the difference between the calculated activation energies for
this process and for 9¢ ~> 10¢ (29.6 kcal/mol) are much too
large to be explained in this way. It therefore seems fairly
certain that the conversion of 6 (9¢) to 7 must be exothermic
and that the activation energy for this process must be much
less than for 9¢ — 10¢. The calculated MERP for the con-
version of 9¢ (6) to 7 via 16 is shown in Figure 9 and the cal-
culated properties of 16, 7, and the transition states leading to
them are given in Figure 10.
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Semiempirical Calculations of Model Oxyheme:
Variation of Calculated Electromagnetic Properties
with Electronic Configuration and Oxygen Geometry
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Abstract: The iterative extended Hiickel method is used to characterize the electronic structure of model oxyferroporphyrin
complexes with NV-methylimidazole as an axial ligand. Twenty-two conformations of the dioxygen ligand are considered. A
bent, end-on dioxygen ligand geometry with low energy off-axis displacements and a low energy barrier to rotation about the
Fe-O axis possibly coupled to a large amplitude bending mode of the Fe-O-O bond is favored. The electric field gradient at
the iron nucleus observed as quadrupole splitting in Mssbauer resonance is calculated for each dioxygen ligand geometry in
six likely electronic ground-state configurations. A paired iron(11)-dioxygen configuration yields the large negative electric
field gradient observed for oxyhemoglobin and synthesized model compounds. The observed temperature dependence may be
accounted for by rotation about the Fe-O axis. Net atomic charges, overlap densities, and variation in iron-ligand interactions
as a function of dioxygen ligand geometry as calculated by the iterative extended Hiickel method are reported.

Properties attributed to the iron active site of heme pro-
teins have been measured for both oxyhemoglobin and recently
synthesized! model compounds that show reversible oxygen-
ation. Mossbauer resonance of the proteins? and of the model
compounds? has been used to probe the electron distribution
around the iron nucleus. Magnetic susceptibility,? electronic
transitions,’ and infrared stretching frequencies®’ have been
measured in order to further elucidate the binding of dioxygen
to iron porphyrins. An x-ray diffraction study of the oxygen-
ated model compound has been performed? to determine the
structure of the iron-dioxygen unit. Yet, despite the large
amount of experimental data, two major areas of interest in
the complete understanding of oxyhemoglobin remain largely
unresolved: (1) differentiation between a formal iron(II)-

dioxygen or iron(I1I)-superoxide electronic configuration to
best describe the interaction of molecular oxygen with the iron
porphyrin unit, and (2) determination of the geometry of the
dioxygen ligand in the heme pocket, allowing for the possibility
of a number of low energy conformations.

Similarities between the electronic spectra of oxyhemoglobin
and alkaline met hemoglobin led to the suggestion3-10 of a
formal iron(IIl)-superoxide electronic ground-state config-
uration for oxyhemoglobin. However, the similarities are as-
sociated primarily with porphyrin = — 7* transitions.'!
Therefore, no direct conclusions can be made regarding the
electronic structure of iron and oxygen.!2 More recently three
broad transitions in the regions 10 000, 20 000, and 30 000
em™! were observed in the single crystal polarized absorption
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spectra of oxyhemoglobin® and oxymyoglobin.'3 Although
these transitions are believed to involve charge transfer to
oxygen, definitive assignments have not been made.

The proposal that oxyhemoglobin is best described by an
iron(I11)-superoxide configuration was evoked? primarily to
account for the large quadrupole splittings observed in
Maéssbauer resonance of the protein and of the model com-
pounds. If covalency effects are neglected, such splittings are
considered anomalous for a low-spin iron(II) configuration.
However, extensive delocalization by forward and back
donation from and to the ligands can cause considerable
asymmetry in the electric field around the iron and result in
a net charge transfer from iron to dioxygen even with an
iron(1I)-dioxygen configuration. This totally paired config-
uration can also account for the observed diamagnetism of
oxyhemoglobin.# With a biradical iron(I11)-superoxide con-
figuration, the diamagnetism can only be rationalized by as-
suming “antiferromagnetic” coupling of the two unpaired
electrons.

To predict the electronic configuration and geometry of the
Fe-0; bond, Caughey and colleagues® have measured the in-
frared stretching frequency of dioxygen in oxyhemoglobin.
Comparing the measured value (1107 cm™!) with metal-
dioxygen complexes known to have a doubly coordinated
(Griffith) structure with equivalent oxygen atoms (~850
cm™!) or an end-on, singly coordinated (Pauling) structure
with inequivalent oxygen atoms (~1125 cm™'), they concluded
that the Fe-O, complex had a bent, end-on conformation with
an iron(11)-dioxygen electronic configuration. Excess amounts
of anionic ligands such as CI~, CN~, and N3~ were observed
to displace dioxygen. However, due to the slow rate of dis-
placement only a small amount of superoxide anionic character
was ascribed to the charge of the oxygen molecule, perhaps
induced as a result of protonation and incipient reaction with
the nucleophile.”

An x-ray structure analysis of a model of the oxyheme unit?
showed the oxygen ligand bound to the iron in a bent, end-on
(Pauling) fashion.!* Two nearly symmetry equivalent
geometries corresponding to a 90° rotation about the iron-
oxygen bond seemed to be favored. However, the crystallo-
graphic data indicated a large disorder and consequent am-
biguity in the position of the second oxygen atom, Due to the
uncertainties, the possibility of a triangular (Griffith) struc-
ture!S with both oxygen atoms coordinated to iron has not been
entirely eliminated.

Thus, in spite of a large number of experimental investiga-
tions, the electronic structure and geometry of the oxyheme
unit remain in doubt. Some theoretical calculations have been
made to try to resolve these uncertainties and to account for
the observed properties of oxyhemoglobin.

