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Theoretical DFT Study of Fragmentation and Association of Heme and Hemih

I. Introduction

Metalloporphyrins (MPs) are constituents of numerous pro-
teins. Their biological functions vary from oxygen storage and
transport (hemoglobin, myoglobin) to electron transport (cyto-
chrome oxidase) and energy conversion (chloropRyliy.
addition, they exhibit photosensitizing and catalytic propefries.
Due to the diversity of their functions, MPs remain to be objects
in numerous spectroscopic studies mainly carried out in the
condensed phase where the chemical behavior and reactivit))q
of MPs are significantly influenced by solvent. To study MPs
without solvent, the molecules are transferred from the con-
densed phase to the gas phase as individual ions using
electrospray ionization and mass spectrometrical registration of
ions3 A comparison of the molecular characteristics of MPs in
condensed and isolated states is important for quantifying the
effect of the environment on the structure of biologically active
groups embedded into more complicated substrates. Inasmuc
as experimental studies of similar systems in the free state run
into technical problems, quantum chemical calculations of
potential energy surfaces (PES) can be especially helpful and
informative in this case.

Heme (FeG4H3,04N4), which enters into the composition of
hemoprotein active sites, is responsible for oxygen storage and
transport. It consists of a porphyrin ring (below P ring) centered
by the Fe atom with two propionate, four methyl, and two vinyl
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and their stepwise fragmentation products (with successive loss of two carboxymethyl, four methyl, and two
vinyl peripheral groups) in the states with different multiplicity were calculated using the density functional
theory (the B3LYP method) with several basis sets. At the same level, the structure and stability of neutral
and positively charged dimers of the ferri- and ferroporphyrines were also computed. The computational
results are compared with available experimental data. The trends in the behavior of these properties of heme
and hemin are analyzed upon the stepwise fragmentation and association and with a change in the multiplicity
and external charge. The structure and energetic stability of complexes of the species with molecular oxygen
are discussed.

peripheral groups (structutein Figure 1). The geometric and
electronic structures, stability, and spectroscopic characteristics
of heme, as well as mechanisms of the heme reaction with O
CO, NO, CN, and related ligands are still the focus of
systematic experimental and theoretical studies.

The positive heme ion (heminFeG4H3,04N4™) in the free
state has been studied experiment&Ryn ref 4, dissociation
bond energies of the first and the second carboxymethyl groups
ave been evaluated & ~ 2.4 eV andD, < Dj, but the
electronic and geometric structures of the hemand its
degradation products were not addressed. Meanwhile, it is
known that the multiplicity of the ground and low-lying states
of heme, hemin, and related species is important for their
structure and stability and for elucidating the biological functions
of hemoproteins. For example, it was shéwimat the low-spin
complex with the (gd,,)?(dy)* configuration of the metal can
rplay a key role in the processes of heme degradation, while the
diversity of reactions catalyzed by cytochrome P450 can be
associated with different reactivities of the high- and low-spin
states of the oxoiron porphyrin radical catibithe geometric
parameters of the iron porphyrins “nuclear Fe@(R(Fe—N)
distances, the displacemdr{Ee/NNNN) of the Fe atom along
the normal to the NNNN plane) and the ruffled, dome, and other
distortions of the P ring can also differ significantly in the states
with different spins}®

In our papep, the hemir fragmentation was studied using
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excitation time (Figure 2) demonstrate that two carboxymethyl

Charkin et al.

between multiplicity and the geometric and energetic pro-

groups are the first and most readily removed; the second areperties of the species under consideration. With the same goals,

the four methyl groups (Figure 3), and finally, the vinyl groups
are eliminated, indicating that the energy of their bonds with
the P ring increases in the series carboxymethyiethyl <
vinyl. The energies of removal of the first and second car-
boxymethyl groups were measured toDe~ 2.4 andD, ~

2.9 eV, in disagreement with the previous evaluafipr< D;.4
Knowledge of the precise values Bf andD- are of principle
importance for elucidation of mechanisms of cleavage of the
isolated heme and heniirffrom myoglobin®

The present paper is devoted to the DFT study of heme,
hemin®, and products of their fragmentation and association in
the states of various multiplicity. The paper consists of three
parts (following just after the “Computational Details”). In
section lll, systematical DFT calculations of the electronic and
geometric structure, energetic stability, and normal vibrational
frequencies are performed for heme, hehiand products of
their stepwise fragmentation with consecutive loss of two
carboxymethyl (CMe) groups from heme and hetmamd four
methyl (Me) and two vinyl (Vi) groups from heniin

FeCyHz,0,N, (1) — FeG,H,g0,N, (2) + CH,COOH+

D,’(CMe) (1)
FeCH3,0N," (1) — FeC,H,d0,N," (2) + CH,COOH +

D, (CMe) (1)

FeQ2H2902N4 (2) - FeQ;OHZGN4 (3) + CHZCOOH +

D,(CMe) (2)
FeC,H,dO,N, " (2) = FeGH,eN, " (3) + CH,COOH+

D, (CMe) (2"

FeQ0H26N4+ (3 — FengH23N4+ (4) + CH, +

D, (Me) (3")
F":‘Qg"|23'\|4Jr (4)— FEQBHZON4+ (5) + CH, +

D, (Me) (4")
FeQ8H20N4+ 5 — FeQ7H17N4+ (6) + CH; +

D;"(Me) (5")
FeC,H N, (6) = FeCgH, N, (7) + CH; +

D, (Me) (6")
FeCgH, N, (7) = FeC,H,,N," (8) + C,H; +

D, (Vi) (77)
FeCHN," (8) — FeCHgN, " (9) + CH, +

D, (Vi) (8")

in the section 1V, the structures and energies for various spin
states of the dimer ferriporphyrin (Fefl31N4Os),, its ion
(FeG4H31N40y4)2", and products of their decomposition into
corresponding monomers were calculated at the same compu-
tational level. In the last sections V and VI, similar calcula-
tions were carried out for various spin states of the positively
charged and neutral dimers of heme, (E£G:N4O4)." and
(FeG4H32N404)2, and for their complexes with molecular
oxygen, correspondingly.

