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A theoretical comparative study of complexes of porphyrin (P), porphyrazine (Pz), phthalocyanine (Pc),
porphycene (Pn), dibenzoporphycene (DBPn), and hemiporphyrazine (HPz) with iron (Fe) has been carried
out using a density functional theory (DFT) method. The difference in the core size and shape of the macrocycle
has a substantial effect on the electronic structure and properties of the overall system. The ground states of
FeP and FePc were identified to be feq [(dy)?(d2)?(d,)?] state, followed by*Ey [(dx,)?(d2)%(d.)%]. For

FePz, however, thte;—3A,4 energy gap of 0.02 eV may be too small to distinguish between the ground and
excited states. When the symmetry of the macrocycle is reduced@rio Doy, the degeneracy of the, d

(dy dy) orbitals is removed, and the ground state becotBes[(dx)?(d2)*(dy2)(di)!] or *Bag [+++(dy2)*(dkr)?]

for FePn, FeDBPn, and FeHPz. The calculations also show how the change of the macrocycle can influence
the axial ligand coordination of pyridine (Py) and CO to thé Eemplexes. Finally, the electronic structures

of the mono- and dipositive and -negative ions for all the unligated and ligated iron macrocycles were elucidated,
which is important for understanding the redox properties of these compounds. The differences in the observed
electrochemical (oxidation and reduction) properties between metal porphycenes (MPn) and metal porphyrins
(MP) can be accounted for by the calculated results (orbital energy level diagrams, ionization potentials, and
electron affinities).

1. Introduction study serves to underscore how some changes in ligand size,
shape, and structure can have an important effect on the

rins (Ps), phthalocyanines (Pcs), and their analogues, haveelectronic state and properties of varioud' Feacrocycles. In

attracted considerable interest because of their biological @ddition to porphyrin, the macrocycles considered here, il-
significance, catalytic properties, and potential technological 'Ustrated in Figure 1, include porphyrazine (Pz), phthalocyanine
applications. Metal porphyrins (MPs) are well-known for their (P¢), porphycene (Pn), dibenzoporphycene (DBPn), and hemi-
biological functions such as photosynthesis, respiration, and Porphyrazine (HPz), thereby extending the previous wbilthe
electron transpoft.Metal phthalocyanines (MPcs) have found three latter macrocycles were selected because they are quite
numerous applications in industyFor these reasons, recent Symmetric and display properties analogous to, or rather
decades have witnessed an explosion of experimental studieglifferent from, those of the porphyrins/phthalocyanines. An iron
on MPs and MPcs. On the other hand, a large number of related porphycene, FeTPrPn (iron tetnggropylporphycene), has been
interesting compounds have been synthesized and characterizegharacterized in an intermediate-sp8¥ 1) state by means of
in the past and recent ye&rg® As basic units of many proteins  *H NMR spectroscopys®® but the details of its electronic
and enzymes of hemoproteins, iron porphyrins have been theconfiguration are unknown. Except for FeP and FePc, no
subject of intense experimental as well as theoretical investiga-experimental information is available about the precise electronic
tions. Since the partial occupancy of the 3d shell can yield a structure of the other Femacrocycles,
number of low-lying electronic states that are within a narrow Pz is isoelectronic with P, where the four methine bridge
energy range, there was a long-term debate as to what is thecarbon atoms are replaced by nitrogen atoms, and the meso H
ground state for unligated, four-coordinated"Fgorphyrins  atoms are absent. An important difference between the aza N
(FePs). From available experimental data, there seems to be&tom and the methine bridge is the higher electronegativity of
little doubt that FePs exist in an intermediate-si8r~(1) state,  the former. Pc can be regarded as a derivative of Pz, where the
due in part to the high energy of the antibonding {ti¢-?)  aromatic system is enlarged by adding four benzo rings. There
orbital which leaves it unoccupied. Among the four possible haye peen theoretical comparative studies of MP, MPz, and MPc
intermediate-spin states, oz, arising from the (§)X(d2)* with M = Ni3L and Zn32 But these studies mainly involved
(dr)? configuration, is compatible with Nsbauer, magnetic,  jterpretation of the absorption spectra of the metal complexes.
and proton NMR daté’ Calculation® using the ADF Pn is a constitutional isomer of P; the former contains a
program (see section 2) support these experimental assignments, . o L :
A comparison of the results on FeP from different computational rectangular inward-pointing Moordmgtmg core, featuring two
methods is reported in the Supporting Information. The success(CH)2 linkages be_tween th? pyrrole rings. A ”””.‘ber of spectral
of ADF calculations on iron porphyrins lends confidence in and electrochem!cal stud|e§ h‘f’“’e been came.d out on por-
applying the same program to other iron complexes. phycenes an_d their m_etal der|va_t|ves (e_.g., ref2 ), they have
Without axial ligation, the ground state of'Fia a macrocycle revealed noticeable differences in physical and chemical proper-

depends mainly on the nature of the macrocycle. This theoreticall€S between the two kinds of tetrapyrrole macrocycles. There
have been DF¥3*and second-order MglleiPlesset (MPZ2}

