these metalloporphyrins.'®3

Another feature of the pattern of Raman line shifts for
metalloporphyrin—phen complexes is that complexes with the
porphyrins containing the most stable metals (Ni and Co)
exhibit larger shifts in the core-size marker lines than those
containing the least stable metals (Fe!"OH, Cu). In terms
of the porphyrin structure, those metalloporphyrins with the
smallest core size show the largest reduction in core size when
phen binds.

The similarity of the effects of phen binding and metal
substitution on the Raman line shifts may appear to imply that

(45) Falk, J. “Porphyrins and Metalloporphyrins”; Elsevier: Amsterdam,
1964

(46) Fisher, M. S.; Weiss, C. J. Chem. Phys. 1970, 53, 3121.

(47) Buchler, J. W,; Puppe, L.; Rohbock, K.; Schnechage, H. H. .Ann. N.Y.
Acad. Sci. 1973, 206, 116.

(48) Gordy, W.; Thomas, W. J. Q. J. Chem. Phys. 1956, 24, 439.

(49) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B 1969, B25,
925.
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phen binds at the metal and in some way affects the porphyrin
moiety through its influence on the metal. Strong binding to
H,URO and other results discussed above suggest, however,
that the metal may not be the site of phen interaction. Fur-
thermore, even though the Raman shifts associated with the
two phenomena are similar, the electronic structure of the
porphyrin is not identically affected.

An important distinction between the metal-dependent
spectral shifts and the phen-induced shifts should be empha-
sized. The bathochromic shifts in the « band that accompany
metal substitution are associated with shifts to lower fre-
quencies for the core-size marker lines. This relationship holds
for the present Raman data and was also noted by Kitagawa
et al.“ In contrast, the bathochromic shifts in the « band that
occur upon phen binding are accompanied by shifts to higher
Raman frequencies. Therefore, for the phen-induced shifts
the proportionality between v, and the frequencies of the
core-size marker lines no longer holds. This lack of propor-
tionality suggests that orbitals other than the a, () orbital,
and that by symmetry cannot conjugate with the metal p,
orbital, are involved in the interaction with phen. For example,
the a;,(w) orbital has a node at the pyrrole nitrogens and,
hence, cannot be affected by the metal-nitrogen interaction
but can be influenced by interaction with phen. The e (*)
orbital may also be influenced by phen binding but not by
conjugation with the p, orbital. Thus, v, depends on excit-
ed-state energies that might be influenced by phen as well as
the ground-state energy, but the Raman frequencies depend
only on the ground state of the molecule.

Induction effects of the metal also influence the spectra. A
decrease in the o-electron density on the pyrrole nitrogens
alters the Coulomb integral, unequally lowering the energy
of the e,(7*) and a,, () orbitals. Therefore, inductive effects
can cause a shift in the transition energy and can influence
the Raman spectrum as well.

Structure of the Phenanthroline Complex. All of the above

‘data are consistent with a m—r interaction between the stacked

ring systems of phen and the metalloporphyrin macrocycle.
As can be seen in Figure 8 (bottom), the uroporphyrin mol-
ecule can easily accommodate either one or two phen molecules
(above and below the porphyrin ring). The equilibrium binding
data indicate that complexes of CuURO with phenanthrolines
having strong acceptor properties are best described by strong
binding of one molecule of phen and subsequent weaker
binding of a second phen molecule (X about a factor of 10
smaller). However, phenanthrolines with weak acceptor ability
appear to bind in a 1:1 fashion. 1,10-phen binds to CuURO
in a 2:1 complex.

In contrast, the equilibrium data for binding of 1,10-phen
to FeURO is adequately described by a 1:1 binding analysis,
as can be seen in Figure 3. Binding of phen to one side of the
porphyrin ring may be blocked by an OH™ counterion in the
case of the Fe'URO complex. Vanadyluroporphyrin also has
one side of the ring blocked by the strongly bound vanadyl
oxygen and only binds one phen.®® The low-spin dicyanide—
FeURO complex, in which both axial ligand sites are occupied,
appears not to bind phenanthroline at all; therefore, strong
axial ligation may block =—= complex formation.

The orientation of the phen ring with repect to the metal-
loporphyrin cannot be determined from the present work.
However, the distribution of total 7 charge®! in the free-base
porphyrin suggests that the phen ring is preferred by the two
pyrroles with protons attached. These pyrroles have high =
charges, particularly on the nitrogens, and would make good
donors. The proposed orientation of phen is consistent with

(50) Shelnutt, J. A.; Dobry, M. M. J. Phys. Chem., in press.
(51) Petke, J. D.; Maggiora, G. M.; Shipman, L. L.; Christoffersen, R. E.
J. Mol. Spectrosc. 1978, 71, 64,
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larger shifts in the x-polarized absorption bands than in the
y-polarized bands for the free-base complex.

