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A systematic study of the electronic structure of models for the active sites of heme enzymes such as peroxidases
and cytochromes P450 has been carried out for high-valent transition states of their catalytic cycles, namely,
compound | and compound Il for peroxidases, as a function of the second axial ligand. The investigation is
based on molecular orbital calculations in local density approximation and comprises five-coordinated oxoiron-
(IV) porphyrin as well as the corresponding six-coordinated species with chlorine, imidazole;@8d &b

axial ligands. In all cases, the ground state of compound Il is obtained as the feffycénfiguration
(3dy)%(3d.,3d,)? with total spinS= 1 distributed between the iron and oxygen atom in a ratio of approximately
60/40. Different electronic states of compound | with the radical located in ftherag, orbitals of the
porphyrin or in the lone-pair orbital of the axial ligand are discussed in detail. The corresponding Heisenberg
exchange coupling constanidetween the oxoiron and the radical spin are calculated, and the influence of
the position and orientation of the axial ligand dis investigated. The results are correlated with the available
experimental data.

I. Introduction based on density functional theory (DFF)38 which have been

High-valent oxoiron(IV) porphyrins are involved as the active proven particularly useful during _the last decade, since ”‘?y can
reliably handle even large transition metal complexes without

sites in reactions catalyzed by heme enzymes such as peroxi- L S
dase’ and cytochromes P450.Two reaction intermediates, a prohibitive amount of computing time and memory space so

denoted for peroxidases as compound Il and compound |, havethat such an approach offers the opportunity of systematic

seen centied tht are one and o ot equnlens, TeCrele Sdes o g vaent oron poptyne, el
respectively, above the ferric resting state. Differences in P P

chemical specificity in peroxidase- and P450-based reactionszgmcagiﬁlgt&':]glgn?'X(;E?}grﬁ'2?:%:;2?: deilsﬁf tgfoiicdtg/sees(llt-iech)
are commonly ascribed to different second axial ligands. In P P P

order to explore such differences, synthetic oxoiron(lV) por- with pyridine as second axial ligarfdl. Very recently, a DFT

phyrins and their corresponding cation radical systems have beencalculanon in local density approximation (LDA) has appeared

investigated by various spectroscopic technigues including X-ray tealing with a model of compound | and compound I, however,

crystalography and EXAFS? EPR and Mosbauer spectros- i Cial S0 SCaeh Se, e L 1 WEEete Sy B
copy?>~13 NMR and magnetic susceptometfyl® electronic 9 P

SbROrpHOr? resonarce Ramd - and ENDOR? = How- |37 Compound | o anlogues based on e oca derly
ever, conclusive evidence for correlations between reactivity p'Fr)h' K ¢ y th t'p | studv of the elect ge-
and electronic properties of the heme group, e.g., theGe IS work presents a theoretical study of the electronic

bond strength or the spin density at the oxogroup, has not ye,[structure of high-valent compound | and compound Il analogues
been obtained® ’ by molecular orbital (MO) calculations within the local density

The majority of theoretical investigations on the quantum approxmgtllc:n t(; determln% I(I) .Fh?h mo!:eculfar O.(rjb':f”‘ls .Of
chemical level has been restricted to semiempirical methods suchrompoun and compound 1, (i me site ol oxidation in
as iterative extended HkeP°3t and INDO calculation@233 compound Il that yields compound 1, (iii) the mode and strength

Hartree-Fock (HF) based approaches for open-shell transition of e_xchange coupling bet_vveen t.he radicall £ 1/2) and the.
metal complexes like the compound | and compound I oxoiron (S= 1) spin, and (iv) the influence of the second axial

analogues would require inclusion of at least some correlation ligand on (i)=(iir). . .

in order to obtain qualitatively correct results. This has been !N @ subsequent papérthe effect of terminal substituents at
demonstrated by comparative calculations on the open-shell Hrthe porphyrin ring will be examined.

and complete active space self-consistent field (CASSCF) levels,
respectively?*35 In the HF calculation of the compound I

analogue the two unpaired spins are almost completely located  The reference model system for the subsequent investigations
at the iron (1.91) with negligible delocalization toward the on high-valent oxoiron porphyrins consists of a planar porphyrin
oxogroup (0.06), while the CASSCF calculation yields a macrocycle with symmetr{4,, hydrogen atoms as peripheral
distribution of 1.17 and 0.82, respectively, in accordance with SubstitutentS, and Clas the second axial ||gand The porphyrin
results of ENDOR measuremenis. plane coincides with they-plane, and the nitrogen atoms are
Attractive alternatives to calculations of this type are methods |ocated on the coordinate axes. The atomic positions are derived
E—. p i be aad  TeloohondEL from crystal structure data of free base porpfingy taking
* To whom correspondence shou € addressea. lele = - i H
500-4200. Fax. +49.451-500-4214. E-mail trautwein@physikmu-ue- 1S Average values of equivalent bond distances and bond angles
beck.de. (Table 1) in order to preserve the 4-fold symmetry of the
€ Abstract published ilAdvance ACS Abstractddarch 1, 1997. porphyrin core. Carbonhydrogen bond lengths are set to 1.09

Il. Geometrical and Computational Assumptions
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Figure 1. Geometry of the reference model system with plaDar
porphyrin macrocycle. The molecule is oriented paralled toxjre

plane with the nitrogen atoms on the coordinate axes. A single oxygen

in the positive and chlorine in the negatizelirection act as first and
second axial ligands, respectively.
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Figure 2. Variation of the axial ligand: (a) model for the histidine
residue; (b) model for the cysteinate residue.

TABLE 1: Bond Distances and Bond Angles for a Planar
D4y Porphyrin Macrocycle Derived from the Crystal
Structure Data of Free Base Porphiné? by Taking the
Average Values of Equivalent Bond Distances and Bond
Angles

d A 0 deg
N—C, 1.38 G—N-C, 107.3
Ca—Cs 1.44 N-Co—Cj 108.9
C—Cy 1.36 G—Cy—Cy 107.5
Co—Cn 1.38 N-C,—Cn 125.1

A. The iron is placed at the center of the porphyrin ring,
resulting in an iror-nitrogen distance of 2.04 A. The oxoiron

distance is assumed to be 1.65 A, consistent with structural dat

derived from EXAF%43 and X-ray measurements for high-

valent oxoiron(lV) porphyrin systems. The distance between
the chlorine anion and the iron is taken as 2.2 A (Figure 1).

The symmetry of this reference systemUs.
Replacing the axial ligand by imidazole oGS~ aims at
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Figure 3. Geometrical variation of the axial ligand. The axial ligand
is rigid, and the angle between the iron atom in the porphyrin center
(Fe), the coordinating atom (L), and any other atom of the ligand
remains constant.

d(Fe—N,) of 2.1 A. The geometry and orientation of theG$"
anion (Figure 2b) are taken from the crystal structure of the
hemoprotein domain of P450BWB*® with the iron—sulfur
distance setto 2.31 A. The angle between the iron, sulfur, and
carbon is 104.5 and the axis through the iron and sulfur is
tilted by an angle ofa = 6° out of the porphyrin normal
direction gaxis). The plane through the iron, sulfur, and carbon
intersects the porphyrin plane at an anglgsof 107.3 with
respect to thex axis (see also Figure 3).