* Corresponding author. Email: mhuang@chem.jsums.edu. calculations on free-base porphyceneRH), but theoretical

Metal complexes with various macrocycles, such as porphy-
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Figure 1. Molecular structures of the various iron macrocycles.

studies of some MPns (M= Ni, Sn) were limited mainly to
semiempirical method®.

DBPn is an expanded Pn, having two conjugated six-
membered rings (benzo rings) which are formed by bridging
the pyrroleg-carbons of adjacent pyrrole rings. Several sub-
stituted DBPn compounds have been synthesizadV —vis
spectré and theoretical calculatioffson free-base molecules

(f) Iron Hemiporphyrazine
(FeHPz)

were used for core orthogonalization. Polarization functions were
added to the valence bases: one p-type polarization function
for Fe and H and one d-type polarization function for C/N/O.
The other shells of lower energy, i.e., [Ne] for Fe and [He] for
C/N/O, are considered as core shells and kept frozen according
to the frozen-core techniq#é.The exchange-correlation po-
tential used is based on the density-parametrized form of VVosko,

show some marked difference in the electronic structures Wilk, and Nusair®® Nonlocal corrections are based on Becke's
between Pn and DBPn. The expanded porphycene also allowsgradient functional for exchantfe and Perdew’s gradient

metal coordinatioA® but no theoretical studies of MDBPns have
been reported.
HPz is a phthalocyanine-like macrocycle, resulting when two

functional for correlatioft and were treated by a fully self-
consistent method. Relativistic corrections of the valence
electrons were calculated using the quasi-relativistic method of

opposite isoindoles in Pc are replaced by two pyridines. The Ziegler, Baerends, et &. For the open-shell states, the

HPz macrocycle exhibits some interesting propefti€fecause

unrestricted KohaSham (UKS) spin-density functional ap-

the four-coordinating nitrogens are not equivalent. Several Proach was adopted. The UKS equation is the analogue of the
experimental studies have been carried out on the HPz com-unrestricted HartreeFock (UHF) equation; the N-particle wave

plexes with first-series transition met&l¥heoretical work has
mainly been concerned with free-basgHPz so far’

function is a single determinant and not necessarily an eigen-
function of the spin operatd. There is no implementation of

One of the most important phenomena in metal macrocycles " €valuation of &| in the present ADF program used, and

is the coordination of the central metal to molecules in addition
to the macrocycle. Iron macrocycles exhibit particularly strong
attraction for additional ligands, to which their electronic

structures are sensitive. Another purpose of this paper is to

examine how the differences in macrocycle affect the axial
ligation properties of the Pecomplexes using pyridine (Py)
and carbonyl (CO) as the axial ligand.

2. Computational Method

All calculations were carried out using the Amsterdam
Density Functional (ADF) program package (version 2.0.1)
developed by Baerends and co-work&3riple-¢ Slater-type

hence, spin contamination could not be assessed here.

3. Results and Discussion

The molecular structures of the various iron macrocycles are
illustrated in Figure 1. For computational economy, the calcula-
tions were carried out for the unsubstituted macrocycles. The
systems that have been synthesized contain various different
substituent groups (methyl, vinyl, phenyl, ethyl, etc.) at the
periphery of the ring. Previous calculatidhshowed that many
of the electronic properties are insensitive to the nature of these
peripheral substituents. The MP, MPz, and MPc molecules in
Figure 1 haveDs, symmetry, as established by experiment and

orbitals (STOs) basis sets were employed for the Fe 3s/3p/3d/calculation3? Taking thez-axis as perpendicular to the macro-