Solvent Effects on Phenanthroline Binding. Comparisons
of binding affinities of phenanthroline-metalloporphyrin
complexes in alkaline H,O and in aqueous alkaline methanol
indicate that the solvent has a large effect on affinity. In the
organic, relatively less structured solvent methanol, the binding
energy is always reduced, and for some derivatives it is reduced
by more than one-half (Table I). Weak binding may reflect
a large entropic destabilization in methanol in which phen is
highly soluble.

It is useful to compare the enthalpy and entropy of a typical
charge-transfer complex with that of the phen-metallo-
porphyrin complex. For example, the donor hexamethyl-
benzene (HMB) forms a charge-transfer complex with a strong
acceptor such as trinitrobenzene (TNB). The HMB-TNB
complex has a ~AH of 3.7 kcal/mol and a —AS of 8.8 cal/(K
mol).”® For the 2,9-Me,phen—-CuURO complex one finds that
~AH = 6.4 kcal/mol and -AS = 6.7 cal/(K mol) (when a 1:1
binding analysis is used). The remarkable stability of the phen
complex appears to result from both a large enthalpy of for-
mation and a low entropic term. The entropy effect probably
dominates. Indeed, for the highly soluble 4,7-(OH),phen
derivative, -AH = 5.6 kcal/mol is somewhat smaller and ~AS
= 8.2 cal/(K mol) is considerably larger than for the 2,9-
Me,phen complex. Consequently, the stability of the phen-diol
complex is much lower.

Aqueous Pyridine-Metalloporphyrin Complexes. Some ev-
idence in the present work suggests that pyridine binds as much
to the porphyrin ring as to the metal in aqueous solvent as
Maugzerall has suggested.!! Of foremost importance is the lack
of significant difference in the affinity of pyridine for H,URO,
CuURO, and FeEURO. Also, neither the metal nor steric
hindrance of the lone pair in 2,6-lutidine has any effect on
affinity (Table I).

The Raman difference spectra (Figure 5) show that the
pattern of shifts for the pyridine complex is similar to that of
phenanthroline complexes with the shift of », smaller than that
of »; and »,. In addition, shifts in »; and »,; observed with
2,6-lutidine are larger than those of the unhindered py-FeURO
complex (Figure 5).

Summary. The effect of the metal on the high-frequency
vibrational spectrum of porphyrin can be explained in terms
of its effect on the electronic structure of the macrocycle.
Properties of the metal, such as electronegativity and ionic
radius, influence conjugation of the metal with the w-electron
system. Increased stability of the metal-porphyrin bond
stabilizes the a,, () orbital, in particular. Reduced charge
density in the a,, (=) orbital causes the C ~C,, stretching vi-
brations (core-size marker lines) to increase in frequency.

Molecular complexes with neutral aromatic acceptors such
as phenanthroline result in shifts in the Raman lines that are
similar to those associated with metal substitution. The = —
7* absorption bands also shift upon binding of phenanthroline.
Similarities in the patterns of Raman line shifts suggest a
connection between the effects of metal substitution and 7—=

Shelnutt

complex formation. Charge transfer from the highest occupied
orbitals of the porphyrin ring to phenanthroline accounts for
the Raman results and provides the necessary association with
metal effects on the a,,(m) orbital.

The data presented for urohemin—phenanthroline complexes
support a charge-transfer interaction between the stacked ring
systems. The Raman line shifts, absorption band shifts, and
equilibrium binding constants for the FeURO-phen complexes
are similar to those of other metalloporphyrin—phen complexes.
Differences in these properties for urohemin are a consequence
of the effect of the metal ion on the electronic structure of the
ring.

Although the Raman shifts are small (~1 cm™), significant
energy (21 kcal/mol)? is associated with the charge-transfer
interaction. For molecules for which the vibrational-electronic
coupling is weak, only small shifts are expected to be associated
with substantial changes in electronic structure. That vibronic
coupling is weak for natural metalloporphyrins is demonstrated
by the success of the free-electron model of their electronic
states!>>2 and of calculations of Raman excitation spectra >
These results suggest that the small Raman marker line shifts
in heme proteins®®!425,55% may be energetically important.

The effects of complexation with aromatic cations are
distinct from those of complexation with neutral aromatics.
The differences are illustrated by the distinct patterns of shifts
in the Raman lines for the viologen and chloroquine complexes
and salt-induced aggregates.
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