Starting with these reference geometries, the position of the
axial ligands may be varied in order to investigate the influence
of their orientation on the electronic structure of the heme group.
Assuming the axial ligands as rigid, their position relative to
the porphyrin core is determined by six geometrical degrees of
freedom. Assuming further that the angle between the iron,
the coordinating axial ligand atom {Nr S), and any other atom
of the ligand remains constant, the number of degrees of freedom
is reduced to four, viz., the bond distarttef the axial ligand,
rotation of the axial ligand around thraxis (rotation anglg),
tilting of the ligand within the ligand plane (tilting angte)),
and tilting the ligand plane (tilting angler). The total tilting
anglea is given by the relation cos = cosay cosan. Figure
3 displays these geometrical degrees of freedom of the axial
ligands. Possible deformations of the porphyrin core due to
interactions with the axial ligands are neglected throughout.

The molecular orbital calculations presented here have been
performed within the local density approximat®r#® by the
self-consistent charge (SCCXmethod*® This approach is
based on a model potential for the valence electron density that
enables the analytical evaluation of all angular parts of the matrix
elements and leaves only one-dimensional numerical integrations
for the exchangecorrelation potential. The population analysis
is performed by numerical integration of the electron density
within appropriately chosen atomic spheres. As a whole, the
SCC-Xa code is an order of magnitude faster than tledgtion
of GAUSSIAN94 and requires substantially less memory space.

aFor these reasons this method is particularly suited for describing

the electronic properties of large molecules containing transition
metal atoms as shown by several applications to systems of
biological relevanc€=*° and other transition metal com-
pounds30-52

modeling the histidine and cysteinate residues coordinating the
active center in peroxidases and cytochromes P450. The
geometrical data of imidazole are taken from the free molétule A. Electronic Structure of Compound Il. A spin-restricted
(Figure 2a). The plane through imidazole is perpendicular to MO calculation on the reference model system with & an

the porphyrin plane and contains two opposite methine carbonaxial ligand reveals the characteristic pattern of the Fe(3d)
atoms of the porphyrin ring. This orientation is obtained as orbitals for an approximately octahedral coordination, viz., the
the minimum of the total energy when rotating imidazole around splitting into the ,-type (Figure 4) aney-type manifolds. The
thez axis. The pyridine-like nitrogen atom.Mind the center-  3de—2 and 3¢k orbitals of the iron are separated from thg,3d
of-mass of the imidazole are placed on #texis with a distance ~ 3d,, orbitals by 0.80 and 2.04 eV because of the strong

Ill. Results
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e [eV] = 52% Fe TABLE 2: Orbital energies € in eV for the HOMO’s and
S Lumo (pdmg o LUMO'’s in the Ground States of Compound Il and
’ ° Compound | of Five- (O=FeP) and Six-Coordinated
Oxoiron(lV) Porphyrins with a Chlorine Anion (ClI ),
: Imidazole (Imi), and SCH;~ as Second Axial Ligands (cf.
SOMO . Figures 4 and 5)
(pdm)* =486
: O=FeP Ct Imi HiCS™
—5r g HOMO ] MO?2 cpd!l cpd!l cpdll cpdl cpdll cpdl cpdll cpdl
420840 S G2 dea  —6.64 —9.17 —3.16 —5.31 —5.19 —7.28 —2.65 —5.43
dz2s —5.84 —8.36 —2.47 —4.61 —4.44 —6.54 -1.96 —4.64
: dz-y2q —6.95 —9.39 —4.36 —6.66 —6.10 —8.33 —4.08 —6.46
537 (pan)s51% Fe dz-yep —6.34 —8.77 —3.74 —6.00 —551 —7.69 —3.41 —5.85
. 547 a7 33% O (pdn)f, —8.28 —10.85 —5.37 —7.70 —7.52 —9.77 —4.94 —7.76
Tu—=mm T Mlwes (pdm)ts —7.24 —9.83 —4.42 —6.75 —6.52 —8.78 —3.95 —6.75
ey 99% Fe (pdm)k, —8.28 —10.85 —5.37 —7.70 —7.52 —9.77 —5.02 —7.73
(pdm)ts —7.24 —9.83 —4.42 —6.75 —6.52 —8.78 —3.86 —6.73
Oy, —9.37 —12.06 —6.41 —8.87 —8.62 —10.99 —6.05 —8.85
Oy, —8.37 —11.11 —5.49 —7.97 —7.67 —10.07 —=5.07 —7.92
) Bua —7.71 —10.61 —5.09 —7.98 —6.99 —9.88 —4.80 —7.27
oy =5:94 up —7.68 —10.39 —5.11 —7.78 —7.01 —9.68 —4.80 —7.25
—6r , 6.04 fp, 75% CIT awe.  —7.78 —10.37 —5.47 —8.03 —7.31 -9.85 -5.35 —7.63
£p.=6.11 608 tp, 59% CI awp  —7.77 —10.40 —-5.47 —8.07 —7.31 —9.89 —5.35 —7.63
1.p.0e —6.08 —8.64 —11.37 —13.45 —4.38 —9.25
l.p.og —6.04 —8.55 —11.35 —13.23 —4.53 —8.37
spin-restricted  spin-polarized l.pia —6.08 —8.64 —11.66 —14.03 —5.96 —10.44
Figure 4. Orbital energies between4.4 and—6.2 eV in the ground P —6.04 ~8.55 ~11.55 ~13.83 =5.79 ~9.83
state of six-coordinated oxoiron (IV) porphyrin with a chlorine anion a|.p., lone-pair orbital of the axial ligand, spin up;8, spin down;

as the axial ligand obtained by a spin-restricted and a spin-polarized (pdr)* denotes ther antibonding combination of Fe(3tk,) and O(2p,
MO calculation. Behind the MO’s the character of the wave functions ) orbitals.