4s, the C/N/O 2s/2p, and the H 1s valence shells. Siag&Os

cycle, the five metal 3d orbitals transform ag @?), byg (dhe-y?),
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TABLE 1: Calculated Relative Energies €, eV) for Different Configurations in FeP, FePz, and FePc
configuratiort E(RP
boy/dyy agdz2 ley/d, biy/de-2 state FeP FePz FePc
2 2 2 0 3,4 0(1.984) 0 (1.903) 0 (1.927)
2 1 3 0 364 (A) 0.12 (1.979) 0.02 (1.900) 0.06 (1.923)
1 1 4 0 3By 0.26 (1.983) 0.06 (1.901) 0.08 (1.923)
1 2 3 0 3g, (B) 0.74 (1.979) 0.43 (1.895) 0.53 (1.916)
1 2 2 1 SA1q 0.71 (2.063) 1.29 (1.983) 1.12 (2.005)
1 1 3 1 SE, 0.85 (2.057) 1.30 (1.975) 1.18 (1.998)
2 1 2 1 5By 1.05 (2.061) 1.66 (1.982) 1.49 (2.005)
2 0 4 0 Asg 1.49 (1.982) 1.46 (1.906) 1.43 (1.927)

a QOrbital energy levels illustrated in Figure 2Values in parentheses

refer to optimized-Rgeq) bond length (in A) for the pertinent state.

TABLE 2: Calculated Relative Energies E, eV) for Different Configurations in FePn, FeDBPn, and FeHPz

configuratiort E (R)P

lag/dyy 2add2 1bsy/dy, 1byy/dy, biy/d-y2 state FePn FeDBPn FeHPz
2 2 1 1 0 3B1g(3A2g)° 0(1.921) 0(1.887) 0 (1.906, 2.100)
2 1 2 1 0 3Bog [*Eq (A)] —0.13(1.934) —0.06(1.897) —0.16(1.906, 2.089)
2 1 1 2 0 3Bsg [°Eg (A)] 0.18 (1.934) —0.20 (1.895) 0.37 (1.941, 2.093)
1 1 2 2 0 3A1(°B2g) 0.47 (1.939) 0.16 (1.907) 0.37 (1.921, 2.087)
1 2 2 1 0 3Bog[°Eq (B)] 0.64 (1.917) 0.30(1.892) 0.46 (1.894, 2.069)
1 2 1 1 1 A1 (PA1g) 1.32 (1.996) 1.51 (1.956) 0.48 (1.929, 2.215)
1 1 2 1 1 5Bsg (°Eg) 0.98 (1.996) 1.05 (1.964) 0.36 (1.929, 2.205)
2 1 1 1 1 A1q (°B2g) 0.95 (2.014) 0.96 (1.970) 0.77 (1.916, 2.235)
2 0 2 2 0 A1 (*A1g) 1.58 (1.940) 1.53 (1.910) 0.57 (1.885, 2.066)

a Orbital energy levels illustrated in Figure 2Values in parentheses

refer to optimized-Rgeq) bond length (in A) for the pertinent state.

¢ States in parentheses refer to the corresponding designations in FeP (Tdblael)wo values in parentheses refer to the-Ré& and Fe-N2

bond lengths, respectively (see Figure 1f).

byg (dyy), and g (d, i.e., d, and d,). For MPn, MDBPn, and
MHPz, the symmetry i®p, as shown by previous calculations
on free-base moleculé%:3” The different occupancies of six
electrons in these d orbitals can yield a number of possible low-
lying electronic states. The purpose of this paper is to elucidate
the ground state and several low-lying excited states that are
usually considered in the literature. Geometry optimization was
performed for all states of each molecule. Since the structures
of the metal macrocycles are highly symmetric and rigid, the
geometry optimization can be expected to converge to a

experiment (0.62 eV) for the similar FeTPPThe energy
separation of théA4 state from the ground state rises to more
than 1 eV for FePz and FePc. There is a good correlation
between the FeN bond length (i.e., the macrocycle size) and
the5A14—3A24 energy gap. For a given system, the bond length
of the quintets is about 0.08 A greater than that of the triplets
(or of the *Aqq4 singlet). This longer bond is ascribed to the
occupancy of theo-antibonding kg (de-y2) orbital in the
quintets. In comparison to FeP, the meso tetraaza substitutions
significantly reduce the FeN bond length in FePz/Pc, while

minimum. The excellent agreement between the calculated andthe effects of tetrabenzo annulations lengthen the bond by 0.02

available experimental bond lengths supports this point of view.
The ADF program allows one to assign electrons to specific
molecular orbitals (MOs), and therefore, every state can be
obtained by explicit occupations of the appropriate MOs. The

A: The Fe-N bond lengths vary in the order FeP FePc>
FePz.

With regard to Figure 2, the substitution of nitrogens for the
meso CH groups (i.e., P Pz) lowers the energies of all valence

energetic orderings of the various states are displayed in TablesMOs, particularly a, The size of the latter shift can be easily

1 and 2, along with the optimized F& bond length of each
state. Figure 2 illustrates the ground-state MO energy level
diagrams of the various unligated 'Fenacrocycles (where
LUMO = lowest unoccupied MO, HOMG- highest occupied
MO).