Symmetry restricted iterative extended Hiickel calculations
were performed by Zerner et al,'® on a model of oxyheme. The
results of these calculations were used to tentatively identify
the transitions observed in the single crystal polarized ab-
sorption spectra and later used by Weissbluth et al.!” to predict
a positive value for the low-temperature quadrupole splitting
of oxyhemoglobin. The model of oxyheme consisted of a re-
gularized porphin ring with the iron 0.42 A out of the heme
plane, a water molecule for one axial ligand, and dioxygen ei-
ther doubly coordinated to iron (with the O-O axis parallel to
an N-Fe-N axis) or singly coordinated to iron (with the O-O
axis perpendicular to the heme plane). In a more recent iter-
ative extended Hiickel calculation, Aronowitz et al.'® conclude
that an off-axis, slightly tilted oxygen geometry can best ac-
count for the observed absorption spectra based primarily upon
assignment of the lowest energy transition to a|[az,(7)] —
by [Oz(7*)]. However, while this transition has been identified
as involving oxygen,’ it has not been definitively assigned from
the many possibilities obtainable from calculated orbital

promotion energies together with the estimated exchange
corrections of Zerner et al.>'6 At present it appears that several
different geometries of the Fe-O, bond with a formal
iron(III)—dioxygen ground state can fit the spectra equally
well .12

Extended Hickel calculations were performed by Hal-
ton!%:20 for a very small model of oxyheme which included only
iron, oxygen, and nitrogen atoms with select valence orbitals
on each. A negative field gradient could be obtained with this
model only by addition of two extra electrons in the system.

Heitler-London calculations reported by Seno et al.2!22 for
a model oxyheme system predict a singlet ground state con-
sisting primarily of an electron configuration with four un-
paired electrons (two on the iron and two on the oxygen). A
similar ground state was reported by Goddard et al.?? for ab
initio generalized valence bond configuration interaction
calculations (GVB-CI) on an isolated iron-dioxygen unit. A
parallelism between dioxygen binding to iron and that found
for ozone was assumed with a Fe-O-0 bond angle of 90° and
a forced ground-state configuration of (dy,)?(dy-)?(dx:)'
(d;2)'(dx2-y2) on the iron. The calculations yielded a negative
field gradient at the iron nucleus and also preserved the strong
electronic transition of ozone at 40 000 cm™!, which was as-
sumed to correspond to a wo — wo* transition of dioxygen in
the oxyheme complex. However, a high-frequency internal
oxygen transition can be accounted for on the basis of several
structural models, since both molecular oxygen and superoxide
anion also exhibit bands in the 40 000-cm™! region.!2:24.25
Moreover, the calculated value of the quadrupole splitting is
suspect due to limitations in the procedure. The estimate of the
electric field gradient did not include delocalization of the iron
orbitals (covalency effects) from the assumed atomic orbital
population, Forcing the d2- 2 orbital to stay totally unoccu-
pied neglects a large positive contribution to the field gradient,
while arbitrarily placing an electron in the d.:2 orbital adds a
negative one. In addition, cross terms in the d-orbital contri-
bution were not calculated. In order to obtain coordinate in-
dependent principal axis values used in calculating quadrupole
splittings, the full nine-component field gradient tensor must
be diagonalized.

Recently a LCAO-MO-SCF ab initio calculation has been
performed by Dedieu et al.26:27 on an oxyferroporphyrin model
compound both with the dioxygen ligand singly coordinated
to the iron in a bent fashion or doubly coordinated to the iron,
the latter resulting in a higher energy. An estimation of the
barrier to rotation about the iron-oxygen axis was made. In
an attempt to identify the ground-state electronic configura-
tion, the total energies of several spin paired and spin unpaired
biradical iron(IIT)-superoxide configurations were compared
to that calculated for a totally paired iron(11)-dioxygen con-
figuration. Ammonia was used to approximate the proximal
and in some cases the distal histidine residues. One calculation
was performed with imidazole as a sixth ligand. However, no
properties other than net atomic charges from a Mulliken
population analysis were calculated.

We have previously reported?8 preliminary results of iter-
ative extended Hiickel calculations for a number of oxyferro-
porphyrins with dioxygen singly coordinated to iron and V-
methylimidazole as the second axial ligand. The large negative
field gradient observed for oxyhemoglobin and synthesized
model compounds could be explained by a totally spin paired
diamagnetic iron(I1)-dioxygen ground state, while the charge
distribution showed superoxide anionic character on the oxy-
gen.

In the work reported here we have included more variations
of the oxygen geometry, rotation of the imidazole ligand, and
a variety of possible charge transfer configurations with two
half-filled orbitals. Finally, we have extended our field gradient
calculation to completely include all of the off-diagonal terms
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Figure 1. Model of oxyheme taken from x-ray structure analysis of syn-
thesized oxygenated model compounds.
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Figure 2. Twenty-two structures obtained by variation of the dioxygen
ligand geometry. In conformers | through V11 the projection of the diox-
ygen ligand onto the heme plane bisects the pyrrole nitrogens N, and N,
(7 = 45°). In conformers V111 through X1X the projection of the dioxygen
ligand onto the heme plane lies on a pyrrole nitrogen axis Ny (r = 0°). In
conformer XX 7 = 25°. In conformer XXI1 r = —45°,

in the atomic orbital basis. Due to the mixing of atomic orbitals
in the calculated molecular orbitals of the low symmetry
oxyheme compounds at certain oxygen geometries, these terms
were found to have a major effect and modify some of the re-
sults reported earlier. A more complete account of the work
is given here.

Method

Eigenvalues and eigenvectors were calculated using the
semiempirical all valence iterative extended Hiickel procedure
parameterized'® for iron-porphyrin compounds.

The basic model used for the oxyferroheme complex is a
simplified version of the recently synthesized! model oxyheme
complex. As shown in Figure 1, the model consists of a nearly
planar porphine ring and two axial ligands, N-methylimidazole
and molecular oxygen, The geometry of the porphine ring and
the imidazole ligand was taken directly from the x-ray analysis
of the model compound.?® Twenty-two variations of the oxygen
ligand geometry were considered as shown in Figure 2. These
include the two conformers found in the x-ray analysis
(structures Il and XXII), variations of the Fe-O-O bond angle
(8) from 180 to 90° (structures XXI and I through V), rota-
tions about the Fe-O bond (dihedral angle 7n,,,-Fe-0-0 is the
angle between the two planes defined by the atoms Npy,,Fe,O
and Fe,0,0) from 7 = 45° to 7 = 25° (structure XX) and 7
= 0° (structures VIII through XII), doubly coordinated
symmetric conformations (structures VI, VII, XIIl, and XIV),
and a number of asymmetric “tilted” structures which combine
features of the singly coordinated and doubly coordinated
dioxygen geometries (structures XV through XIX). For the
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Table I. Electronic Configurations Used in Calculation of
Quadrupole Splitting

Orbital occupation

Config- [dr—+ [mo++ [brg [320- [de+ — [70-—
uration 7o-] det]  (dxp)] (7N)] 7o+] dr-]
A 2 2 2 2 2 0
B 2 2 2 2 1 1
C 2 2 2 1 2 1
D 2 2 1 2 2 1
E 2 1 2 2 2 1
F 1 2 2 2 2 1

oxygen conformation reported in the crystal structure (II), four
additional imidazole geometries corresponding to rotation
around the Fe-N, bond were considered.