[I. Computational Details

In the present paper, all calculations were performed in the
framework of the hybrid BeckelLee—Young—Parr method
(B3LYP89) with several basis sets and using the GAUSSIAN
03 program® The geometry calculated at this level is, as a rule,
consistent with the experimental one, and the calculated
vibrational frequencies, after an appropriate scaling, reproduce
the experimental values better than other computational methods.
In this work, optimization of the geometry and calculations of
normal vibrational frequencies of heme, herirand their
fragments were performed using basis set Gen-6-31G*-
(Fe)+ 6-31G(C,H,N,0) with polarization functions on the Fe
atom only. EarlieP,'® we found that the Gen-1 satisfactory
reproduces the geometric parameters and vibrational frequencies
of heme and hemihcalculated with the standard 6-31G* basis
set (deviations did not exceed 0-60.02 A, 2-3°, and 15—30
cm1, correspondingly) with significant savings of computer
time and resources. The same Gen-1 was used for geometry
optimization of various multiplets of the ferri- and ferropor-
phyrin dimers and their complexes with (vibrational frequen-
cies of the dimers were not calculated due to their complexity).
In paragraph Ill, the total and relative energies of all spin states
of the structured—9 in Figure 1 were refined by single-point
calculations with the 6-31G* and 6-3+HG** basis sets at
the geometry optimized at the B3LYP/Gen-1 level. In para-
graphs IV=-VI, energetic characteristics of the ferriporphyrin
dimers and heme/hemirassociates were refined with the Gen-2
= 6-311+G*(Fe) + 6-31G* basis set at the geometry optimized
at the same B3LYP/Gen-1 level. The spin dengityn atoms
was calculated everywhere with the Gen-1 basis set.

Although B3LYP, to date, is one of the most reliable methods
that is used extensively by many authors for calculations of
metalloporhyrines both in the ground state and in excited states
of various multiplicities (see, for example, refs 11, 12, and 14
and references therein), it should be noted that this method was
not calibrated or systematically tested for open-shell systems
with various spins. The absolute values of the energy gaps
between the multiplets calculated at the B3LYP level can be
approximated with a possible error of about a few tenths of an
electronvolt!* For a set of the close-lying lowest multiplets,
the B3LYP method can often be unable to predict definitely

in various spin states (bold figures in brackets correspond to which of them is the ground state and which is an excited one.

the structures depicted in Figure 1). In addition to determination
of the multiplicity and the electronic, structural, and energetic

In these cases, the more sophisticated (and much more
“expensive”) multireference methods are necessary, which are

characteristics of the ground states, we were aiming to determinebeyond the facilities of our computers. As in our previous

similar properties and relative energies for low-lying excited
states with different multiplicities, to evaluate energies of
successive loss of the peripheral groiy¥CMe), Di(Cme),

Di*(Me), andD;i*(Vi), and to analyze trends and correlations

papers;13our attention here was focused mostly on the relative
changes (rather then on the absolute values) of the calculated
properties and on their trends in various series of heme-related
species.
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6.FeC27H 7Ny 7.FeCagH 4 Ny 8.FeCygHyy Ny 9.FeCyyHg N4

Figure 1. Structures of hemel], either neutral or positively charged, and the fragmentation prod2ie®) @fter sequential loss of two carboxymethyl,
four methyl, and two vinyl groups.

IIl. Stepwise Fragmentation of Heme and Hemirt with has four unpaired electron(Fe) ~ 3.86) and one spin
Consecutive Loss of Peripheral Carboxymethyl, Methyl, delocalized over the P ring, is obviously unfavorable. In the
and Vinyl Groups doublet, which is~0.5 eV higher than the quartet, Fe has two

A. Elimination of Carboxymethyl Groups. In accord with unpaired electrons(Fe)~ 1.99), and the spin of the P ring is

our calculations, all optimized structurés-9 (Figure 1) both oppositely d_lrected. )

of the neutrals and of the positive ions in all discussed spin  For the first neutral product FegH,dO:N4 (2) with one
states have all real vibrational frequencies, and each of theseMissing CMe group, the lowest doublet, quartet, and sextet are
states refers to a local minimum of the PES. Table 1 shows Close in energy within 0.2 eV. In the quartet and sextet states
that the neutral hemel molecule has the triplet ground state, ©f 2, one spin is localized at the P ring, while Fe has, respec-
in which, as judged from the calculated spin dengiffe) ~ tively, two and four unpaired electrons. The doublet state
2.00 (here and be|0wis given in fractions oé)' both unpaired of neutral pI’OdUCQ has the Spin density distribution similar
electrons are localized at the Fe atom. The nearest quintet withto that of the doublet of hemin (1) (Table 1). For the
four spins at the Fe atonp(Fe) = 3.74) lies higher only by FeGH290:N4T (2) ion, the triplet and quintet are very close
~0.2 eV, whereas the singlet state is less favorable-liys to each other, with all of the unpaired electrons being localized
eV. This result is qualitatively consistent with the previous at the metal atomp(Fe)~ 1.98 for the triplet ang(Fe)~3.74
experimental and theoretical data on unsubstituted iron porphyrinfor the quintet).

FeGoH12N4 (Dan),2*5which has the triplet ground state, while For the second neutral product FgeN4 (3) with two

the quintet lies~0.3 eV (or ~0.7 e\ higher. For the hemin missing CMe groups, the lowest triplet, quintet, and septet are
ion, the quartet state with three unpaired electrons apfree] closely spaced within 0.2 eV, and a singlet le$.5 eV higher.
~2.95) is preferable, while the sextet, in which the Fe atom In the triplet and quintet states, the Fe atom has two unpaired
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Figure 2. Change of the photofragmentation pattern of isolated hemin
as a function of laser excitation time. The peaks denotet/at57
and 498 au correspond to [hemE&H,COOH]" and [heme-(CH-
COOHY]" ions, respectively (see ref 5 for more detail).
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Figure 3. Collision-induced dissociation pattern of the isolated [heme
CH,COOH]" ion (m/z= 557 au) with sequential loss of methyl groups
(m/'z = 15 au)®

electrons (in both stateg(Fe) ~ 2.00) and four spins in the
septet p(Fe)~ 3.75), whereas the P ring retains two spins both
in the quintet and septet. For the FgieN4" (3) ion, the

500 510
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The calculated (according to Mulliken) effective cha#fEe)
at the metal atom changes in a range fréM90 to+1.28ein
all of the systems under consideration, no matter what their
external charge and multiplicity.