is displayed (l.p., lone-pair orbital of the axial ligand; spin up;s,

spin down; (pak)* denotc_es ther antibonding combination of Fe(34 the 3¢, 0.62 eV for the 3g—2 (both not shown in Figure 4),
3d7) and O(2p, 2p)) orbitals). 0.94 eV for the 3¢, and 0.92 eV for the 3glorbital (Table 2).
interaction with the in-plane nitrogen lone-pair orbitals of the The reason for the slightly larger exchange splitting in &da
porphyrin core and the mtomic orbitals (AO’s) of the axial  different covalent interaction between Fe and O for éghand
ligands, respectively. The Fe(3d) character of these MO’s 8 spin orbitals. This is reflected in the participation of O(2p)
amounts to 62% and 52%. Thgrtype orbitals are split into by 44% in theB spin orbital vs 33% O(2p) in the spin orbital,
3d.y and into the degenerate ,3d3d,, orbitals denoted as 3d the latter being slightly delocalized toward the chlorine anion
These orbitals together with the three highest occupied ligand with 14% contribution of the CI(3ppy). Correspondingly, the
MO'’s are shown in the left part of Figure 4. The,3adrbital Cl(3p) lone-paira. and 5 MQO'’s exhibit considerably different

is a pure iron 8 orbital with 99% iron character. The Fe(3d CI(3p) participation, 59% and 75%, respectively. Owing to the
orbitals undergo strong interactions with the 2pand 2g exchange splitting of the Fe(3d) orbitals, the HOMO is now
orbitals of the oxygen atom. The resulting 2-fold degenerate the g, orbital of the porphyrin core, while the lowest unoccupied
antibonding MO, denoted as (pjf, reveals appreciable O(2p) MO (LUMO) is the (pdr)} spin orbital (cf. Figure 4) with a
admixture of 42% and constitutes the highest occupied MO HOMO/LUMO gap of 0.67 eV. The two unpaired electrons
(HOMO) containing two electrons so that each orbital is singly occupying the (pa)% spin orbitals give rise to the system spin
occupied and is denoted as SOMO in Figure 4. The two S = 1 being almost completely localized within the=F@®

porphyrin MO's, a, and g, in the notation ofD4, symmetry moiety. The corresponding singlet state is calculated with 0.35
are linear combinations of the out-of-plang gubitals of the eV above the triplet state, in accordance with Hund'’s rule.
carbon and nitrogen atoms. Theyaorbital, with main Next, the changes of the orbital energies of interest with

amplitudes at the pyrroline carbon atoms, is 0.38 eV below the respect to different axial ligands are considered (Figure 5). In
&, With main amplitudes at the nitrogens and the methine order to facilitate the comparison, the orbital energies are
carbons. Approximately 1 eV below the,ds a MO with 70% referenced to the energy of thg, 0. Removing the chlorine
participation of chlorine 3pand 3g AO’s, which will be anion does not change the symmetry of the complex f@am
denoted as the axial ligand lone-pair (I.p.) orbital. Filling the while replacing the chlorine anion by imidazole oGS
MQ'’s according to the Pauli principle and Hund’s rule results reduces the symmetry ©s or C;, respectively. The fictitious
in a triplet ground state§= 1) with the (bg)* configuration case of a five-coordinated iron with iron left in the porphyrin
(3dy)? (3d)! (3dy)? of iron. Thus, the MO calculation yields  plane is shown for comparison on the left side of Figure 5. The
the ferryl state Fe(IV) as the ground state, in accordance with main changes caused by removing the chlorine anion concern
Mossbauer spectroscopic results obtained on high-valent inter-the stabilization of the porphyrim@orbital and of the MO’s
mediates of peroxidase’ and biomimetic model complexés!? with mainly Fe(3d) character relative tg,awhich is especially
Because the resulting ground state corresponds to an openpronounced for the 3d orbital because of the lack aF
shell configuration, a spin-polarized calculation is necessary in interaction with the CI(3p orbital, leading to an increase of
order to obtain a more detailed picture. The correlation between the Fe(3d) character. The missingnteraction of the ClI(3p
the spin-restricted and the spin-polarized MO calculation is 3p,) orbitals with the (pet)* orbital enhances mainly the O(2p)
displayed in Figure 4. The iron 3d orbitals split into majority contribution of the (pd)§ orbital, while the character of the
(spin up,a) and minority spin (spin downp) orbitals as a (pdm)p orbital is virtually unaffected.
consequence of the exchange interaction. Usually, the size of In the case of imidazole-ligated porphyrin, the main features
this exchange splitting becomes larger with increasing 3d of theo-type MO’s with mainly Fe(3d) character are similar to
character of the molecular orbital, and amounts to 0.69 eV for the chlorine-ligated porphyrin. In spite of the reduced sym-
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Figure 5. Correlation diagram for the orbital energies of the HOMO's
and LUMO'’s of five- (CG=FeP) and six-coordinated oxoiron (IV)
porphyrins with a chlorine anion (C), an imidazole molecule (Imi),
and an HCS™ anion as axial ligands. The energies are given relative
to the orbital energy of the;@aMO €(aw) = (e(auue) + €(awup))/2; €-

(aq) = —7.77 eV for G=FeP,—5.47 eV for CI, —7.31 eV for Imi,
and—5.35 eV for HCS".

metry, the (per)* MOs remain almost degenerate, with a
splitting of less than 0.01 eV and negligible contribution from
the pyridine-like nitrogen atom, indicating that there is virtually
no s interaction between iron and [N Consequently, the
character of this orbital compares well with the five-coordinated
oxoiron(IV) porphyrin (Table 3). The reason is the large energy
separation between the Fe(3d) and thé€N) AO’s, so that the
corresponding MQO'’s with N2p) character are more than 4 eV
below the @, and &, orbitals. The g, is the HOMO for the
five-coordinated oxoiron(IV) porphyrin and for six-coordinated
oxoiron(lV) porphyrin with imidazole and chlorine as axial
ligands. The @, orbital is 0.09, 0.31, and 0.38 eV lower in
energy, respectively. The LUMO is the @y orbital with 0.43,
0.47, and 0.67 eV above the HOMO. Because of this similarity

in the one-electron energy structure near the occupation border,
the ground state is the same spin triplet state in all three cases,

With H3CS™ as the axial ligand, the pattern of the molecular
orbital energies of the oxoiron(IV) porphyrin exhibits consider-
able differences. First, the HOMO becomes a predominantly
sulfur 3p orbital with orientation perpendicular to the plane
defined by the iron, sulfur, and carbon of theG&~ group.
The sulfur 3p contribution to this orbital amounts to 71&9 (
and 73% ) and will thus be denoted as the S(3p) lone-pair
(I.p.o) orbital. Itis separated by 0.42 eV for theand 0.27 eV
for the 8 spin orbital from the & orbital. The MO’s with S(3p)
in-plane character are1.57 eV @) and—1.41 eV {3) below
the HOMO. The a/ap, splitting increases to 0.55 eV because
of S(3p) admixture of about 15% to thg,a The (pdr)s MO is
split by about 0.1 eV into the out-of-plane @, and the in-
plane (pdh)it, orbitals because of different interactions with
the sulfur 3p AO’s perpendicular and parallel to theSe-C
plane. Correspondingly, the (p} orbital contains contribu-
tions from S(3p) at 9% and O(2p) at 40%, similar as in case of
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TABLE 3: Percentage Contribution of the 2p AO’s at the
Nitrogen (%N), Carbon (%C), and Oxygen (%0) Atoms,
the 3p AQO’s at the Chlorine (%Cl) and Sulfur (%S) Atoms,
and the 3d AQO'’s at the Iron Atom (%Feg to the Relevant
MQ'’s of Compound Il and Compound |

O=FeP Ccr Imi HsCS™

MO % cpdll cpdl cpdIl cpdl cpdll cpd!l cpdll cpdl
(pdm)te L 136 99 00 00 00 01
405 40.1 333 348 40.0 39.8 423 400
Fe 547 552 514 538 556 56.3 535 558