The eigenvectors obtained from the molecular orbital cal-
culations of each dioxygen and imidazole geometry were used
to calculate quadrupole splittings for a number of electronic
configurations shown in Table I. When no assumptions were
made regarding spin or oxidation state of the iron and dioxygen
ligand, the iterative extended Hiickel procedure yielded a
low-spin iron(II) coupled to a singlet oxygen molecule (con-
figuration A). Five biradical configurations were formed by
vertical promotion of an electron from the orbitals of the spin
paired Fe(I1)-O2 description. Local contributions of the nine
components of the field gradient at the iron nucleus were
evaluated, principal axis values and anisotropy obtained, and
quadrupole splittings calculated with a shielding factor value
of (1 — R) = 0.68, average values of {r~3)39 = 5.00 au and
(r‘3>4p = 2.04 au, and a value of the iron nuclear quadrupole
moment @ = 0.187 b. Details of the formulation of the cal-
culation are presented elsewhere.30

Results

A regularized iron-porphine complex has D4y symmetry,
Depending upon the dioxygen geometry, the symmetry of an
axially liganded model would be reduced to C; or C. If the
second axial ligand N-methylimidazole is also considered, any
remaining symmetry is lifted. Further, since the iron-porphine
core has not been regularized, all of the models for oxyheme
have Cs symmetry. It is customary though to identify the
molecular orbitals, whenever possible, according to the rep-
resentations of D4y symmetry.

Eigenvalues, predominant atomic orbital coefficients, and
percent iron and oxygen character in the highest occupied and
lowest empty molecular orbitals are given in Table II for the
end-on crystal structure (II) and in Table III for a doubly
coordinated structure (V1). In both geometries, the predomi-
nantly d,2-,2 and d.: antibonding molecular orbitals are
empty, but have low-energy bonding partners, while the d,
orbital is fairly localized and occupied. On the other hand, the
interaction of the d,; and d,; orbitals with the two originally
degenerate, singly occupied 7 orbitals of molecular oxygen is
quite different in the two types of dioxygen ligand geometries.
As shown in Table IV, there are two symmetry combinations
of the d. and d,. orbitals and two combinations of the oxygen
m orbitals which interact. Depending on the iron-dioxygen
geometry, these orbitals combine in different ways to form four
delocalized iron-oxygen orbitals as shown in Figure 3.

In the bent, end-on dioxygen ligand geometry, there is ex-
tensive interaction of d,+ with 7o+ and d,- with #o-. The
higher energy partner of the d,— + 7o pair has predominantly
wo- character and is unoccupied (MO 83), while the lower
energy occupied partner shows more mixing (MO 77). The two
occupied dr+ + 7o+ orbitals are intermediate in energy with
the higher energy partner having predominantly d.+ character

Kirchner, Loew | Semiempirical Calculations of Model Oxyheme



4642

Table II. Eigenvalues and Eigenvectors Calculated for Model Oxyheme“

Energy®  Symmetry¢ (MQ)oce Principal atomic orbital coefficients? %Fee %0¢
=779 aj[bigdye-y2)] (870 0.74dye,2 + 0.29d,2 + 029N py F 0.43N4,p, 49 1
-7.92  ajfag(d:)] (86)°  0.79d.2 - 0.27dx2_,2 % 0.34N 4 pyx + 0.330p, — 0.43N,p. 5510
~9.01 by +byleg(m®)]  (85)° +0.35N4,p: 20
~9.33 by +beg(r¥)]  (84)° £0.38Ny,p: 30

~10.91 by[ro- —d,-]  (83)° 0.47dy; — 0.42d,. = 0.40(0’ + O”)p, + 0.38(0’ + O")p,/ 3755

-10.97  a,[azn(rN)] (82)2  0.34N.p: + 0.40N 4,p. + 0.23N,p; 2 s

~11.16  by[dps — 704]  (81)2 0.46dy, + 0.48d,, * 0.24(0" + O”)p, = 0.27(0’ + O”)p, % 0.23(0' + O”)p,/ 44 37

—11.43  asfaju(re)] (80)2 = (pyrrole carbon) ~ (0.23, 0.33)Cp. 30

~11.47  ay[bsg(dyy)] (792 0.90dy, * 0.11N4,py = 0.12N 4, p, 78 0

~11.66 bi[ros +des]  (78)2  0.37d,. + 0.27d,; + 0.23(0" + 0”)p, % 0.15(0’ + 0”)p,  0.22(0’ + O”)p./ 21 42

~11.68 by[d,— + mo-]  (77)2 0.42d,. - 0.30d,; = 0.18(0’ + O”)p, + 0.24(0’ + 0")p,” 26 31

2 Structure 11, Figure 2. ® Energy given in electron volts. ¢ Irreducible representation labels from C. and D4p, where appropriate, although
actual symmetry of model is C;. ¢ Coordinate axes defined with Fe in the plane, N (pyrrole nitrogens) along x and y axes, N, (imidazole nitrogen)
along —z axis, and O’ (oxygen atom nearer to iron) along z axis with projection of O” (oxygen atom further from iron) bisecting the N - Fe-N
angle. d orbitals refer only to Fe. ¢ Calculated from a Mulliken population analysis. / Coefficients on O” somewhat greater.

Table III. Eigenvalues and Eigenvectors Calculated for Model Oxyheme?