Table 2 shows that the calculated energies of abstraction of
the first and second carboxymethyl groups from hem(h),
D;(CMe) ~ 1.80 andD,"(CMe) ~ 2.40 eV, are in perfect
agreement with the experimental valtesnd disprove the
conclusiort that D,7(CMe) is much less tha®;"(CMe). For
degradation of the neutral heme, the calculated enefdjigs
(CMe) andDy%(CMe) are on the order 0f2.5-2.7 eV. The
D1° value is~0.9 eV higher tharD;*, whereasD,? and D,*
are close to each other.

Analysis of the geometry parameters of heme and hémin
(these data are collected in refs 5 and 13) show that the lengths
of bonds like Gg—Cas (1.55 A), Gis—Cy7 (1.50 A), and Gs—

Ca6 (1.46 A), which connect the peripheral groups with the P
ring, decrease in the order CMe Me > Vi. The strength of
these bonds should increase in the same order, in agreement
with the experimentally found sequence of detachment of the
peripheral groups from heminthe CMe groups are removed
first, the second are the Me groups, and finally, the Vi groups
are also eliminated.It should be noted that the calculated
average distancé®(Fe—N) for the triplet (1.995 A) and quintet
(2.058 A) states of hemel) are close to the corresponding
experimental values (1.972 and 2.057 A, respectively) for the
triplet Az, Fe(TPP), and quintéA g, Fe(TPP)(THF) (TPP is
tetraphenylporphyrin; THF is tetrahydrofura§).’

The distanceR(Fe—N) is most sensitive to the change in
multiplicity; this distance varies within the narrow range of
1.98-2.00 A for low- and intermediate-spin states and increases
to 2.05-2.07 A for high-spin states. This tendency, typical of
many metalloporphyrins, is related to participation (or nonpar-
ticipation) of the 3g-2 Fe AO in the formation of a doner
acceptor bond with lone pairs of four nitrogen atoms of the P
ring.!® In the high-spin states, 2d,?, the Fe AO is occupied
by an unpaired electron, an efficient dor@cceptor interaction
is impossible, and th(Fe—N) distance remains large. In the
low- and intermediate-spin states of the Fe atom, the 3dre
AO is vacant and can be involved in the dorercceptor
bonding, which is accompanied by a considerable shortening
of R(Fe—N). As it will be shown below in sections IV, V, and
VI, the same picture exists in calculations of the dimers of
ferriporphyrin and heme/heminassociates.

The calculated vibrational spectra of heme, hemand their
fragments are rather complicate We will briefly mention
here only those vibrations which are associated with the
dominating (or most significant) displacements of the metal atom
in the NNNN ring plane (in the range of 27360 cnT?) and
normal to this plane (156200 cnt?') and in which the “effect
of the 3422 Fe AO” is most clearly pronounced. Their analysis
shows$13that, for both ranges, the lower valuesl(50 and~270
cmY) correspond to the high-spin states, and the upper values
(~200 and~360 cnt) correspond to the low- and intermediate-
spin states, in accord with the shortening and strengthening of
the Fe-N donor-acceptor bonds in the same order.

B. Elimination of Methyl and Vinyl Groups. A search of

pattern is more complicated; the quartet is preferable, while the the ground electronic states of the fragmentation products with

doublet and sextet states are, respectively,6 and~1.1 eV
higher. For the doublet, the spin density distribution is similar
to that of the doublet states for hemifil) and FeGyH2g02N4

(2). In the sextet, the Fe atom has four unpaired electrpns (
(Fe)~ 3.75); in the lowest quartet, one spin is roughly equally
distributed between the P ring and the metal atom.

missing Me and Vi groups is more a complicated task for several
reasons. For example, each of the radicals with the structures
of 4, 5, or 6 has a set of “positional” isomers corresponding to
elimination of the Me or Vi group from different positions of
the P ring. Each of the positional isomers has several terms of
various multiplicity, and each of these multiplets can correspond
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TABLE 1: Relative (Ee) Energies of Electronic States with Various Multiplicities, Effective Charges, and Spin Densities on the
Fe Atom in Heme, Hemin", and the Products of Their Fragmentation with a Sequential Loss of External Group%

spin EreP Z(Fe) o(Fey spin Erel Z(Fe) p(Fey
species, structure S eV e e species, structure S eV e e
FeGaH32N404, (1) 0 1.45 +0.93 FeGgH23N4™, (4-5) 1-a 0.0 +0.96 1.97
1 0.0 +0.99 2.00 2a 0.18 +0.97 2.03
2 0.17 +1.02 3.74 x 0.70 +1.28 2.94
FeGsH3:N,O4™, (1) Y, 0.51 +0.94 1.99 Fe&H,3N4™, (4-8) 1-d 0.77 +1.18 2.56
1Y, 0.0 +1.28 2.95 2a 0.0 +0.95 2.04
2Y, 2.01 +1.14 3.86 x 0.91 +1.27 2.94
FeGoH29N4O;, (2) Y, 0.0 +0.91 1.98 FegH20N4™, (5) 1Y, 0.10 +0.96 1.97
1Y, 0.07 +0.91 2.00 2, 0.0 +0.96 2.03
21, 0.20 +1.03 3.75 KPS 0.15 +1.08 3.76
FeGaH2N,0:", (2) 0 157  +1.00 FeGHN4*, (6) 1 1.16 +0.98 0.10
0.0 +0.94 1.98 2 0.51 +0.97 1.99
2 0.19 +1.07 3.74 3 0.0 +1.16 2.47
FerH25N4, (3) 0 1.45 +0.90 FGG6H14N4+, (7) 1/2 0.27 +0.98 1.97
1 0.0 +0.90 1.98 Y, 0.53 +0.98 1.98
2 0.10 +0.92 2.03 2, 0.99 +1.15 2.43
3 0.22 +1.04 3.75 3, 0.0 +1.16 2.45
FerstNfr, (3) 1/2 0.58 +0.95 1.95 Fe@H11N4+, (8) 1 0.37 +1.20 1.20
1Y, 0.0 +1.16 2.48 2 0.40 +1.16 2.44
21, 1.10 +1.07 3.75 3 0.0 +0.94 2.01
FeGaHosN4T, (4-1) l-a 0.0 +0.96 1.97 4 0.18 +1.16 2.44
2-a 0.21 +0.95 2.02 Fe@HsN4*, (9) 1Y, 0.01 +0.98 1.97
3-a 0.36 +1.07 3.75 2, 0.20 +1.00 2.00
FeGoHa3N4™, (4-3) l-a 0.0 +0.96 1.97 3, 0.0 +1.17 2.46
2-a 0.16 +0.95 2.02
2-b 1.31 +1.43 0.60
3-c 0.82 +1.22 2.92