3.1. Electronic Structure of FeP, FePz, and FeP&s shown
in Table 1, the FeP, FePz, and FePc systems all ha¥fea
ground state that arises from theyfé(d2)?(d~)? configuration,
in agreement with the experimental assignments of FeTPP (iron
tetraphenylporphyrifj-22and FePd3 The 3Eg [(dx)3(d2)Y(d,)3]
state is the second lowest. The difference in energy between
A2y and 3Ey is 0.12 eV for FeP, in good agreement with

understood, since thegorbital is mainly concentrated in the
meso positiorf* The separation between ring orbitalg, and

3y, quite small in FeP, is as large as 1 eV in FePz. The smaller
core size of Pz splits the metalgdu,2—2 away from the other

d orbitals to a greater extent than does P. The positiongisb
nearly unchanged from FeP to FePz, indicating that the
downshifting effect of the aza bridges is canceled by the
upshifting effect of the core size.

The transition from Pz to Pc is accompanied by the addition
of benzo rings to the cycle. This substitution destabilizes the
MOs for the most part, particularly@ The g, orbital contains
a large contribution from thg-carbon, and so, the tetrabenzo

Mdossbauer measurements of FeTPP that suggest a separatioannulations cause a larger energy shift for than for other

of 0.07 eV?’ This 3Eg—3Ag energy gap is somewhat smaller
in Pc, 0.06 eV. ThéEy state of FePz lies only 0.02 eV above
A leaving the identity of the ground state in some doubt.
There appears to be some parallel betweerEge®A,4 energy
gap and the FeN bond length in that a longer bond is
associated with a larger energy separation.

The lowest quintet state ¥\14. This state lies 0.71 eV above
the ground state for FeP, again in good agreement with

orbitals. The separation between, and a, is even larger in
FePc than in FePz. The former is destabilized to the point where
it lies above the metalJyd,y orbital.

3.2. Electronic Structure of FePn, FeDBPn, and FeHPz.
Table 2 displays the calculated relative energies for various
configurations in FePn, FeDBPn, and FeHPz. The states are
listed in the same order as in Table 1, to more clearly emphasize
changes in energy ordering caused by the change of the
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Figure 2. Orbital energy levels of various (unligated)"Fmacrocycles.

macrocycle. With regard to FePn first, tBe, symmetry of Pn
removes the g—dy, degeneracy, as shown in Figure 2.
Therefore, the’Ey [(dyy)?(d2)%(d~)%] state in FeP is split into
the®Bag [(dhe)(d2) (che) (ch) ] and 3Bsg [(diy)(d)(che) (0]
states in FePn. In contrast to Fefsq [(dxy)3(d2)*(d~)3] ground
state, théBzg state is the ground state for FePn, and it lies 0.13
eV below the®Byq (i.€., 3Azg in FeP) state. But the other state
3Bgq is destabilized significantly, and it is0.2 eV higher than
the 3By state. The lowest quintet in FePn is n&ig (°Bag),
which lies 0.95 eV higher in energy théR,g, or 1.08 eV higher
than the ground state. According to the calculations, theNFe
bond length in FePn is about 0.06 A smaller than that in FeP.
The smaller core size of Pn increases the splitting of thgad
level from the other d orbitals (as shown in Figure 2), which

somewhat from FePn, FeDBPn has a ground statéBej,
followed by3B,4g and®Bi4. The Fe-N bond in FeDBPn is about
0.04 A contracted as compared to that in FePn.

FeHPz has a ground state ¥, similar to FePn. ThéBg4
(A2 state is the second lowest, 0.16 eV higher than the ground
state 5Bsq (°Eg) is now calculated to be the lowest quintet; it is
only 0.52 eV above the ground state and essentially degenerate
with the 3Bsq and 3A,4 states. The calculations show strong
inequivalence of the pairs of the inner nitrogens, Wk _n1
being 0.18 A shorter thalReen2 in the ground state. As a result,
there is a much largerg-dy, splitting in FeHPz than in FePn
or in FeDBPn. The 143 orbital represents the HOMO of FeHPz,
similar to FeDBPn. But the,dcharacter (53%) of the HOMO
in FeHPz is considerably reduced.

makes the high-spin state less accessible than in P complexes. 3.3. Structural and Energetic Properties.The calculated
The symmetry lowering from P to Pn also reverses the energy properties of the various Fenacrocycles in the ground state

order of the quintets. As also shown in Figure 2, thg (2&)

are collected in Table 3, together with available experimental

MOs, degenerate in P, are split considerably as a result of theFe—N bond lengths for comparison. The Fe-macrocycle binding
reduced symmetry of the macrocycle. Therefore, the energy gapen€rgyEsing is defined as the energy required to pull the metal

between the LUMO and the HOMO in FePn is notably smaller
than in FeP. This trend is in agreement with electrochemical
determinationg?!