Energy? Symmetry* (MO)oce Principal atomic orbital coefficients? %Fee  %0¢
-7.79 a[b1g(dx2-)2)] (87)° 0.79d,2-,2 + 0.38N, .px ¥ 0.38Ny4,p, 48 0
-9.01 by + bafeg(w*)] (86)° +0.35N4,p: 2 0
-9.11 ajagg(d;2)] (85)° 0.83d;2 — 0.48N.p. ¥ 0.23N4,px ¥ 0.21N4,p, 58 4
-9.3i by + ba[eg(m*)] (84)°0 +0.38N4,p- 3 0

—-10.53 by[mo+ = drs] (83)0 0.42d,. + 0.40d,. + 0.63(0’ — O")p, 15 64

-10.99 ay[az(wN)] (82)2 0.35N4,p: + 0.4IN4,p, + 0.12N,p, 3 2

-11.18 by[7o-] (81)2 0.53(0’ — O”)py — 0.53(0’ — O”)p, 0 94

-11.40 by[d,-] (80)2 0.59d,, — 0.59d,, 68 0

—-11.42 as[ajy(we)] (79)2 m (pyrrole carbon) ~ (0.22, 0.31)Cp; — 0.40d,, 16 1

—11.46 a;[bag(dxy)] (78)2 0.82d,, ¥ 0.10N4xp, F0.10N4,px 65 0

-11.64 bi[dr+ + T0+] N3 0.39d,; + 0.39d,. — 0.31(0" — O”)p; 30 16

a Structure VI, Figure 2. » Energy given in electron volts. < Irreducible representation labels from Cs, and Dyj, where appropriate, although
actual symmetry of model is C;. ¢ Coordinate axes defined with Fe in the plane, N (pyrrole nitrogens) along x and y axes, N, (imidazole nitrogen)
along —z axis, and projection of O’ and O” bisecting the N,,-Fe-N, angle. d orbitals refer only to Fe. ¢ Calculated from a Mulliken population

analysis.

Table 1V. Symmetry Combinations of Iron and Oxygen Atomic
Orbitals in the Molecular Orbitals of Oxyheme with Singly or
Doubly Coordinated Dioxygen Ligand Geometry

Atomic orbital mixing?

Orbital label Singly coordinated Doubly coordinated

d1r+ dxz + dyz dxz + dyz
d1r— dxz - dyz dxz - dyz
TO+ px + Py — P: P:

mTo- Px — Py Px ™ Py

2 Symmetry combinations are shown for one iron (d orbitals) or
one oxygen (p orbitals) center. For the iron-oxygen interaction shown
in Figure 3, the two oxygen centers combine in g + mq fashion. In
lower energy oxygen based molecular orbitals, the two oxygen centers
combine in w9 — 7o fashion.

(MO 81) and the lower energy partner wo+ character (MO
78). In the doubly coordinated dioxygen ligand geometry, only
the d,+ and w04+ orbitals interact significantly. There is much
less mixing of the d,— and wo- orbitals in this conformation
than in the singly coordinated, end-on dioxygen ligand ge-
ometry.

Rotation of dioxygen about the Fe-O axis for all geometries
or of imidazole about the Fe-N, axis for the crystal structure
(11) leaves the percent of iron and oxygen character in the four
orbitals unchanged. However, the relative contributions of the
dy; and d,. orbitals to the d»+ and d,- combinations in all four

To-=dw- Mo+ =du+
// de+=Tos N // To- \\
% N N
// // N N // N \\
A N AN
dr-, dass \To+\ o= 74/ A= \To- \To+
\\ N\ // 7/ N \\ 4
N N
\ \To++dg+, // N N da- /
N\ N ’ Y AN N 4

N
-+Mo- 7 N + T, 4
N dx-+To s NS o+,

Figure 3. Correlation diagram of iron-dioxygen interaction for end-on
singly coordinated conformers and doubly coordinated conformers.

orbitals depend upon the orientation of the dioxygen ligand and
in the two lower energy orbitals upon the orientation of the
imidazole ligand.

Delocalization of the iron orbitals upon covalent binding to
the ligands leads to a net iron atom configuration in the
iron(I1)-dioxygen complex which differs considerably from
a formal low-spin iron(ll) configuration. The orbital oc-
cupancies calculated by both the iterative extended Hiickel and
ab initio methods obtained from a Mulliken population analysis
of filled molecular orbitals for structures 1I and VI are given
in Table V. Table VI summarizes the extent of forward and
back donation between the iron atom and each type of ligand
for structure I1. Energy levels for the highest filled and lowest
empty molecular orbitals of four representative geometries (II,
IX, XIV, and XVII) are given in Figure 4. Rotation about the
Fe-O axis (I1 and IX) in a singly coordinated, end-on dioxygen
ligand conformation shows little effect on the calculated ei-
genvalues. The energy of the empty mixed wo — d, orbital is
substantially higher in the doubly coordinated dioxygen ligand
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Table V. Calculated? Occupancies of Iron Atomic Orbitals in Model Oxyheme

Atomic orbital

Configuration 4s 3d,, 3d,. 3d,; 3d;2 3dx2-,2 4p, 4p, 4p,
Low-spin iron(II) 0 2 2 2 0 0 0 0 0
Iterative extended Hiickel
Structure 11 0.28 1.55 1.60 0.87 1.02 0.13 0.14 0.16
Structure VI 0.24 0.90 1.05 0.12 0.13 0.07
Ab initio?
Resembling structure 11 0.15 1.91 0.22 0.33 . . 0.07
Resembling structure VI 17 1.91 0.31 0.38 0.13 0.13 0.09

4 Obtained from a Mulliken population analysis. ¢ Valence electron contribution estimated by subtracting the contribution of fully occupied

core orbitals from the reported total orbital populations (ref 27).

Table VI. Extent of Iron-Ligand Electron Delocalization? in Model Oxyheme

4s 3d,, 3d,. 3d,, 13d,2 3dy2-)2 4p, 4p, 4p.
Forward Donation
0O, — Fe 0.06 0.00 0.46 0.48 0.16 0.00 0.01 0.01 0.04
Nimiga — Fe 0.10 0.00 0.03 0.06 0.21 0.00 0.07 0.07 0.07
Npyr — Fe 0.12 0.43 0.61 0.56 0.50 1.02 0.05 0.06 0.05
Total 0.28 043 1.10 1.10 0.87 1.02 0.13 0.14 0.16
Back Donation
Fe — O, 0.00 0.85 0.61
Fe — Nimid 0.00 0.11 0.01
Fe — Ny, 0.44 0.59 0.88
Total 0.44 1.55 1.50

a Calculated from a Mulliken population analysis.
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Figure 4. Energy levels calculated for stuctures 11, 1X, X1V, and XVII.

geometry (X1V), but decreases as the dioxygen ligand is tilted
such that the oxygen axis is no longer parallel to the porphyrin
plane (XVII).