(pdm)ts L 29 28 00 00 01 00
O 439 443 4377 433 436 437 448 439
Fe 53.0 525 516 521 534 532 528 531

(pdm)te L 136 99 00 00 90 23
O 405 401 333 348 399 39.6 40.1 383
Fe 547 552 514 538 556 56.3 436 56.5

(pdo)ts L 29 28 00 00 107 17
O 439 443 437 433 434 435 36.1 421
Fe 530 525 516 521 533 532 512 541

Qua N 295 287 425 413 390 376 383 39.8
Cn 493 548 516 518 540 553 424 527

L 3.2 3.9 1.5 1.7 127 2.9

aup N 339 318 421 415 389 381 36.7 39.8
Cn 549 559 512 510 543 546 399 518

L 3.7 4.1 1.3 1.5 183 4.0

Aua C, 786 79.8 767 785 779 792 765 776
Cs 214 202 233 215 221 207 233 222

augp C, 785 802 766 79.0 778 79.7 764 7117
Cs 215 198 234 210 221 203 234 221

lpoe L 595 659 278 303 711 4R6
(6] 7.5 6.2 4.0 128 3.2 10.0

Fe 4.5 2.4 0.0 112 133 3.8

l.p.og L 749 742 336 285 728 66.9
e} 84 97 06 60 97 17

Fe 1.0 1.6 0.1 3.3 2.5 0.2

@ The reduction of S8 character after ionization is caused by
mixing with occupied porphyrime-orbitals, which contain the missing
30% S amplitude, leading to 17.5% N, 2.4%, @6.5% G, and 1.4%
Cn contribution to |.pz. in compound |P L denotes the coordinating
atom of the axial ligand; I= CI, N, or S.

the chlorine-ligated porphyrin. In contrast, the £}, orbital

has negligible amplitude at the sulfur atom and does not change
its composition compared with the five-coordinated and the
imidazole-coordinated oxoiron(lV) porphyrin. Similar conclu-
sions apply to the corresponding unoccupieddgjarbital, not
shown in Figure 5. Finally, the crystal field splitting is smaller
than the exchange splitting of the individual Fe(3d) orbitals
because the§type molecular orbitals are destabilized by the
axial ligands, whereas the 3d,2 orbitals remain comparatively
unaffected (Figure 5), and the ,3de, orbital becomes the
LUMO with 0.3 eV above the HOMO.

Table 4 displays the charge (in units of €) and spin (in units
of A/2) distributions of the four systems under study. The charge
density within the porphyrin macrocycle is essentially insensitive
to axial coordination. The pyrroline nitrogen atoms are always
negatively charged with an average effective charge between
—0.21 and—0.24. All carbon atoms are nearly neutral. The
effective charge of the iron in five-coordinated oxoiron(IV)
porphyrin is 0.93, while the oxygen has a negative charge of
—0.47. Addition of the axial ligand slightly increases the
polarity of the Fe=O bond, with the effective charge of iron
ranging from 0.96 to 0.98 and that of oxygen fron®.51 to
—0.59. The overlap population, indicating the covalent bond
strength, is 0.203 for the FeN and 0.524 for the FeO bond

in five-coordinated oxoiron(IV) porphyrin (Table 4). These
values are lowered by merely 5% forF© and by 10% for
Fe—N when the anionic ligands Cland HCS™ are coordinated,
whereas addition of imidazole does not show any appreciable
effect.
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TABLE 4: Effective Atomic Charges Q (in units of €), Spin Densitiese (in units of A/2), and Overlap Population (in e) for the

Ground States of Compound Il and Compound |

O=FeP Ct Imia HiCS 2
atom cpdll cpd | cpd Il cpd | cpd Il cpd | cpd Il cpd |
N Q -0.21 -0.17 —0.22 -0.17 —0.22 -0.17 —0.23 —0.20
o —0.036 —0.104 —0.029 0.097 —0.022 0.090 —0.030 0.012
Ca Q 0.02 0.05 0.02 0.05 0.02 0.05 0.02 0.03
o 0.004 0.017 0.003 —0.022 0.002 —0.018 0.003 0.013
Cs Q 0.01 0.02 0.00 0.01 0.00 0.01 0.00 0.01
o —0.001 —0.016 —0.001 0.000 —0.001 0.003 —0.001 0.015
Cn Q 0.04 0.08 0.04 0.08 0.03 0.08 0.04 0.04
o —0.018 —0.183 —0.001 0.175 —0.001 0.179 —0.001 —0.001
L Q —0.57 —0.53 -0.21 —0.19 -0.41 -0.14
o 0.020 0.059 —0.018 —0.002 0.022 0.697
) Q —0.47 —0.42 —0.54 -0.51 —0.51 —0.48 —0.59 —0.51
o 0.934 0.933 0.934 0.932 0.914 0.920 0.866 0.922
Fe Q 0.93 0.90 0.96 0.89 0.98 0.89 0.98 0.94
o 1.253 1.124 1.154 1.128 1.187 1.152 1.213 1.176
O=FeP Cr Imi2 HiCS 2
bond cpd Il cpd | cpd Il cpd | cpd Il cpd | cpd Il cpd |
Fe-N 0.203 0.218 0.178 0.192 0.198 0.212 0.170 0.195
Fe-L 0.206 0.217 0.131 0.159 0.156 0.135
Fe=O 0.524 0.548 0.500 0.526 0.527 0.548 0.518 0.535

a Average values are given for the atoms of the porphyrin macrocycle and fa¥ FeThe spin density at the pyrroline nitrogen atoms exhibits
a distinct anisotropy:o (N,+x) = 0.067,0 (N,+y) = —0.020,0 (N,—x) = 0.015,0 (N,—y) = —0.012.

The spin density in five-coordinated oxoiron(IV) porphyrin
is almost completely localized within the oxoiron(IV) subunit

TABLE 5: Average Binding Energy E = (E(3/2) + E(1/2))/2
Relative to the A, State for Compound | Analogues with

(Table 4) and amounts to 1.253 for iron and 0.934 for oxydgen the Radical Located in Different MO’s and Exchange
so that the total spin of the oxoiron(IV) subunit slightly exceeds Coupling Constant J of the Heisenberg HamiltonianH =

2. The excess spin is compensated by a small negative spin—JS'S 2

density (-0.036) at each nitrogen of the macrocycle because g, G=FeP ct Imi H3CS

of differento interactions of the 3@—,2, and 3¢2—2 orbitals - =

with the nitrogens and a small neggtive spin deﬁiﬁQ.OlB) A JE[er:]/L _21%0 +6g'0 +Sf'0 +1860-0

at the methine carbon atoms. Addition of the axial ligand leads ,. E[[CeV] ] 0.409 0.438 0.421 0.744
to a reduction of the excess spin density at the oxoiron(lv) "™ Jlemy  —27 18 -30 +77
subunit and of the negative spin density at the porphyrin LP; El[eV] 0.933 3.094  —0.922

macrocycle so that the methine carbon atoms are almost

diamagnetic in the six-coordinated oxoiron(IV) porphyrins.
Owing to the CI(3p) and S(3p) contribution to the fH& orbital,
the spin density of the oxoiron(lV) porphyrins with the anionic
axial ligands is slightly delocalized toward the chlorine and
sulfur, while the spin density at the.Nitom of imidazole is
negative due to polarization effects.