In comparison to the structure of Pn, DBPn has two fused
six-membered rings through the pyrr@learbons. An extended
conjugation of the macrocycle stabilizes most MOs, particularly
the empty 2k; and a, orbitals. But the 1ky/dy, orbital, which
is the HOMO-1 in FePn, is not stabilized notably and becomes
the HOMO in FeDBPn. Therefore, the LUMEHOMO gap of

away from the ring. In the case of FeP, for example, we have
~Eping = E(FeP)— {E(Fe)+ E(P)}

whereE(FeP),E(Fe), andE(P) represent the total energies of
FeP, Fe, and P, respectively. (The geometry of P is indepen-
dently optimized.)

The ionization potentials (IPs) and electron affinities (EAS)
were calculated by the so-calle&dSCF method which carries
out separate SCF (self-consistent field) calculations for the

FeDBPn is even smaller than that of FePn. The dibenzo rings molecule and its ion, where IR E(X") — E(X) and EA =

also result in a further splitting of the 2ét*) orbitals. Different

E(X7) — E(X).
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TABLE 3: Calculated Fe—N Bond Lengths Ree_n, A), Fe-macrocycle Binding Energies Eging, €V), Charge Distribution on Fe
(Qre, €), lonization Potentials (IP, eV) and Electron Affinities (EA, eV) at the Ground State of the (unligated) Iron Complexes

FeP FePz FePc FePn FeDBPn FeHPz
Rre-N calcd 1.984 1.903 1.927 1.934 1.895 1.906, 22089
exptl 1.972 1.92F 1.932
AR® 0.081 0.007 0.022 —0.052 0.025 0.014,0.114
Eping 10.25 11.51 9.81 10.61 8.78 9.33
Qre 0.66 0.77 0.72 0.75 0.74 0.71
IP addz2 6.29 (first) 6.87 (first) 6.51 14ydy, 6.39 (first) 6.82 6.51 (first)
B¢/ Oy 6.63 7.01 6.67 Lg/dyy 6.82 6.73 6.56
2y 7.00 8.71 7.85 R 7.01 7.16 7.49
auy 7.01 7.65 6.46 (first) b 7.04 6.93 6.77 (%)
ley/d, 7.26 7.79 7.34 1kydy, 7.30 6.30 (first) 6.55
EA ley —1.66 —2.54 —-2.55 —1.89 (1by) —2.58 (2hy) —2.27 (2ay)
2¢g -1.32 —2.18 —-2.10 —1.88 (2by) —2.50 (2ay) —2.11 (1hby
—1.42 (2ay) —2.46 (1hy) —1.98 (2hy)

2 The two values refer to the F&N1 and Fe-N2 bond lengths, respectively (see Figure 2fX-ray diffraction data on FeTPP (ref 43)ref 46.
d X-ray diffraction data on FeTPrPn (ref 25€)AR represents the contraction of the ring core size when the macrocycle is complexed with Fe; for
FeP, for exampleAR = Reenter-n (P, without H atoms in the cage) Ree-n (FEP).

The calculated FeN bond lengths Ree-n) are 1.98 A for takes place from the ringi@orbital, and the calculated first IP
FeP and 1.93 A for FePc, in very good agreement with the is significantly smaller than that of FePz. This orbital is a
experimental values for solid FeTPP (1.97%and FePc (1.93  candidate for ionization, as it lies near the HOMO level in the
A).46 Replacement of P by Pz shorteRg.—n by 0.08 A; this neutral FePc system, and the decrease of the IP is a consequence
bond is, however, lengthened by 0.02 A when going from Pz of the destabilization of the;gorbital in Pc, induced by the
to Pc. The change in symmetry fromBa4f) to Pn O2,) shortens benzo ring. Concerning the electron affinities, there is a
the Fe-N bond by 0.05 A. There are X-ray crystal structure considerable increase in the EA from FeP to FePz, whereas little

data available for FeTPrPn wherd®ae_ is 1.932 A25¢which additional change occurs upon adding the benzo rings of FePc.
compares excellently with the calculated value (1.934 A) for The added electron goes into the low-lying half-filledy/tle
FePn. Extending the-conjugation of the molecule (i.e., Pn orbital for each of the three systems.