Promotion energies from selected filled molecular orbitals
to the unfilled mixed wo — d orbital for each dioxygen con-
formation are given in Table VII. Also included are total
energies calculated for each geometry as the sum of the ener-
gies of the filled molecular orbitals for the totally paired con-
figuration.

Net atomic charges and iron-ligand and oxygen-oxygen
bond overlap densities were obtained by a Mulliken population
analysis for each geometry in a totally paired configuration.

All atomic charges and all overlap densities except the Fe-O
density were insensitive to dioxygen geometry variation. Table
VIII gives the average value of the net atomic charge on iron
and each ligand atom, of the net group charge on dioxygen,
imidazole, and the porphine ring, and of the iron-nitrogen and
oxygen-oxygen bond overlap densities. The range for all the
geometries is indicated in parentheses. The variation in Fe-O
overlap density for three types of dioxygen structures is also
shown in Table VIII.

Table IX lists the quadrupole splittings and anisotropy
calculated for each dioxygen conformation in a number of
different electronic configurations as defined in Table 1.
Rotation of the imidazole ring in structure II had no effect on
the calculated values.

Discussion

The iterative extended Hiickel method neglects explicit
calculation of two-centered electron repulsion terms. However,
the method can be used as a qualitative measure of energy
variations as a function of relatively small changes in reason-
able geometries and hence might aid in determining the con-
formation of the oxygen ligand in the heme pocket. Assuming
a totally paired iron(II)-dioxygen configuration, all of the total
energies calculated for an end-on, singly coordinated dioxygen
geometry with a Fe-O-O bond angle greater than 100° (1, 11,
M1, VIIL IX, X, XVIII, XIX, XX, XXI, XXII) are lower than
those calculated for a triangular, doubly coordinated dioxygen
geometry (VI, VII, XIII, XIV, XV, XVI, XVII). The average
energy difference between the two sets of conformations is 2.7
eV. The four end-on conformations with a nearly perpendicular
Fe-O-0 bond (IV, V, XI, XII) closely resemble doubly
coordinated dioxygen geometries and have energies compa-
rable to the latter group. The ab initio calculations of Dedieu
et al.26:27 showed a bent, end-on conformation (resembling
structure II) to be 2.39 eV lower in energy than a doubly
coordinated dioxygen geometry (resembling structure VI).
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Table VIL. Total Energies and Promotion Energies (in eV) Calculated for each Dioxygen Ligand Geometry

Total energy of paired

Energy required to form configuration

Structure configuration A B C D E F
| -2912.8 0.04 0.12 0.58 0.78 0.78
11 -2912.9 0.25 0.05 0.56 0.75 0.77
111 —-2913.4 0.44 0.06 0.54 0.60 0.80
v -2911.9 0.36 0.09 0.59 0.51 0.81
\Y —-2910.2°0 0.02 0.34 0.67 0.78 0.93
VI -2910.6% 0.59 0.44 0.89 1.11 0.86
VIl -2911.2¢ 1.73 1.49 2.53 2.78 2.35
VIII —-2913.9% 0.03 0.10 0.57 0.77 0.76
IX —2913.6 0.21 0.04 0.54 0.74 0.74
X -2913.7 0.28 0.03 0.50 0.51 0.69
X1 —2908.7 0.04 0.38 0.44 0.80 0.55
X1 —-2910.0% 043 0.73 0.82 1.15 0.92
X111 —-2910.5°% 0.64 0.45 0.92 1.10 0.86
X1V -2911.1% 1.97 2.00 2.83 298 2.51
XV -2910.8° 1.54 1.64 2.42 2.51 2.16
XVI —-2910.8° 1.26 1.38 2.14 2.23 1.92
XVII —-2910.9¢ 0.98 1.12 1.85 1.95 1.67
XVIII —29143 0.46 0.02 0.64 0.84 0.69
XIX —2914.2 0.48 0.07 0.68 0.65 1.61
XX —-2913.8 0.23 0.0 0.55 0.74 0.76
XXI -2912.40 0.01 0.13 0.61 0.81 0.78
XX11 —-2910.5¢ 0.22 0.03 0.54 0.75 0.72

2 Calculated from the energy splittings of the orbitals of configuration A with no added correction terms. # Configuration A defined with
the [d,— — wo-] orbital doubly occupied and the [wo+ — dr+] orbital unoccupied.

Table VIII. Average Net Atomic Charges, Net Group Charges,
and Bond Overlap Densities of Model Oxyheme?

Net Atomic Charges

Fe 0.27 (0.23-0.29)
Nopyr ~0.18 (0.11-0.19)
N, ~0.13 (0.11-0.15)
(04 —0.25(0.21-0.30)
Net Group Charges
Dioxygen -0.56 (0.51-0.61)
Imidazole 0.39 (0.35-0.47)
Porphine —0.10 (0.00-0.16)
Bond Overlap Densities
Fe-Nypy: 0.35(0.22-0.38)
Fe-N, 0.30 (0.28-0.32)
o’-0” 0.74 (0.69-0.77)
Fe-O’ (i) Endon; # = 101° & 0.39(0.32-0.41)
(ii) End on; § = 90, 95° ¢ 0.21 (0.20-0.22)
(iii) Doubly coordinated 4 0.13(0.08-0.18)
Fe-O” (i) Endon;# > 101° ® Antibonding
(ii) End on; 8 = 90, 95° ¢ Antibonding

(iii) Doubly coordinated4 0.08 (0.04-0.13)

@ Calculated from a Mulliken population analysis. The range for
all geometries is indicated in parentheses. ¢ Structures I-1V, VIII-X,
and XVIII-XXII. ¢ Structures V, X1, and XII. 4 Structures VI, VII,
and XIII-XVII.

Thus both extended Hiickel and ab initio results favor a bent,
end-on dioxygen ligand geometry.