B. Electronic Ground State of Compound |I. The com-
pound | intermediate is derived from compound Il by one-

2 Values for the L.R, state are not given, since mixing between the
magnetic orbitals yields unreasonable results.

detected on a distal amino adi® This case apparently can
not be dealt with in this work.

Table 5 displays the energies of the low-lying states of
compound | with different axial ligands. The ground state for
the chlorine- and imidazole-ligated systems is obtained by

electron oxidation. It has been shown in the previous section ionization of the &, orbital, while for the five-coordinated

that the HOMO’s of compound Il comprise three kinds of
orbitals: MO'’s with mainly iron 3d character, the porphyrin
&~ and a,type MO’s, and MO’s with predominant contribu-

species ionization of they@, orbital yields the state with the
lowest energy. In all three cases formation of thg, Atate
requires about 0.4 eV more energy. The magnitude of the

tion from the axial ligand. S_irpg these MO’s are in the same splitting between states derived from ionization of corresponding
energy range, several possibilities for oxidation of compound ¢ andp orbitals is about 1% of the iYA}, spacing. In case of
Il are conceivable. If the electron is removed from one of the chlorine-ligated porphyrin the axial ligand lone-pair radical lies

orbitals with mainly iron 3d character, the resulting complex is
formally an oxoiron(V) porphyrin. Up to now, conclusive
experimental evidence does not exist on oxoiron(V) porphyrin

and a calculation shows that the cationic state obtained by

ionization of the 3¢, orbital lies 1.34 eV above the ground
state for the Ci-coordinated species. Oxidation of the por-
phyrin core results in an oxoiron(IV) porphyrin radical complex
with either A, or Ay, characteP® Most of the experimental
results support this assignment, and both types of porphyri
radicals have been detecfed?1516.182224-29 |n the third case

about 1 eV above the ground state. This is in accordance with
the result that the I.p. MO in the ground state of compound Il
* lies approximately 1 eV below the;a However, with HCS™
as axial ligand, the I.p.MO is the HOMO of compound II,
and the corresponding cationic state, [,P.constitutes the
ground state of compound I. The,Astate lies about 1 eV
higher and is, in addition, stabilized with respect to thg, A
n State by 0.7 eV. This is also reflected in the MO energy diagram
of compound Il (Figure 5). States that are created by oxidation

the radical resides on the axial ligand, a possibility that has been©f an electron out of the 3gorbital are more than 1 eV above

considered only recentRf. Furthermore, ionization of either
ana spin or af spin orbital is possible. Finally, it should be

the ground state, but ionization of the (9 orbital leads to a
low-lying state between thejAand A, states for the chlorine-

mentioned that in some native systems the radical has beencoordinated system.



Axial Ligand Effects J. Phys. Chem. A, Vol. 101, No. 14, 1992697

Figure 6. Spin density in the ground state of compound | with Figure 7. Spin density in the ground state of compound | witfCi3"
imidazole as axial ligand: (a) plot of plane parallel to the porphyrin as axial ligand.

plane; (b) plot of plane perpendicular to the porphyrin and the axial ) ] ] ) )
ligand plane. The dash-dotted line in (a) indicates the plot plane of (b) TABLE 6: Effective Atomic Charges Q (in €), Spin Density
and vice versa. The dashed line in (b) is the porphyrin plane. Contour @ (in #/2) and Overlap Population (in €) for Low-Lying

lines are at-0.0015, 0.0015, 0.0025, 0.0042, 0.0070, 0.0116, 0.0194, States of the Compound I Analogue with HCS™ as Axial
0.0323, 0.0539, 0.0898, and 0.1499 multiplfe@ay’. Ligand

atom  L.PL(3/2) LPL(L2) A, (312) Ay, (L12) A, (32) A, (1/2)

The charge distributions of all compound | species closely

resemble the charge distributions of the corresponding com- N Q -020  -020 -0.18 -018 -0.19 —0.19
pound Il species (Table 4). For the systems with the radical UQ 8-83;21 7%%%12 %%il *0-01(2)3 *0-8‘566 *0-%036
on the porphyrin r_nacro_cycle, ie., the flve_- a_nd_sm-coordmatgd o 0013 -0026 -0018 0021 0120 —0.117
compound | species with chlorine and with imidazole as axial ¢, Q@ o0.01 0.01 0.01 0.01 0.02 0.02
ligands, the effective atomic charges of the pyrroline nitrogen o 0015 -0.010 -0.001 -0.001  0.025 —0.027
and methine carbon atoms increase by 0.05 in going from Cm Q 8-831 8'3?33 %-(1739 %(1738 ngg O%-2015
compound Il to compound I, while an increase of 0.03 for the ”Q 014 022 —034 -035 -040 —0.40

Co and 0.01 for the gatoms is obtained. The larger increase o 0697 -0508 0219 —0.091 0036 0.032
in charge of the pyrroline nitrogen and the methine carbon atoms 0 Q -0.51 -0.49 —-055 -0.54 —057 -—0.57
compared with the pyrroline carbon atoms.(GCs) is in - UQ 8-3‘212 g-gglf 8-3?7 8-98211 855’2 0058854
accordance with the ,a@ character of the radical orbital. > 1176 1057 1183 1165 1213 1195

However, it is less than the expected value of about 1/8 because
the radical orbital is shielded by the remaining electrons because pong  Lpi(3/2) LPy(L2) A, (312) Ay (L2) AL (32) AL (1/2)
of orbital relaxatlon of the occupied valence orbitals so th_at =N 0.195 0.193 0.188 0.187 0.187 0187
some charge is removed from the oxygen and the coordinatinge. 5 135 0179 0161 0165 0179 0179
atom of the axial ligand. Fe<O 0535 0538 0538 0540 0546  0.546
For compound | with HCS™ as axial ligand, the radical orbital
is located at the sulfur atom. Hence, the change in the effective
charges of the porphyrin atoms is smaller upon oxidation of
H3sCS ™ ligated compound Il, while that of the axial ligand (by centered radical becomes positive on the nitrogens and the
0.27) and of oxygen (by 0.08) is larger (cf. Table 4) than in the methine carbon atoms for the six-coordinated and negative for
other cases. In all cases the effective charge of the iron the five-coordinated species becauggspin orbital is ionized
decreases slightly. This is caused by an increase in theinthe former and aa spin orbital in the latter case. The change
occupation of the Fe(4s) and Fe(4p) AO’s that overcompensatesin spin density on the nitrogen 150.068 for the five-coordinated
the decrease of the Fe(3d) population. The overlap populationsystem, 0.126 and 0.112 for the chlorine- and imidazole-ligated
of the Fe=O bond is 5% and of the FeN bond 10% larger in six-coordinated systems, antD.165, 0.176, and 0.180 on the
compound | than in compound Il (Table 4). methine carbon atom, respectively, in good agreement with the
The spin density distribution of compound | (Table 4) expected average value of 1/8. The change in spin density of
expresses the radical character better than does the chargéhe pyrroline carbon atoms is smaller. The spin density at the
distribution. Compared with the corresponding compound Il coordinating atom of the axial ligand is slightly increased to
systems, the spin density in compound | with a porphyrin- 0.039 for Cl and to 0.016 for Nof imidazole, while the spin