DBPn) results in a further shortening of this bond by 0.04 A.  |n contrast to FeP, the first ionization for FePn now occurs
In FeHPz, the FeN1 and Fe-N2 bonds are strongly inequiva-  from the 1hg/dy, orbital, yielding a (2a)(1bsg) (1bg)* ground

lent, with Reen2 being 0.18 A longer thaRee 1. state for [FePn]. But the calculated first IP of FePn is similar

To obtain some idea about the rigidity of the macrocycle to that of FeP. From FePn to FeDBPn, the ordering of thg 1b
frame, Table 3 also listAR values, which represent a contrac- and 1bg orbitals is changed, and so, the first ionization for
tion or expansion of the ring core size when the macrocycle is FeDBPn takes place from the dyul, orbital; the dibenzo rings
complexed with Fe. Most macrocycles are more or less of DBPn have no obvious effect on the first IP. In the case of
contracted upon complexation with the metal. Pn is the only FeHPz, the first ionization occurs from the singly occupied
exception, where the core size is expanded4dy05 A. Free- HOMO 1bs¢/dy, owing to a large energy gap between thgy1b
base DBPn has a larger core size than the corresponding Pnand 1bq orbitals. The calculated first IP of FeHPz is about 0.2
but the opposite is the case for the metal complexes. eV larger than that of FeDBPn.

The energetic measures of the interactions of the metal with  Although there is no notable downshift of the HOMO level
the rings are generally consistent with the trend in thel®e  from FeP to FePn, the latter system has a larger EA than the
bond length. The binding energy goes up by 1.3 eV upon the former one by 0.23 eV. This difference in EA between FePn
change of the ring from P to Pz, Bs.-n becomes considerably  and FeP can be attributed to the difference in the electronic
shorter. The trend is in agreement with the electrochemical resultstructure. For FeP, the added electron goes to theodstal
which indicates that the Pz ring stabilized' velative to a P first, yielding a (d2)%(d,)? state, which is, however, not the
ring. The opposite occurs when the four benzo rings of Pc are ground state for [FeP] In the case of FePn, the added electron
added to Pz, making the F€c binding energy even smaller  enters the 14 orbital to yield a (¢)(d,)* state (ground state),
than the Fe-P one. A similar situation is found for the binding  which is about 0.25 eV lower in energy than the)égd.)3 state
energy change from FeP to FePn to FeDBPn. for a given system. On the other hand, the addition of an electron

The “effective” charge of Fe() lies in the range 0.65 to the high-lying Pn 2k, orbital (LUMO) yields only a 0.01-
0.75 e and does not change much from one macrocycle toeV smaller EA than that to the iporbital. This feature results
another. In general, a smaller ring core size causes a little morefrom lowering the LUMO energy of the Pn system as compared
effective charge transfer from the metal to the ring. The to P; i.e., the quite low LUMO in FePn makes this orbital
oxidation state of Fe in the various macrocycles here is formally relatively easily accessible for an incoming electron. If the metal
described as Pe The calculated rather sm#k. indicates that (M) is Ni, Cu, or Zn, where the 3d orbitals are low in energy,
the bond between Fe and N in not purely ionic but significantly the first electron is added to the porphyrin,Ze*) orbital. In
covalent. this case, the calculated EA for the porphycene can be@&

The ionization potentials (IPs) of FePz are raised significantly eV larger than that for the analogous porphyrin. This result is
when the meso CH groups are changed to the N atoms of Pz.in agreement with the experimental observatit#that the
This is reflected in electrochemical ddfa:The oxidation Pn macrocycle is easier to reduce than the P one. Both
potentials of F& porphyrazines are positively shifted by as much macrocycles exhibit another noticeable difference in their
as 400 mV as compared to analogous porphyrins. For both FePreduction'4 Only two distinct reductions steps are observed in
and FePz, the first ionization occurs from the metgfde the porphycenes, instead of four steps in the porphyrins. This
orbital. In the case of FePc, however, the first ionization now can also be understood from the difference in the electronic
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TABLE 4: Calculated Properties? of the Ligated Iron Complexes