a Calculated at the B3LYP/6-3#1+G**// B3LYP/Gen-1 + ZPE(B3LYP/Gen-1) level. Bold and italic figures in brackets correspond to the
structures depicted in Figure 1 and to the corresponding “positional” isomers (seé Raldtive energies of various electronic states with respect
to the multiplet with the lowest energySpin density on the Fe atom (in units e

TABLE 2: Dissociation EnergiesD; for Sequential Elimination of External Groups from Heme and Hemin™ Calculated at the
B3LYP Level with Various Basis Sets (in eV}

(a) Elimination of Carboxymethyl Groups

reaction Gen-1 6-31G* 6-3H1+G** experiment
FeGuH3:N4O4 (1) — FeGH29N4O; (2) + H,CCOOH— D;° 2.72 2.97 2.97
(2.45) (2.70) (2.70)
FeGoH29N40; (2) — FeGgH2eN4 (3) + H,CCOOH— D;° 2.82 2.87 2.67
(2.64) (2.69) (2.49)
FeGaH3N4O4™ (1) — FeGH2oN4O," (2) + H,CCOOH— Dy 2.38 1.94 1.98 <25+0.31.9+ 0.2
(2.20) (1.76) (1.80)
FeGH2oN4O, ™ (2) — FeGoH2eN4t (3) + H,CCOOH— D,* 2.55 271 2.65 <D*
(2.31) (2.47) (2.41) 24403
(b) Elimination of Methyl and Vinyl Groups
reaction Gen-1 6-31G* 6-3H1+G**
FeGoH2sN4t (3) — FeGoHaaN,™ (4-1) — D1t (Me) 5.05 4.94 4.47
(4.75) (4.64) (4.17)
FeGoHaaN,™ (4-1) — FeGgHaoN4™ (5) — D2+ (Me) 4.97 4.74 4.93
(4.69) (4.46) (4.65)
FeGgH2oN4™ (5) — FeGyH1/N4™ (6) — Ds™(Me) 4.79 5.13 4.66
(4.53) (4.87) (4.40)
FeGH1N4t (6) — FeGeH1N4T (7) — Dt (Me) 4.93 4.92 4.79
(4.64) (4.63) (4.50)
FeQGH14N4+ (7) e FECQ4H11N4+ (8) - D1+(V|) 5.34 5.58 5.44
(5.07) (5.31) (5.17)
Fng4H11N4+ (8) e FEngHsN;;Jr (9) - D2+(V|) 5.64 4. 96
(5.39) (4.74)

a Calculated at the geometry optimized at the B3LYP/Gen-1 level. Oihealues, which were calculated with ZPE(B3LYP/Gen-1) taken into
account, are given in parentheses.

to several electronic states with the same total spin but with a of high- and middle-spin electronic states and by selection of
different distribution of unpaired electrons between the d-AO’s the most energetically favorable between them. It was empha-
of the metal, between MO'’s of the P ring, and between the metal sized above that the geometry optimization for all structures
and the ring. An in-depth analysis of all of these states is beyond 4—9 was performed without imposing symmetry constraints and
the scope of the present paper, and here, we limited ourselveghat the use of different initial vectors led, as a rule, to the same
by optimization of several tens of the most probable structures results. We can hope that the data in Tables 1 and 2 correspond
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to the lowest electronic states (or those lying close to the lowest higher by~0.5 and 1.2 eV. At last, for the Feg14Ns" (7)
states within an uncertainty of few tenths of an electronvolt) ion (with all four Me groups missing), the octet is preferable,
for each structure and multiplicity under consideration (see ref with three spins on the metal and four spins on the radical meso-
18 for more detail). centers G, Cys, Cis and Go.

Elimination of one Me group from different meso-positions For the FeG4H11N4™ (8) ion, in which only one vinyl group
of the P ring of hemifi (on the structurel, Figure 1, these is preserved, the high-spin states with= 7 and 9 are the
positions are denoted by latinic figurgs3, 5, and8) produces most profitable, and for the “naked” Fe€£igN4™ (9) ion, the
four positional isomers of FegH23N4+ with the structured-1, lowest quartet, sextet and octet, are quasi-degenerated in energy.
4-3, 4-5, and4-8. The first three isomers have the lowest triplet In the latter two, Fe has two unpaired electrons, and the rest
state, and among these three, the trigldt in which the Me spin density is mostly localized at the radical C atoms and
group is deleted from the meso-atorm Qs the most favorable  partially spread over the all-P skeleton with different signs on
(in Table 1, these types of multiplets, which are most favorable different atoms.