2 See footnote b of Table 4.Average values are given for the atoms
of the porphyrin macrocycle and for F&\.
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density at the oxygen atom remains almost constant uponTABLE 7: Exchange Coupling ConstantJ (in cm~?) of the
oxidation. Figure 6 displays the spin density distribution of Heisenberg HamiltonianH = —JS'S for
the imidazole-coordinated compound | analogue. Chlorine-Coordinated Compound | Analogues with the
With HsCS as the axial ligand, the total change of the spin R@dical Located in Porphyrin « MO's
density on the porphyrin is small, except for an increase by Fe-N 204A 204A 204A 197A 197A
0.106 at the nitrogen atom ifix direction. The dominant part Fe-Cl 2.2 AA 2.3 AA 2.2 AA 2.3 AA 2.2 AA
of the spin density in compound | is found at the sulfur atom Fe-O 165 165 175 165 165
with 0.697 (Figure 7), accompanied by a slight increase of the ...~ A3, +69 +82 +141 +95 +76
oxygen spin density of 0.056 (Table 4). The spin density of Al —18 —20 -23 —23 —21
iron is slightly lowered in all cases, namely by0.025 for ] . . 1
chlorine,—0.035 for imidazole;-0.037 for HCS, and—0.129 L’Zitﬁb%rgEﬁ;mHgﬁiioﬂpﬂ“gfé”g’sg‘t‘] (incm™) of the
for th.e flye-goorQ|nat§d case. Altogether,. the charge .an.d SPIN | midazole-Coordinated Compound | Analogues with the
density distribution within the FeO subunit is rather similar  Radical Located in Porphyrin 7 MO's

for aII_ four systems, regardless qf the nature of the axial ligand, FeN. 21A 21A 21A 21A 22A
the site of oxidation, and the different excited hole states of o 0° 0° 0° 0° 0°
compound | as shown, representatively, for th&€H" ligated B 0° 15° 30° 45° 45°
system in _Tablg 6 This result conflrm_s that the charge_and o 52 ) ) o1 160
spin density within the FeO subunit is not an essential state 2 _ - _ _ _
L L A 28 31 29 30 27
indicator for the reactivity of compound | systeris. u
C. Exchange Coupling. The coupling of the spif of the Fe-N. 21A 21A 21A 21A 22A 21A
oxoiron(lV) subunit with the radical spifS generated by o (5)0 go go 18: 18: 10
oxidation of compound Il is described within the frame of the %a " . " Oo
. . - . . . . B 0 21.2 45 0 21.2 45
spin Hamiltonian formalis®¥ by the Heisenberg Hamiltonian
H = —JSS. The isotropic coupling constadtcan be derived state P Tl -1 —4 -94 -105 -118
within the broken spin symmetry formali§ffrom the expres- Ww T2 —2zr -28 —34 -28 28
sion Fe-N., 2.1A 21A 2.1A
) 20° 20° 20°
E(Sne) ~ E(Sin) o 0" o 0
J=—2—7"— (1) B 0° 21.2 45°
Shax — Shin A —385 —420 —475
state 2u
A -168 -37 -28

1u

with E(S) being the binding energy of the system in the spin
stateS. Taking into account that in the present case the total A results inJ = +141 cntl. For the porphyrin with the smaller
spin can take maximum and minimum valuesSibx = 3/2 iron—nitrogen distance of 1.97 A, the coupling constahts
and Synin = 1/2, the coupling constartis equal to the energy  +76 and+95 cnT? closely resemble the values for déF)
difference between the states with parallel and antiparallel = 2.04 A. The decrease in total energyb9.03 eV indicates
coupling of the two spins. The corresponding energy difference that the iron-nitrogen distance in highly oxidized oxoiron(IV)
is on the order of 0.01% of the binding energies calculated for porphyrins may actually be smaller than the value of 2.04 A
the two states separetely. The coupling constants for ffjle A chosen in this work. Enlarging the F#&l. distance by 0.1 A
state are calculated ds= +69 cnt! andJ = +51 cnt! for in the imidazole-ligated compound | analogue yields a similar
the chlorine- and imidazole-ligated compound | analogues, increase of the coupling strength frain= +51 to +60 cnt?!
respectively (Table 5). In case of the five-coordinated com- (Table 8) as obtained for the analogous geometrical variation
pound | analogue the coupling is stronger and antiparallel, in the chlorine-ligated system. The values fbare virtually
—210 cntt. For the A, state] varies between-18 and—30 independent of the rotation anglearound thez axis, but tilting
cm?, i.e., the porphyrin radical spin exhibits weak antiferro- the axial ligand by (Figure 3) within the imidazole plane in
magnetic coupling to the spin of theFF©® subunit for all three such a way that the Hatom (cf. Figure 2) moves toward the
cases. For the 4€S  ligated system both the Aand the ~ Porphyrin plane leads to significant changes of the coupling
A, spin state isS= 3/2 with values for the coupling constants ~ strength in the A, state. Passing from, = 0° to 5° reduces
of J= +186 andJ = +77 cntl, respectively. the value of the coupling constant frofrb1 to—4 cntt. An
Because the coupling constants represent small energies orincrease of the tilting angle to 10° and 20 results in values
the scale of the binding energies, the results may be sensitiveof J = —118 and—475 cnt?, i.e., the coupling becomes
to the geometrical assumptions underlying the calculation. strongly antiferromagnetic. At the same time, however, the total
However, even the reference model system with chlorine as theenergies relative to the case fay = 0° increase by 0.11 eV
axial ligand contains 39 atoms, resulting in 111 degrees of for 5°, by 0.67 eV for 10, and by 2.0 eV for 20 These results
freedom for changing the geometry so that the investigation of indicate that the porphyrin core will not stay planar under such
the dependence al on all these conceivable variations is @ change in geometry. A similar influence of the axial ligand
impossible. To restrict the number of geometrical parameters, On the distortion of the porphyrin core has recently been
the porphyrin core and the axial ligand are considered as rigid, demonstrated for a series of iron(ll) porphyringtesThe
and only the influence of the relative orientation of the axial coupling constant of the # state and the f/A},, splitting are

ligand onJ will be investigated. practically unaffected by these geometrical variations within the
For the compound | analogue with a chlorine anion as the compound | analogue with chlorine and imidazole as axial
axial ligand, the dependence dfon the Fe-Cl, Fe=0O, and ligands.