Among these geometries, the iterative extended Hickel
results predict the ground state conformation of oxyheme to
be structure XVIIL. The dioxygen ligand has a tilt nearly
comparable to that found in the crystal structure (II) except
that the Fe-O bond is not along an axis perpendicular to the
heme plane. Instead, the oxygen molecule is displaced such that
the iron atom nearly bisects the projection of the O-O bond
onto the heme plane. A 20° increase in the tilt of the dioxygen
ligand (XIX) has little effect on the energy. Both of these
conformers were found to be about 0.5 eV lower in energy than
those in which the Fe-O axis is perpendicular to the heme plane

as found in the crystal structure. No ab initio calculations are
available with which to compare the relative stability of an
off-axis displacement of the dioxygen ligand. Due to residual
errors and uncertainties in the x-ray structure, the possibility
of an off-axis position of the Fe-O bond cannot be neglect-
ed.

Besides the off-axis displacement of the dioxygen ligand,
two other possible degrees of freedom of the oxygen molecule
in an end-on, singly coordinated conformation were considered:
variation of the Fe-O-O bond angle () and rotation about the
Fe-O axis (dihedral angle 7n,,,.Fe 0-0). Small energy varia-
tions are observed for § = 110-160°, whereas the energy rises
sharply outside of this range. For = = 45° (structures 1-V,
XXI), the energy varies within the range by 0.6 eV with a
minimum at 8 = 110°; for 7 = 0° (structures VIII-XII, XX1),
by 0.3 eV with a minimum at § = 160°. The fact that the bond
angle which gives the minimum energy conformation is de-
pendent upon the dihedral angle might indicate a coupling of
the vibrational and rotational modes of freedom.

While a relatively small barrier to rotation is observed, the
extended Hiickel results cannot be used to quantitatively es-
timate the rotational barrier around the Fe-O axis. Since the
method neglects explicit calculation of electron repulsion
terms, destabilization of the conformers with 7 = 0° is un-
derestimated. Ab initio calculations indicate a rotational
barrier of only 0.24 eV (assuming # to be constant at 135° and
no second axial ligand) with 7 = 45° favored over 7 = 0°.
Relaxation effects will reduce even further the calculated en-
ergy barrier.

The composite description of the dioxygen ligand which
emerges from the results of the extended Hiickel and ab initio
calculations favors a bent, end-on structure with a possible
off-axis displacement of dioxygen and a large amplitude bond
vibration coupled to a low-energy rotation. Such behavior is
consistent with the detection of several different conformers
in the x-ray structure? and indications of a large thermal dis-
order in the position of the oxygen molecule.?!

The electronic ground-state configuration or total spin state
cannot be predicted by total energies calculated from the it-
erative extended Hiickel method. The recent ab initio calcu-
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Table IX. Variation in Calculated Quadrupole Splittings? with Dioxygen Ligand Geometry and Electronic Configuration for Model

Oxyheme
Configuration®
Structure A B C D E F
1 -2.67 (0.41) 1.72 (0.20) 1.56 (0.97) 1.41 (0.57) 1.76 (0.66) —-2.29 (0.52)
11 -2.67(0.37) 1.88 (0.10) —1.54 (0.67) 1.51 (0.67) 1.60 (0.57) —2.27 (0.44)
111 -2.55(0.37) 1.93 (0.16) —1.48 (0.62) -1.21 (0.47) —1.09 (0.54) -1.79 (0.53)
v —2.43 (0.39) 1.47 (0.45) —1.43 (0.62) 1.08 (0.80) 1.94 (0.13) -1.72 (0.56)
A% —1.88 (0.80) 1.25 (0.38) -1.12 (0.80) 1.71 (0.32) 1.95 (0.35) 1.51 (0.87)
Vi -2.20 (0.48) -1.27 (0.88) —1.20 (0.90) 1.16 (0.58) —2.10 (0.50) 2.36 (0.89)
VIl ~2.34 (0.54) 1.17 (0.88) 1.17 (0.94) 1.38 (0.89) —1.49 (0.90) -2.51 (0.95)
Vil -2.77 (0.35) 1.76 (0.27) ~1.62 (0.94) 1.49 (0.40) -2.31 (0.49) 1.87 (0.99)
IX —2.74 (0.33) 1.89 (0.06) —1.60 (0.58) 1.56 (0.51) 1.63 (0.77) —-2.37(0.38)
X -2.51(0.35) 1.54 (0.45) —1.54 (0.58) 1.06 (0.66) 1.87 (0.26) —2.32(0.38)
X1 1.20 (0.98) —1.67 (0.89) -2.31(0.25) -2.13(0.32) 1.17 (0.69) —0.64 (0.71)
XI11 -1.20 (0.91) ~1.64 (0.92) -2.03(0.28) ~2.17 (0.29) 1.10 (0.50) -1.03 (0.55)
X111 —2.20 (0.48) —1.03 (0.58) —1.24 (0.86) 1.08 (0.65) —2.16 (0.49) 2.33(0.89)
X1v —2.39(0.42) -1.51 (0.17) —1.84 (0.55) 1.32 (0.25) —2.25(0.44) 2.43(0.39)
XV ~2.26 (0.44) 1.32 (0.46) -1.38 (0.71) 1.41 (0.47) -1.80 (0.55) 1.79 (0.63)
XVI ~2.27 (0.43) 1.39(0.18) ~1.32 (0.83) 1.57 (0.60) -1.72 (0.65) 1.58 (0.76)
XVl -2.29 (0.44) 1.45(0.12) —1.34 (0.83) 1.64 (0.53) —1.87 (0.56) 1.46 (0.73)
XVIIl —2.96 (0.38) 1.87 (0.21) -1.81(0.87) 1.59 (0.60) —2.54 (0.45) 1.87 (0.75)
XIX —2.96 (0.36) 1.93 (0.28) —1.79 (0.88) 1.51 (0.47) 1.62 (0.65) —2.45 (0.40)
XX ~2.71 (0.34) 1.89 (0.08) -1.57 (0.62) 1.54 (0.60) 1.72 (0.92) ~2.25 (0.44)
XX1 ~2.63 (0.45) 1.82 (0.03) -1.53(0.77) 1.35 (0.56) -2.32(0.54) 1.76 (0.48)
XXI1 —2.73 (0.36) 1.90 (0.13) —1.56 (0.67) 1.52 (0.55) —2.29 (0.44) 1.63 (0.595)

@ AEqin millimeters per second calculated from AEq = 8Q¢ (1 + 2/3]1/2 with the principal axis values of the field gradient ordered | ;|
> |V;;] > | Vix| such that ¢ = largest magnitude V; and n = (Vi — V;)/Vi; (0 < 7 < 1). Sign of AEq is sign of largest magnitude Vj;. Anisotropy