in energy among the states of the same multiplicity and in which  One can see that, at the B3LYP/6-31:G**//B3LYP/Gen-1
the spin density on the Fe atom is denoted by indexThe + ZPE(B3LYP/Gen-1) level, upon the stepwise elimination of
triplets of the rest isomers lie higher by a few tenths an each peripheral Me or Vi group from heme and hemione
electronvolt. The computational results for all positional isomers spin is retained localized on the “radical” atom C, which was
are similar in many aspects, and here, we focus on the favorablegirectly bonded with this group. Polyradical character of the P
isomer4-1 with various multiplicities. ring is enhanced with an increase of the number of the
In the triplet4-1(1-a), the Fe atom has two unpaired electrons eliminated groups. The states of the lower multiplicity, in which
(p(Fe) ~ 2.00), and the spin density of the P ring is polarized the ring spins are coupled (or decoupled) and are directed in
significantly. One spin of the ring, which is parallel to the spins parallel (or antiparallel) with the spins of the metal, can approach
of the metal, is localized at the “radical” atomyGp(Cz1) ~ or even lie close in energy to the high-spin states. As the first
1.03), and the second (antiparallel) spin is “smeared” over the approximation, the metal atom and the “naked” P ring can be
ring (mostly on Gs, Cig, Cas, Cpg, and the nitrogen atoms). In  treated as a system of the coupled reservoirs of unpaired
the quintetd-1(2-a), both the Fe atom and the P ring possess electrons with variable capacity. Different mutual orientations
two spins each. Like in the triplet, one spin of the ring is of spins can be manifested in antiferromagnetic couplings
localized at the radical centepf;and the second spin is spread between the metal and the ring and are anomalous and different
over the ring. At the tripletquintet excitation, the spin state for different state dependences of magnetic properties from
of Fe does not change, but the antiparallel spins of the ring aretemperature.
reoriented to be parallel with each other and with the spins of  Certainly, our discussion of the unpaired electron distribution,
the metal. In the septek1(3-a), the Fe atom and P ring have  which is based on the spin density datacalculated in the
four and two parallel spins, respectively. framework of the Mulliken population analysis, is approximate.
For the isome#-3, in addition to the lowest quintet another It should be emphasized however that the calculatedlues
higher-lying (by~1.1 eV) quintetb was localized, in which appear to be only slightly sensitive to the basis set used;
most of spin density was distributed over the ring. In contrast therefore, one can believe that the conclusions based on integer
to the septetl-1(3-a), the septets of the isomeds3, 4-5, and (or nearly integerp(Fe) values can be treated as reliable. It is
4-8 are much less favorable as compared with those of the more challenging to interpret for low-spin states where the
triplets; their spin density is shared almost evenly between the correct wave function should include several determinants;

metal and the ring (in Table 1, they are denoted a&3. ur nevertheless, it is hoped that the corresponding corrections do
attempts to localize the lowest (of tleetype) septets for the  not change the semiquantitative pattern.

4-3, 4-5, and4-8 isomers and the lowest triplet far8 failed Geometric parameters of the P skeleton and the peripheral
due the convergency problems. Instead,4d, another high-  groups are rather moderately (mostly within 0-@02 A and

lying triplet 1-d was localized with a different (as compared few degrees) varied in the series under discussidA8 One

with 1-a) spin-density distribution? can note a perceivable enhancement of the bond alternation at

lon FeGgH2oN4™ (5) has six low-lying positional isomers.  the periphery and inside of the P ring with a decreasing number
Their computational results are also quite similar, and we will of eliminated external groups. The strongest elongation (by
focus on the lowest-energy isonted(3), for which the quartet, 0.05-0.07 A) is observed for the “outer” pyrrole bonds like
sextet, and octet lie close to each other within 0.15 eV. In the C;5—Cys and Gg—Cio. Lengths of the bonds both in the
slightly preferable sextet, the Fe atom has tw@€) ~ 1.97), peripheral groups and between them and the P skeleton are the
and the P ring has three unpaired electrons. Two from the latterleast sensitive to charge and multiplicity. The changes in their
three are localized at the radical centess &nd G4 (o(Ca1)— lengths rarely exceed 0.01 A. The Fe atom in all of the structures
p(Ca4) ~ 1.0), and the third spin is delocalized mostly between and states under consideration remains in the plane NNNN of
the same @;, C19, Cyg, and Gg atoms as those in the triplétl the four nitrogen atoms and is located in (or almost in) its center.
(see above). At the sexteqjuartet transition, the spin state of  Calculated energieB;*(Me) of consecutive elimination of
Fe changes slightly, but the spins of the ring are reoriented. In the methyl groups from the FagogN4* (3) ion (Table 2b) lie
contrast, at the sextebctet excitation, the spin state of the ring  within the range of 4.24.6 eV and are almost twofold larger
changes marginally, but the Fe atom is promoted from the as compared with the energi€k(CMe) and D;*(CMe) of
middle-spin to the high-spin statg(Fe)~ 3.76 in the octet),  cleavage of the carboxymethyl groups from heme and hemin
in accord with shortening of thg(FeN) distance in the quartet  (Table 2a). This result is related to the fact than when a
and sextet and its elongation in the septet. carboxymethyl group is removed, thesECss and Gg—Coo

For the FeGH17N4™ (6) ion with three missing Me groups,  single bonds, which link these CMe groups to the porphyrin
the septet is favorable, in which about three unpaired electronsskeleton, become double bonds, which follows from the
are localized on the Fe atom and another three on the radicalsignificant increase in their overlap populations and the decrease
centers Gy, Cp4, and Gs of the ring. The quintet and triplet lie  in their bond lengths from 1.50 in hentir{1) to 1.35-1.38 A
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TABLE 3: Relative Energies of Multiplets, Effective
Charges, and Spin Densities on Fe Atoms in the
Ferriporphyrin Dimer Molecule and lon and in Products of
Their Degradation?