Fe—N®%bond distances are examined (Table 7). Increasing the When the iron of the five-coordinated compound | analogue
iron—chlorine distance from 2.2 to 2.3 A influences the coupling is moved out of the porphyrin plane by 0.5 A into the direction
strength only slightly with a change dffrom +69 cnt? to of the oxygen atom while keeping the oxoiron distance constant,
+82 cnr'l, while elongating the iroroxygen distance to 1.75  the A, coupling constant changes monotonically frah=
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TABLE 9: Exchange Coupling ConstantJ (in cm~?) of the
Heisenberg HamiltonianH = —JS+S for Five-Coordinated
Compound | Analogues with the Radical Located in
Porphyrin & MO’s

Fe-N 2.04A 205A 205A 206A 208A 210A

Fe-Ct 00A 0.1A 02A 03A 04A 05A
A -210 -176 —123 58 +26  +117

state 2u
A, —27 -19 -12 -7 -3 +1

TABLE 10: Exchange Coupling_ConstantJ (in cm~1) of the
Heisenberg HamiltonianH = —JS-S for H3CS-Coordinated
Compound | Analogues with the Radical Located in
Porphyrin & MO’s

Fe-S 216A 221A 226A 231A 226A 22A

o 6.0° 5.9 5.8 5.6° 0.00 0.00

ag 2.3 2.2 2.2 2.1° 0.0 0.0

B 107.3 107.3 107.3 107.3 0.0 212
state P —-708 —205 +242 +186 —2037 -1307
: +43  +43 +51  +77 +376 +231

1lu

—210 to+117 cn1? (Table 9) and the total energy increases
by 1.1 eV. The binding energy takes a minimum for a 0.1 A
out-of-plane displacement of the iron with0.1 eV below the
in-plane position and = —176 cnTl. The same geometrical
change causes a change of thg ¢oupling constant from-27
cm! to approximately zero.

In the HCS™ ligated compound | analogue, the coupling
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than our value of 0.93 for the five-coordinated compound Il
analogue (Table 4). The charges of the oxygen obtained by
CASSCF (-0.49) and by LDA ¢0.40) are both in good
agreement with the corresponding SC@-Xalues of—0.51

and —0.47, respectively (Table 4).

In all calculations the charge and spin density distributions
within the Fe=O unit remain essentially the same in going from
compound Il to compound |. For thejAstate the CASSCF
calculation gives spin densities of 1.10 for Fe and 0.89 féf O,
and the corresponding LDA values are 1.184 (Fe) and 0.849
(0)#° The respective values of our calculation are 1.152 and
0.920 for the imidazole-coordinated and 1.124 and 0.933 for
the five-coordinated compound | analogue in Table 4. Common
to all calculations is thus a slight transfer of spin density from
the iron to the oxygen upon oxidation. The variation of the
effective charges is even smaller: the values of 2.25-abd3
on iron and oxygen, respectively, calculated by CASS@Rd
the values of 0.52 and-0.36 of the LDA calculatioff are
almost identical with the compound Il results, as in the SCC-
Xa calculation of this work (Table 4). Altogether, these results
show that the electronic structure of the=Re bond is
essentially insensitive to the removal of an electron from a
porphyrines orbital, as mentioned earliét. On the basis of
our calculations, we can further conclude that the charge and
spin density distributions within the FO subunit are virtually
independent of the nature of the axial ligand. Analogous results

constants are much more sensitive to geometrical variation thanhave been obtained by semiemperical INDO calculati@ms.
in the other three cases (Table 10). Especially remarkable isaddition, the properties of the #© moiety are largely

the sensitivity to changing the angte€from 6° to 0°. The values
of J calculated for the 4, state vary betweer-2037 and
+186 cnt?! for changes of the ironsulfur distance between
2.15 and 2.31 A and of the rotation anglebetween © and
21.2.%2 For the A, state the coupling is always ferromag-
netic and] ranges from+-43 to+376 cnt!. For all considered

unaffected even when removing an electron from the |.p. orbital
of the axial ligand (Table 6).

Exchange coupling constants of porphyrin cation radical
complexes have not yet been computed to our knowledge by
other electronic structure methods so that they can be compared
only with experimentally derived values. Such a comparison,

geometries the ground state corresponds to the lone-pair sulfurhowever, is restricted in several respects from both the theoreti-

radical state L.P. while the A, state is always located about

cal and the experimental side. As to the theoretical side, all

1 eV above. However, the magnetic ligand orbital has more calculations are based on the geometrical model assumption of

than 10% contribution from the FeO centered magnetic orbital

a planar symmetric porphyrin core without any terminal

(Table 3) so that the applicability of the Heisenberg model may substituents. The effects of terminal substituents and distortions

be questioned for a quantitative determinatiod &r the L.P:
state. Accordingly, calculated values vary betweer-1478
and —360 cnt! for the examined geometries, and further

of the porphyrin core on the electronic structure of compound
I and compound Il analogues have been studied in a separate
investigation*! This analysis yields, among other results, the

geometrical modifications may even enlarge this range. The conclusion that slight distortions of the porphyrin core with

spin state of this ground state is obtained as the douBlet (
1/2) for Fe-S distances below about 2.2 A, while for larger
distances the quarteB & 3/2) is lower in energy.

IV. Discussion

deviations up to 0.05 A from the root mean square plane lead
to variations inJ below 50% and do not change the sign.
Therefore, agreement with experimental values can be expected
at best within these limits.

Regarding the experimental side, the $dbauer and EPR

The results of our calculations will now be compared with SPectra of compound | species are often superimposed by signals
theoretical results obtained by other methods of similar sophis- from the reduced species (compound If) and/or ferric precursors
tication, viz. CASSCE*35and the fully numerical LDA? and because it is_ practically_ imposs?ble to synthesize comp_oun_d I
with experimental data. The spin density distribution within analogues with 100% yield. This precludes the determination
the Fe=O unit obtained with all three theoretical methods ©Of J from temperature-dependent magnetic susceptibility mea-
compares well with each other. CASSCF yields a spin density Surements so thal has to be derived from spin Hamiltonian
of 1.12 at the iron and of 0.86 at the oxygen for a pyridine- S|mulat|(_)ns of Masbauer a_md EPR spectra only_. Slnce_lr_1 this
coordinated compound Il analogéfewhich is very close toour ~ €@se J is strongly covariant with the zero-field splitting
values of 1.187 and 0.914 for the imidazole-ligated system ParameteD and the local values of iron(IV), the simulation
(Table 4). The numerical LDA calculation for a five- usually leads to a manifold of solutions withgiven at best
coordinated compound Il model yields a spin density on the Fe With an accuracy ot-20%5%%¢ This has to be kept in mind
and O atoms of 1.196 and 0.821, respectivélyn good when comparing calculated and measured exchange coupling
agreement with our values of 1.253 and 0.934 given in Table 4 constants.
for the five-coordinated system. The effective atomic charge  Experimentally derived) values for synthetic models of
of 2.37 for iron obtained in CASSGFis considerably larger ~ compound | of oxoiron(1V) tetramesitylporphyffhcover the
than our result of 0.98 for the imidazole-ligated system, whereas range +42.6 to +57.0 cnil, in close agreement with the
the charge of 0.50 for iron in the LDA calculatitfris smaller computed value of-69 cnt? for the A, cationic state (Table
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5). An EPR investigation of three compound | analogues with TABLE 11: Experimental Values for the Exchange