(n) in parentheses. ¢ Electronic configurations defined in Table I.

lations?” have attempted to resolve the uncertainty. With a
bent, end-on dioxygen geometry resembling structure I1, three
electronic configurations were considered: totally paired,
(dy)'(ro- = dr-)', and (dr- + 70-)'(70- = dr-)!. Al-
though a triplet state corresponding to the latter configuration
was found to have lowest energy, the differences were small
enough that assignment of a ground state was ambiguous. A
singlet state arising from a configuration with two unpaired
electrons (an antiferromagnetic ground state) was greater yet
in energy. However, only two such configurations were con-
sidered. Thus, energy calculations to date have not been able
to determine the ground-state configuration of oxyheme
complexes. It therefore becomes necessary to turn to calcula-
tion of electromagnetic properties for further insight, Specif-
ically, electronic and Mdssbauer resonance spectra have been
cited as the main support for a formal electron transfer, iron-
(IIT)-superoxide configuration. Thus it is of central interest
to compare observed behavior with properties calculated as a
function of electronic configuration and dioxygen ligand ge-
ometry to further determine the ground-state characteristics
of the oxyheme complex.

Electronic transition energies are two electron properties
which cannot be accurately calculated by semiempirical
methods. However, calculated orbital promotion energies to-
gether with estimated exchange energies from extended
Hiickel methods have been used successfully in the past for the
general assignment of electronic transitions in heme complexes.
The orbital promotion energies from various filled orbitals to
the empty (mo — d.)* orbital as shown in Table VII together
with the more complete set of eigenvalues and eigenvectors for
each geometry considered are being used for possible assign-
ment of the three transitions associated with the dioxygen li-
gand in single crystal polarized absorption spectra of oxy-
hemoglobin and oxymyoglobin. As seen in Table VII, orbital
promotion energies to the (7o + d,)* orbital are very sensitive
to dioxygen ligand geometry. To date, no one geometry has as
yet given a unique fit to the spectra. However, preliminary

results do seem to rule out a biradical ground state with a single
electron in the (7o + d,)* orbital.!2 More detailed results will
be reported elsewhere.

While two-electron properties are not reliably calculated
by the iterative extended Hiickel method, one-electron prop-
erties such as the electric field gradient tensor at the iron nu-
cleus can be reliably estimated from the calculated eigenvec-
tors. We have thus calculated the field gradient at the iron
nucleus observed as quadrupole splitting in Mdssbauer reso-
nance for all geometries considered in a number of possible
electronic configurations.

As shown in Table IX, a large negative value for the qua-
drupole splitting is obtained from a low-spin iron(1I)-dioxygen
configuration (A), in agreement with the observed low-tem-
perature value of —2.24 mm/s for the protein and —2.10 mm/s
for the model compounds with # < 0.5. In this configuration,
the only conformations which do not yield a large negative
value (V, XI, and X1I) have very distorted Fe-O-O bond an-
gles with a bent, end-on dioxygen ligand geometry. None of
the five other electron transfer configurations give consistent
agreement with experiment. Thus, while energy criteria cannot
resolve the electronic ground-state configuration, observed
one-electron properties can systematically be accounted for
only by an iron(II)-dioxygen ground-state configuration.

The quadrupole splittings calculated for the singly coordi-
nated, end-on dioxygen geometries decrease slightly with de-
creasing Fe-O-0O bond angle (I-V and VIII-XII) and increase
slightly upon rotation about the Fe-O bond (I, VIII and 11,
XX, IX). However, no substantial variation with dioxygen
geometry is observed for a normal bent conformation. The
values calculated for the doubly coordinated dioxygen ligand
are all lower in magnitude, in better agreement with experi-
ment. Thus while energy criteria favor a bent, end-on structure
over a doubly coordinated dioxygen ligand geometry, the
calculated field gradients cannot further resolve the uncer-
tainties in the ground-state conformation of the dioxygen li-
gand.
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Table X. Comparison between Calculated and Observed
Temperature Dependence of the Quadrupole Splitting of Oxyheme

AEq (low T)@ AEq (high T)¢  High T/low T
Experimental
Model -2.10 1.34 0.64
Protein -2.24 1.89 0.84
Calculated
Model -2.67 1.80 (V,,)® 0.67
Protein —-2.67 —2.40 (Vix, Vyy)© 0.90

4 AEq in millimeters per second. ® Largest component of the field
gradient is perpendicular to the porphine plane. ¢ Largest component
of the field gradient is in the porphine plane.

Both oxyhemoglobin and the model oxyheme compounds
show a reduction in the observed quadrupole splitting with
increasing temperature. The high-temperature value for the
protein is 1.89 mm/s; for the model compound, 1.34 mm/s.
The observed temperature dependence of the quadrupole
splitting may be accounted for by rotation around the Fe-O
axis in a singly coordinated, end-on dioxygen ligand geomie-
try.

Low-energy rotation in the model compound appears pos-
sible with contributions to the field gradient from all values of
7 at higher temperatures. If this rotation is approximated by
averaging the contributions to the nine components of the field
gradient from the two conformers found in the crystal structure
1T and XXI1, a reduction of the quadrupole splitting to +1.80
mm/s with n = 0.02 is obtained. On the other hand, in oxy-
hemoglobin the heme pocket might not accommodate such
large rotational variation in 7. (A recent Fourier difference
spectra of carboxyhemoglobin has led to predictions of a bent,
end-on Fe-O-0 geometry for the oxy complex with 7 ~ 0-
45° )32 Assuming limited rotational freedom of 7 = 0-45°, the
contributions to the nine components of the field gradient from
conformers 11, IX, and XX are averaged, yielding a reduction
of the quadrupole splitting to —2.40 mm/s with n = 0.57.

Assuming conformer 11 to be the low energy form of both
oxyhemoglobin and model oxyheme, the ratios of the calcu-
lated high-temperature values to the low-temperature value
of the quadrupole splitting as shown in Table X compare fa-
vorably to those observed for the protein and the model com-
pound. Free rotation about the Fe~O axis in the model com-
pounds leads to a greater observed temperature dependence
than possible hindered rotation in the heme pocket of the
protein. If the postulated origin of the temperature dependence
of the quadrupole splitting is correct, in the model compound
the high-temperature value would have a positive sign with the
principal axis value perpendicular to the heme plane. In the
protein the high-temperature value would remain negative with
the principal axis value in the plane of the porphine ring, Av-
eraging of bond angle variations at a given dihedral angle
showed no cancellation of the field gradient components, no
reduction of the principal axis values, and therefore no re-
duction of the calculated quadrupole splitting. Possible low-
energy vibrations of the Fe-O-0 bond would not affect the
observed temperature dependence.