spin Erl Z(Fe) o(Fe)
species S eV e e
(FeG4H31N4O4)2 5 ~0. +1.34,+1.34  4.29,4.29
4 0.0 +1.34,+1.29 4.29,2.84
3 ~0. +1.23,+1.23 2.84,2.84
2 0.38 +1.23,+1.19 2.84,1.16
1 0.38 +1.22,+1.18 2.77-1.08
0 3.32 +1.15,+1.15
(FeGaHaiN4On)™ 442 0.49 +1.35,+1.24 4.29,2.83
31, 0. +1.25,+1.24 2.87,2.82
21, 0. +1.24,+1.19 2.83,1.06
1%, 0.62 +1.24,+1.20 2.81,1.02
1, 1.20 +1.22,+1.19 1.02,0.83
species spin E°  Z(Fe)Z(0%)°  p(Fe)p(O*)°
FeG4H31N4O4 21, 0.21 +1.08-0.36 3.810.50
1Y, 0. +1.16—0.41 2.67 0.33
1, 0.47 +0.93-0.22 ~0~0.86
1 0.0 +1.27-0.22 2.94-0.86
0 2.25 +1.06—0.36

a Calculated at the B3LYP/Gen-2//B3LYP/Gen-1 level. In #{Ee)
andp(Fe) columns, the first values refer to the Fe atom with the largest
number of unpaired electronCalculated with respect to the ground
state.c The bridged (directly bonded with Fe) oxygen atom O* of the
dehydrogenated carboxyl group (see Figure 4).

TABLE 4: Energies of Dissociation of the Ferriporphyrin
Dimer and Its lon into the Monomers and Their lonization
Potentials, Calculated at the B3LYP Level Using the Gen-1
and Gen-2 Basis Se#s(in eV)

reaction Gen-1  Gen-2
(FeQ;4H31N4O4)2 i 2FeQ4J-|31N4O4 —D° 3.30 3.34
(FeC};4H31N4O4)2+ — FeGyH31N4O4 + 3.65 3.75
FeGaHaiN4O4" — D
(F9Q4H31N404)2 - (FeG;,4H31N4O4)2+ — IPdim 6.21 5.82
FeQ;4H31N4O4—> FGQ;4H31N404+ — IPmon 6.25 6.30

a At the geometry optimized at the B3LYP/Gen-1 level.

in C3H200:N4™ (2) and FeGoH26N4t (3). The energy expen-
diture for detachment of the first and the second CMe groups
is partially (and significantly) compensated by the formation
of the 7 bonds Ge—Cog and Gs—Cyg. In this context, the
statemertt that D,"(CMe) is much smaller tham;*(CMe)
seems to be debatable.

The energyD; (Vi) of abstraction of the first vinyl group is
by ~0.5 eV larger as compared with the second Bag(Vi)
and by~1.0 eV larger thaiD;*(Me) (Tables 2 and 4). As much
as the calculated elimination energizs (CMe) andD,"(CMe)
for the carboxymethyl groups are in good agreement with the
experimental datapne can believe that an error of the calculated

J. Phys. Chem. A, Vol. 111, No. 38, 2009213

bonds. The structure of powdef-hematin, determined by
X-ray diffractionl® is characterized by a triclinic unit cell. Its
lattice is built up of ferriporphyrin dimers (Fe@31N4O4), (a
local symmetry ofC;), and each of the dimers is linked with
the two neighboring blocks by hydrogen bridges between “free”
propionate groups. ESR and Skbauer studies of bul-he-
matin and malarial pigment indicate that the iron atoms in them
are in the high-spin state and each has five unpaired electons.
Knowledge of the structures of these compounds will shed light
on the mechanisms of the action of antimalarial drifgs.

Geometric parameters of the ferriporphyrin dimer, optimized
at the B3LYP/Gen-1 level (see Figure 4), are collected in ref
21. Its optimized best structure is depicted in Figure 4. As seen
in Table 3, for the neutral (Fe@H31N4O4), molecule, a group
of three close-lying electronic states with the multiplicitids
=11, 9, and 7 is most favorable. According to the calculated
p(Fe) values, in the states witti = 11 and 7, each Fe atom
has five and three unpaired electrons, respectively, while in the
state with intermediat® = 9, one Fe atom has five and the
second one has three unpaired electrons. The calculation results
for the isolated molecule (Fe@H3104N4), and the experimental
data of ESR and Nesbauer spectra for bujg-hematin and
malaria pigmertf agree that the ground state has the high spin
in the both cases, but the calculations predict also that the high-
spin stateM = 11 is close in energy with the other two multiplets
M=9and 7.

For the (FeG4H3104N4),™ dimer ion, the quasi-degenerate
octet and sextet are preferable. In the octet, both Fe atoms have
three unpaired electrons each, and one additional spin is
symmetrically delocalized among the rings, mostly on the
bridging oxygen atoms O* and on the carbon atoms nearest to
the iron atoms. The electronic state with= 10, where one
Fe atom has four and another one has three unpaired electrons,
lies ~0.5 eV higher. The quartet and doublet states are even
less favorable by an addition&l0.12 and~0.7 eV. The energy
D° of dissociation of the neutral dimer to two monomers
calculated for their lowest multiplets is3.34 eV (Table 4),
while the dissociation energ®™ for the dimer ion is 0.4 eV
higher at 3.75 eV. The calculations with both basis sets, Gen-1
and Gen-2, give similar results.

As it was found in ref 21, the calculated (for the isolated
(FeG4H3104N4)2 molecule) and experimental (for the bulk
B-hematin) bond lengths in the P rings in the high-spih=€
11) state generally agree well with each other. The differences
do not exceed the conventional computational inaccuracy of
~0.01-0.02 A and a few degrees, with the exception of the
external bonds like £€-Cys in pyrrol cycles, for which the
calculated values are 0.027 A longer than the experimental data.
In addition, inB-hematin, the bond alternation in the P rings is
somewhat more pronounced than that in the isolated dimer. The
computed distancd¥(Fe—N), displacementi(Fe) of the Fe atom

bond dissociation energies for other external groups does notperpendicular to the NNNN plane, thgNFeN) bond angle,

significantly exceed a few tenths of an electron¥®lcreasing
of the energyD;™ in the series CMex Me < Vi corresponds
well to the experimental finding that the carboxymethyl groups
are first and most readily removed; the methyls are the next,
and the vinyl groups are the last to be eliminated in this series.