J. Phys. Chem. A, Vol. 109, No. 35, 20093

Ree-neg) (B)  Reetao () Epna (€V)[FEP-(L)2]  Qre IP¢ (eV) EA® (eV)
FeP(Py) 1.998 2.023 1.44 0.73  5.9L@ 5.67 (1by, 5.70 (1hy, 6.33 (a) —0.99 (2by)
FeP(Py)(CO) 2.006 2.104 2.00 052 6.53 (2, 6.67 (1h), 6.68 (1h), 6.71 (1a)  —1.17 (2h)
1.74F
0.017
FeP(CO) 1.997 1.697 1.41 058  7.12)(H.15 (le), 7.05 @ ~1.37 (2¢)
0.167
FePz(Py) 1.923 2.040 1.59 0.79  6.35 6.22 (1hy), 6.26 (1hy, 6.98 (a) —1.66 (2by)
FePz(Py)(CO) 1.934 2.117 1.96 057 7.0002a13(lh), 7.14 (1k), 7.35 (@)  —1.96 (2b)
1.760
0.030
FePz(CO) 1.921 1.702 137 0.66 7.50)(F.71(le), 7.70 @ —2.22 (2¢)
0.186
FePc(Py) 1.945 2.031 1.69 075 6.19, 6.06 (1by), 6.08 (a), 6.11 (lby) —1.71 (2hy
FePc(Py)(CO) 1.955 2122 2.08 053 6.29(8.79 (a), 6.87 (1h), 6.88 (1b) ~1.95 (2b)
1.753
0.021
FePc(CO) 1.942 1.702 1.39 063 6.51(3.17 (b), 7.29 (Le) —2.15 (2¢)
0.165
FePn(Py) 1.951 2.004 1.27 078 5.37 (4 5.82 (ag, 5.64 (1by, 6.46 (a) —1.61 (2by)
FePn(Py)(CO) 1.963 2.073 1.86 054  6.60268.45 (1h), 6.66 (1b). 6.78 (a)  —1.80 (2h)
1.745
0.033
FePn(CO) 1.948 1.684 1.14 063 6.9826.98 (1h), 7.17 (1k), 7.09 (3)  —1.98 (2h)
0.160
FeDBPN(Py) 1.917 2.016 1.43 081 5.68 (34 6.00 (ag), 5.73 (1by), 6.26 () —2.13 (2by
FeDBPN(Py)(CO)  1.929 2.089 1.79 054 6.40]28.32 (1b), 6.60 (1h). 6.52 (3)  —2.35 (2h)
1.754
0.029
FeDBPN(CO) 1917 1.698 1.18 060 6.8626.68 (b), 7.02 (1), 7.00 (lay  —2.57 (2h)
0.206
FeHPz(Py) 1.950 2.012 1.28 070 5.48 (4 6.09 (ag, 6.22 (1hy), 6.36 (b) —1.64 (2by)
2.111
FeHPz(Py)(CO) 1.955 2.095 175 049 6.1L]16.78 (3) ~1.88 (2h)
2.132
1.746
0.019
FeHPz(CO) 1.943 1.694 1.07 061 6.46416.20 (a), 7.43 (b), 7.79 (1))  —2.09 (2h)
2.111
0.162

3 Ree n(eqy €Quatorial Fe-N bond length Ree Lax: axial Fe-L bond length. IP: ionization potential. EA: electron affinftfze—N(ax) bond

length.¢ Fe—C(ax) bond length¢ Fe out-of-plane displacement toward CTBee Figures-35 for the orbitals in parentheses; the first IP is indicated
in bold.

structure between MP and MPn. In MP, thg, Bebitals are the
LUMO and are able to accept four electrons, while in MPn,
the LUMO is 24 and can only accept two electrons. The

are CO molecules present in the solution, one Py ligand can be
replaced by CO, giving rise to-a(Py)(CO) species. Recently,
five-coordinate ruthenium porphyrins associated with one CO
LUMO+1 (2sg) level in MPn is too high to be accessible to molecule, RuP(CO), were observed in the gas phase by
incoming electrons. Since the P Pn replacement does not Shafizadeh et af4° and so, the MP(CO) molecules are
change the IP very much, this also accounts for the experimentinteresting. Here, all three types of the ligated Feacrocycles
finding®® that the oxidation characteristics of a porphycene were investigated. The calculated properties are collected in
parallel those of a porphyrin. Table 4. The structures of the complexes were optimized under