methanol as the second axial ligand yields: +43 cnr? for Coupling Constant J (in cm™?)
tetramesitylporphyrin,) = +38 cn1! for tetrakis(2,6-dichlo- system axial ligand D [cm™Y] Jem ref
rophenyl)porphyrin, and) = +22 cnt? for tetrakis(2,4,6- TMPa—]| chlorine 125 1426 4570 63
trimethoxyphenyl)porphyridl  The corresponding SCCeX TMPa—| methanal +25 +43 11
value for the A, state of a compound | analogue with  TDCPP-I methanal +25 +38 11
methand®® as the axial ligand and without peripheral ring ~TTMPP—I methanal +20 +22 11
substituents amounts 34 cn1. Finally, recent experimental TMTMPS" methanol +28 +8 63
. . A . TMTMPY—| methanol +20 +12 66
studied%6 on model systems with thejAground state yield HRP—| imidazole +26 —26..4286 6
ferromagnetic coupling constants of abetl0 cnT?, being CPO-I thiolate +36 —36.8 7
significantly smaller compared to values fron}, Aype sys- CATS phenolate  D>0 0.9 29
tems. The calculated coupling constants fdf ftates showa  APX"! imidazole D=0 0.2 67
similar decrease in strength. a Tetramesitylporphyrin® Tetra(2,6-dichlorophenyl)porphyrif Tet-

In Table 11 experimental values of the exchange coupling "a(2.4.6-trimethoxyphenyl)porphyrifi Tetramethyltetramesitylporph-
constantJ obtained for biomimetic model complexes are Yrin: ©Horseradish peroxidaseChloroperoxidase? Catalase! Ascor-

. . . bate peroxidase D. Mandon, personal communicatioilhe literature
compared with those of native peroxidases. Thealues of values are converted to fit the convention of the Heisenberg Hamiltonian
all model complexes cover the range from moderate to strong = — 353 used in this work, if necessary.
ferromagnetic coupling. However, none of them reproduces
very weak coupling as observed in horseradish peroxidase orand imidazole-ligated complexes, respectively, but above a
antiferromagnetic coupling as in chloroperoxid&selt is for H3CS™ and becomes itself the HOMO. Correspondingly,
therefore interesting to note under which conditions our calcula- the ground state of compound | is thg Astate in the former
tions yield small or negativel values. For the imidazole- two cases, as well as in the five-coordinated oxoiron(lV)
coordinated compound | reference system the calculated valueporphyrin radical, whereas it changes to the Ldeate in the
amounts toJ = +51 cnt! (Table 5). Tilting of the axial HsCS™ coordinated case. The additional spin density of
imidazole ligand changes this result to negative values (Table compound | induced by the oxidation of compound Il is
8), and a tilting angley, of 5° can reproduce the observed weak distributed mainly over the pyrroline nitrogen and methine

coupling—2.6 ...+2.6 cnt! in horseradish peroxidaseThe carbon atoms for the porphyrin-centered magnetic orbifal a
energy needed for such minor geometrical variations can easily(Figure 6) and is mainly localized on the sulfur atom for the
be supplied by the protein environment. In theQ%$ ligand-centered one (Figure 7). The electronic structure of the

coordinated compound | model system, the quantitative deter- Fe=O bond is remarkably unaffected by the nature of the axial
mination of J is precluded by the limited applicability of the ligand, as well as by the type of the radical orbital.
Heisenberg model because of mixing between the magnetic Calculation of the isotropic part of the exchange coupling
orbitals as mentioned above. constant] for the spin coupling between the oxoiron and the
In summary, the coupling between the oxoiron(lV) and the radical spin in six-coordinated compound | yields parallel
radical spin in compound | depends in a complicated way on alignment between both spins in thé Astate, while for the
the coordination environment of the heme iron. Therefore, five-coordinated oxoiron(IV) porphyrin radical with in-plane
conclusions drawn from a singlé value with respect to iron antiparallel spin-orientation is favored energetically. In the
structural properties of the heme group cannot be expected toA]  state the spin coupling is estimated to be distinctly weaker
be unequivocal because different types of coordinations and and antiferromagnetic in all cases except for th€&" ligated
geometries may lead to the same spin coupling. Implications system (Table 5). Mode and strength of spin coupling are
of the coupling mode and strength on catalytic properties seemsensitive against geometrical variations. Although changing the
unlikely because théd values represent small energies on the iron—ligand bond distance and rotating the ligand around the
scale of reaction enthalpies and potential barriers. Furthermore,direction perpendicular to the porphyrin plane in imidazole-
the electronic structure of the heme group alone does not servdigated compound | do not alter the mode of spin coupling in
as an indicator of its reactivity, but instead, the orbital the A, state, tilting the axial ligand toward the porphyrin
interactions between the heme group and the substrate alonglane produces strong antiferromagnetic coupling. The spin

the whole reaction pathway have to be considéfed. coupling in the A, state is almost independent of the orienta-
tion of imidazole (Table 8). Geometrical variation of the axial
V. Summary ligand HkCS™ does not change the separation between the L.P.

The results presented in this investigation demonstrate thatground state and thefexcited state of ca. 1 eV but strongly
molecular orbital calculations within the local density ap- influences the sequence of the quartet and doublet t&es.
proximation yield qualitatively reliable results for electronic For iron—sulfur distances larger than about 2.2 A, the ground
properties of Compound | and Compound Il as a function of the State is the quartet state, while for smaller distances the doublet
axial ligand. The ground state configuration found for com- state is lower in energy.
pound Il is the ferryl (i)* configuration (3¢)%(3d,3d,,)? with
total spinS= 1 in all cases. Two unpaired electrons occupy
the antibonding (pd)* MO’s consisting of iron 3¢, 3d,; and
oxygen 2R, 2p, atomic orbitals (AO’s) and give rise to a spin
density that is almost completely localized within the oxoiron-
(IV) unit with a distribution of approximately 60/40 between
the iron and oxygen atom. The main influence of the axial
ligand on the electronic properties is 2-fold: (i) thg, MO References and Notes
and the 4, MO’s 3d, and (pdr)” are destabilized relative to (1) Everse, J., Everse K. E., Grisham M. B., E@roxidases in

the a, MO; (i) an additional orbital with ligand lone-pair (1.p.)  chemistry and BiologyCRC Press: Boca Raton, Ann Arbor, Boston, 1991;
character lies 1 and 4 eV below the HOM®), i the chlorine- Vols. | and II.
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