IV. Dimer of Ferriporphyrin (FeC 34H31N404)2 and Its lon
(FeCsaH31N404)2 "

Synthetic f-hematin is chemically, spectroscopically, and
crystallographically identical to natural hemozoin (malarial
pigment). It is composed of polymeric chains consisting of Fe-
(1IN porphyrin units linked by Fe propionate oxygen bridge

and theR(Fe—0) bond length coincide with their experimental
values within the same range 610.02 A and~1°.

For the peripheral groups, the discrepancies are more
significant, especially for their orientation with respect to the P
ring and the corresponding torsion angles. As was emphasized
earlier?! some experimental data given in the attachifexgtem
arguable. For instance, for the double=C bonds of the planar
vinyl groups, the values of 1.26(4) and 1.31(4) A are specified
in ref 19, among which the former is rather close to a
conventional triple bond length, while our calculation results
in the same value of 1.34 A for both grouf}sThe lengths of
ordinary C-C bonds that connect methyl groups with the P
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Figure 4. The structure of the ferriporphyrin dimer [Fe(l13£13:04N4]2 (M = 11) and its positive ion. The hydrogen atoms are omitted.

ring given in the ref 19 vary from 1.50 to 1.57 A, whereas our from various “bulk” effects (packing effects, reorientation of
calculations assign nearly the same value of 1.50 A for all four the propionate groups which form the hydrogen bonds with the
Me groups?! The reasons for such strong differences in the bond neighboring dimers, interactions between P rings of neighboring
lengths and bond angles of chemically equivalent external blocks, the temperature factor, etc.), which are considerable in
groups (significant contraction of the double bonds in the vinyl condensed matter but absent or minor in an isolated molecule.
group and elongation of the single bonds between methyl groupsFor that reason, we focused mostly on parameters of the P rings
and the P ring) remain unclear. The magnitude of the angle and on the bridge bonds between the rings, where these “bulk”

@(OCO*) = 110.8 given in the ref 19 seems to be underesti-
mated (our calculation provides 192because this angle in
carboxy compounds usually exceeds the value of 120rre-
sponding to sphybridization, owing to a repulsion of negatively
charge oxygen atoms.

Due to the “3¢k—2 Fe AO effect”, in the high-spin state of
the neutral (FegH3104N4), with M = 11, the distanc&®(Fe—
N) is ~0.07 A longer,R(Fe—0O*) is ~0.05 A shorter, the out-
of-plane displacement of the metafFe) is~0.17 A, and the
anglep(NFeN) is~2° smaller than those in the heptet state in
which the g2-y2 AO remains vacant and can participate in the
formation of donoracceptor bonding with the lone pairs of
the N atoms. Similarly, in the neutral dimer with the intermediate
multiplicity M = 9 and in the ion withM = 10 in the ring,
which contains the high-spin Fe atom, the distaRfee—N) is
0.06-0.07 A longer R(Fe—0%) is 0.03-0.05 A shorterh(Fe)
is 0.10-0.17 A larger, andp (NFeN) is 1-2° less than those
in the second ring with the intermediate-spin Fe atom.

Certainly, the comparison of the equilibrium geometry of the
isolated dimer molecule (FegH3104N4), with the “effective”
experimental geometry of powd@rhematin is approximate.

effects should be minimal and where agreement between
calculations and experiment was satisfactory. Nevertheless, the
above-mentioned strong deviations for the peripheral groups,
which much exceed the conventional computational errors of
the B3LYP approximation, point out that the structure of both
the isolated (FegH3104N4)> molecule and bullg-hematin need

to be refined.

V. Heme Dimer (FeG4H32N404)2 and Its lon
(FeCagH3N4O4)2"

The positive heme dimer ion (Fefi3:N404), was observed
in a study of the heme complex with myogloBinusing
electrospray mass spectrometry, laser excitation, and the CID
method, but to our knowledge, its electronic, geometric, and
energetic properties are not known.

The lowest optimized (at the B3LYP/Gen-1 level) structure
of the (FeG4H3:N4Oy4)," ion?2 is depicted in Figure 5, and its
energetic and some equilibrium geometric parameters are given
in Tables 5 and 6 and Figure 5. One can see from Figure 5 and
Table 6 that the bonding between two P rings is formed by a

Deviations between the two geometries can be caused, on ongair of Fe-carboxyl (Fe:-O*=C(OH)) and a pair of hydrogen
hand, by inaccuracies of the calculations both in the B3LYP (OHy+--N) bonds. It should be noted that two local minima, very
approximation and in the mathematical treatment of the X-ray close (within~1 kcal/mol) in energy, have been localized on
results; the latter can be especially pronounced in nonrigid the PES of the (FefzH3N404)," ion22 One of them corre-

crystals of low symmetry with light atoms in combination with

sponds to the center-symmetrical structu@g,(similar to that

heavy atoms like Fe. On the other hand, discrepancies can resulof the ferriporphyrin dimer. The second, more favorable
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Figure 5. The structure of the dimer (hemé)ion (M = 6).

TABLE 5: Relative Energies of Low-Lying Multiplets,
Effective Charges, and Spin Densities on Fe Atoms in the
(Heme), Dimer Molecule and Its Cation (Heme)*2

spin EeP Z(Fe) o(Fe)
species S eV e e
(FeGH32N404)2 4 0.10 +1.14,+1.14 3.91,3.91
3 0.12 +1.12,+1.05 3.81,2.13
2 0. +1.03,+1.03 2.17,2.17
(FeGaH32N404)2" 41, 0.19 +1.27,+1.27 4.14,4.14
3Y, 0.15 +1.20,+1.18 3.54,3.35
2Y, 0. +1.18,+1.16 2.65,2.55
1Y, 0.52 +1.25,+1.06 2.92~0

a Calculated at the B3LYP/Gen-2//B3LYP/Gen-1 level. In #{Ee)
andp(Fe) columns, the first values refer to the Fe atom with the largest
number of unpaired electron8With respect to the most preferable
state.