Thus a totally paired iron(Il)-dioxygen configuration can
account for the magnitude, sign, and temperature dependence
of the observed quadrupole splitting. Although a formally
low-spin iron(II) configuration [(dx,;)2(dx;)2(d,)?(d,2)°
(dy2-,2)0] would yield a spherically symmetric charge distri-
bution around the iron nucleus and result in a vanishingly small
quadrupole splitting, due to covalency upon binding with the
ligands the actual distribution around the iron in the ferrous
oxyheme complex as shown in Table V differs significantly
from spherical symmetry. As indicated in Table V1, the oc-
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Figure 5. Formal valences and actual group charges calculated from a
Mulliken population analysis showing extent of forward donation and
backbonding in model oxyheme.

cupation of the dy, orbital remains nearly equal to two with
an equal extent of forward donation into the dy, orbital and
back donation from the d,,, orbital upon bonding between iron
and the pyrrole nitrogens. The d;2 and dyz-,2 orbitals, formally
unoccupied, are populated by forward donation upon o and =
bonding to the axial ligands and the pyrrole nitrogens in lower
lying ligand-based molecular orbitals, Therefore, despite its
formal divalent state, the iron atom has a calculated charge
that is only slightly positive as shown in Figure 5.

A larger degree of backbonding from iron to dioxygen than
forward donation into the d,. and d,.. orbitals upon = bonding
to the dioxygen ligand results in a net negative charge on
dioxygen. The total net charge of —0.5 e on the dioxygen ligand
is due to additional donation of electrons from the pyrrole ring.
The partial negative charge on dioxygen predicted by the it-
erative extended Hiickel method is consistent with the dis-
placement of dioxygen by excess anionic ligands and is a
manifestation that some superoxide anionic character is pos-
sibleeven in a formal Fe(11)-O; configuration.

The ab initio calculation gives a nearly neutral dioxygen
ligand and a net positive charge of 1.23 ¢ on the iron. The or-
bital densities calculated from ab initio results listed in Table
V show less delocalization of the iron orbitals upon back-
bonding to or forward donation from the ligands. However, it
is inappropriate to compare net charges calculated from pop-
ulation analyses of different basis set functions. Calculated
electronic density within given atomic radii would be basis set
independent and would allow such comparisons.

As shown in Table V111, the single iron-oxygen bond overlap
density in a bent, end-on structure is larger than the sum of
both iron-oxygen overlap densities in a doubly coordinated
stricture. In the bent, end-on conformations the dioxygen li-
gand has a small degree of o bonding with the d. orbital of iron
and a much larger degree of = bonding with the d,. and d,-
orbitals of iron. The extent of = bonding remains unchanged
with rotation of either axial ligand, but the relative contribu-
tions of the d,. and d,. orbitals to the bonding is affected. In
the doubly coordinated structures, the total = bonding inter-
action is diminished.

It is interesting to note that the O-O bond overlap density
is unaffected by dioxygen ligand geometry provided the O-O
bond length remains nearly constant. Previous investigations
have discriminated between Pauling and Griffith type struc-
tures or the basis of a lower infrared stretching frequency for
the latter.6 However, the results suggest that a lower frequency
for a doubly coordinated complex may be more a consequence
of a longer O-O bond than differences in the bonding inter-
action itself.

Conclusion

Both ab initio and iterative extended Hiickel calculations
favor a bent, end-on (Pauling) structure over a doubly coor-
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dinated (Griffith) structure for the dioxygen ligand geometry
on the basis of total energies. For the bent, end-on structure,
low-energy off-axis displacement of the dioxygen ligand and
a low barrier to rotation about the Fe-O axis possibly coupled
to a large amplitude bending mode of the Fe-O-O bond lead
to a conformational flexibility of the dioxygen ligand. Both
total and molecular energy values calculated from ab initio and
iterative extended Hiickel methods fail to resolve the uncer-
tainties in the electronic ground-state configuration. However,
only a totally paired iron(II)-dioxygen configuration can
consistently account for the large negative electric field gra-
dient at the iron nucleus observed as quadrupole splitting in
Moéssbauer resonance. In addition, the temperature depen-
dence of the quadrupole splitting may be accounted for by
rotation about the iron-oxygen bond. Due to covalency upon
binding of iron to the ligands, the calculated electron distri-
bution around the iron differs substantially from a low-spin
iron(Il) configuration. Finally, a large net negative charge
calculated for the dioxygen ligand indicates possible superoxide
character even without a charge transfer iron(I1I)-superoxide
configuration.
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Abstract: The 13C NMR spectrum of the antibiotic nybomycin (1) has been assigned unambiguously. Difficult central ring
carbon assignments were made by incorporating 15N biosynthetically and employing !3C-15N coupling constants. Other car-
bon assignments were made from off-resonance proton decoupling, model compound studies, and long range 13C-'H splitting

patterns.

. Our continuing biosynthetic investigation? of the antibiot-

ic nybomycin (1) has required assignment of the '*C NMR

spectrum of nybomycin n-butyrate (2) to interpret the results
.

CH,  CH,R

I:R=OH
e 3 4
2:R=0,CCH,CH,CH,

of 13C precursor labeling experiments. Early studies of the
biosynthesis dealt with the incorporation of labeled acetate and
methionine into carbons 2, 4, 5,6,6,8,8,9,10,11',i.e., into
the peripheral carbons of the antibiotic.2>< For these studies
it was sufficient to identify the peripheral ring carbons (in
pairs) and less important to distinguish C-4 from C-10, C-5
from C-9, C-6 from C-8, since they were labeled symmetrically
by acetate, or to assign the central ring carbons definitively,
since they were unlabeled. However, later biosynthetic studies
demonstrating incorporation of glucose and pyruvate into the
central ring?? required complete, unambiguous assignment of
C-6a,C-7,C-7a, C-11a, C-12,and C-12a and a more extensive
investigation of the 13C NMR spectrum of nybomycin was
undertaken,
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