TABLE 6: Energies of Dissociation of (Heme) and
(Heme)™ Dimers into the Monomers Calculated at the
B3LYP Level with Using Gen-1 and Gen-2 Basis Sets (in
evy

reaction Gen-1 Gen-2
(Fe(‘34H32N4O4)2 i 2F6Q4H32N4O4 - D° 0.10 0.30
(FeC‘34H32N4O4)z* i FeC‘34H32N4O4 + 1.01 1.40

Fng4H32N4O4* — Dt
a At the geometry optimized at the B3LYP/Gen-1 level.

nonsymmetrical minimum@,) is related to another structure,
the rings of which are tilted and rotated relative to each other
by angles of~15—20°. The latter, depicted on Figure 5,

electrons f(Fe))—p(Fe) ~ 4.14), and one spin is spread over
both rings (mostly on the nitrogen atoms). In the octet and in
the sextet, all seven and all five spins, respectively, are localized
at the Fe atomsp(Fe)) ~ 3.5 andp(Fey)) ~ 3.35 forM = 8;
p(Fe) ~ 2.65 andp(Fe) ~ 2.55 forM = 6). The sextet is
most preferable. In the higher-lying and especially in the low-
spin states, the distribution can be asymmetrical, with a
different number of spins for different Fe atoms (“spin
disproportion”). One can suppose that the low-lying excited
electronic states of the (heme)on with different multiplicities,
structures, ang distributions can be easily promoted at a quite
modest or small change in energy.

From Table 6, one can see that the sextet (hghm&)ould
be rather stable. Its energy of dissociatidh into the ground
multiplets of the monomer heme (triplet) hemin® (quartet),
computed at the B3LYP/Gen-2 level, is about 1.4 eV, in
agreement with high intensity of this ion in the mass spéttra
and with the rather short distancesR{Fe---O*) ~ 2.2 A and
R(Hp***N) ~ 1.9 A in the both pairs of the oxygen and hydrogen
bridges connecting the P rings.

In contrast to hemih, which has the planar “core” Fe@N
in the (hemey™ dimer, both Fe atoms are shifted perpendicular
to their NNNN planes, and the P rings undergo a significant
dome deformation. Again, due to the 538dz Fe AO effect”,
in the ring with Fe in the high-spin statB(Fe—N) is longer,
R(Fe—0*) is shorter, the shifb(Fe/NNNN) is~0.17 A larger,
andg (NFeN) is~2° less than those in the ring with the metal
in the middle- or low-spin state.

possesses better steric conditions for enhancing the hydrogen The neutral heme dimer also has three low-lying multiplets

bonds and will be discussed below.
For the (heme) ion, three close-lying (within 0:20.3 eV)
states withM = 10, 8, and 6 are favorable (Table 5). The first

with M = 9, 7, and 5. The quintet is preferable (Table 5). In
the states witlM = 9 and 5, both Fe atoms are almost equivalent
and, respectively, have four and two unpaired electrons each.

state, with the highest spin each Fe atom, has four unpairedin the “intermediate” heptet, one Fe has four and the other Fe
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Figure 7. Structure of the monomer hemg(M = 5) complex.

has two spins, and the P rings differ from each another both by axial oxygen molecule occupies a fifth coordinational position

the p distribution and by geometry (especially by torsion
anglegd).

The most significant difference between the neutral (heme)
dimer and its ion (hemeg) is the quite low stability of the
former. The calculated dissociation energy for (heme)
(quintet)— 2 heme (triplet) is only tenths of an electronvolt,
and distanceR(Fe---O¥) in the (heme) (quintet) is 0.2-0.4 A
longer than that in the (hemg) ion. In accord with the
calculations, the neutral (hemejimer should be treated as a
weakly bonded molecular complex.

VI. Interaction of Dimers (Heme),, (Heme)*, and
(Ferriporphyrin) » with Molecule O,

Our similar B3LYP calculations of the PES and geometry
optimization of the neutral and cationic dioxygenyl complexes
(heme)O,, (heme)™O,, and (ferriporphyrimgO, in the high-
spin states and in the vicinity of the structures, in which the

above one of the Fe atoms, produced the following reséifts.
The weakly bonded neutral heme dimer appeared to be
practically unstable toward the barrierless dissociation into two
monomeric products, the complex heme® heme. For
(ferriporphyrinyO, we could not locate a binding structure at
all. Its PES was found to be of repulsive character, and upon
optimization, the (ferriporphyrin)dimer and the @molecule
were separated from each other by a distance more than 5 A.
In other words, at the B3LYP/Gen-1 level, the (ferriporphyain)
dimer molecule does not possess an affinity to molecular
oxygen, and the neutral (herg®) dimer easily splits into the
heme monomer and the five-coordinated hemd&®e cationic
(heme)*O, complex in the most favorable octet state (depicted
in Figure 6), in contrast to the two former complexes, was found
to be stable toward the abstraction of therfiolecule and even
more stable toward the dissociation into the monomers hebain

+ heme or heme©+ hemin®. The structure of (hemg)O,
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can be approximately interpreted as that of an associate of theProfessor S. H. Lin for the invitation to visit the Institute of

heme dioxygenyl with heminy in which only one bonding
oxygen bridge Fe-O*=C(OH) with the noncoordinated e
atom and one neighboring hydrogen bond-H@ (in the left
half of Figure 6) are preserved. In the right half of Figure 6,
the second oxygen bridge with the ;Fatom, which is
coordinated to the ©molecule, is broken completely, and the
H bond is weakened significantly; the distanB&N,—H74)
elongates to 2.015 AR(O7y—H74) shortens to 0.995 A, and
@(O71H74N>) decreases to 152.7against the corresponding
values of 1.919 A, 0.999 A, and 168.in the free (heme)
dimer (withM = 6). The coordinated keatom is shifted from
the NNNN plane in a direction toward the axiab @olecule
by ~0.16 A and forms a stronger FeOO bond. The calculated
distanceR(Fe,—00) = 2.136 andR(O76—077) = 1.329 A and
the anglep(Fe00) = 116.3 in the dimer (heme}J O, complex

Atomic and Molecular Science, Academia Sinica in Taipei and
for financial support.
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