The dibenzo rings of DBPn have a large effect on electron Dz [for -(Py). species] andCz, [for -(Py)(CO) and -(CO)
affinity. As is evident from Table 3, the EA is increased by species] symmetries, respectively, where the Py ring plane is
~0.7 eV from FePn to FeDBPn. Thus, the reduction is even perpendicular to the macrocycle and bisects itsé—N angles;
more facile in DBPn compounds than in Pn compounds. For the Fe-CO attachment is linear, as evidenced by other theoreti-
FeHPz, an added electron is accommodated in the lower-lying cal calculations on related systefi3:¢ Effects of axial ligands
2ay¢/d2 orhital, which is different from the situation of FePn or  upon the valence MO levels of FeP are displayed in Figure 3;
FeDBPn. This difference may be ascribed to a relatively large the left and right extremes of Figure 3 represent the energy levels
energy gap between the HOMO glpand HOMO-1 (2ay) in of the unperturbed Py and CO ligands. Figures 4 and 5 illustrate
FeHPz. The calculated EA of FeHPz is intermediate between valence orbital energy levels for the other ligated Reacro-
those of FePn and FeDBPn. cycles.

3.4. Axial Ligation of Pyridine (Py) and CO. This section 3.4.1. FeP(Py) FeP(Py)(CO), and FeP(COAs illustrated
is concerned with an elucidation of the properties of the various in Figure 3, the repulsive interaction between the ligand HOMO
ligated F& macrocycles. The axial ligands considered here and the Fe g/dz2 orbital dramatically raises the energy of the
include CO as a strong-acceptor and pyridine (Py) which has latter. This rise of the i orbital results in a low-spin, closed-
a strongo-donor capacity but is a relatively weakbonder. In shell [(dy)?(dk)?(dy2)?] complex. The ¢, and d, degeneracy is
a solution of pure Py, the Eenacrocycle is able to add two Py  removed, since the symmetry is lowered fr@y, to Do, As
molecules to form a six-coordinate species [-@P$) If there mentioned above, Py is an electron-donating ligand, which shifts
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Figure 4. Orbital energy levels of FePz and FePc complexed with axial ligands.

the valence MOs of FeP upward. Thgyt,, orbital of FeP is
shifted enough so that it (transferred tg, @ ligated FeP)

the F¢ macrocycle and the axial ligand(s), indicates that the
two Py ligands are bound to the complex by about 1.4 eV.

becomes the HOMO of the system. The first ionization in FeP- Addition of the two Py ligands expands the equatoriat-Ne
distance Ree-n(eq) by @ small amount (less than 0.02 A). These

(Py) arises from the metal 2Wdy, orbital (HOMO-1);
ionization from the HOMO gj/dy, requires 0.24 eV more
energy, and from &y (P—a) a further 0.4 eV. Compared to
FeP, the first IP of FeP(Py}s decreased by 0.6 eV, suggesting
that the axial ligands of FeP(Rygase the oxidation. The ligands
also decrease the electron affinity of the assembly frein7

to —1.0 eV. Note that the added electron in FeP¢@¢gcupies

a high-lying, antibonding P2b,4 orbital, whereas the added
electron in FeP goes into a low-lying metal orbital. TBgnq

ligands also slightly increase the positive charge of the metal

atom.

Replacement of one of the Py ligands by CO lowers all of
the MOs. The ¢ and d, orbitals are particularly stabilized,
which may be attributed to Fe> CO a* back-bonding, as
illustrated in Figure 3. The first ionization of FeP(Py)(CO),
unlike FeP(Pyy, occurs from the HOMO 2éd,y, but requires
0.9 eV more energy than the first IP in FePPyhhe latter

entry in Table 4, which refers to the binding energy between result is consistent with the experimental observation that the
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Figure 5. Orbital energy levels of FePn and FeHPz complexed with axial ligands.

TABLE 5: Comparison of the Present Calculated Results of different, the various bond lengths as well as the F€P
FeP(Py)(CO) and FeP(CO) with Those Obtained by Other binding energies obtained with the different computational
Calculations methods are quite close.
Esing The MO levels are further lowered upon removing the Py
system method RFZ&';(“) RF@';(EX) RF@C)(”) szz()o (FJEQ’?;O) ligand in I;\()aP(de)(CO), ar\]nd ti:je F€0 bond isI then shortenedb
by 0.05 A) and strengthened. Owing to a large attraction by
FeP(Py)(CO) VWN-B—P* 2,01 210 175 1.16 1.39 ( .
F2P§In¥))((CO)) CPMD 2.02 2.07 1.72 1.17 1.52 CO, the Fe ato_m moves 0.17 A O_Ut of the po_rphyrln pIar_1e. The
PEB 1.99 196 179 1.16 FeP(CO) species was once studied by Parrinello ®ealking
IEDFtT ;'82(1) ;%(1) 11-;3;(2) 11-1162(2) a DFT method. As shown in Table 5, the results obtained by
xptle . . . . ;
FeP(CO) VWN-B—F 2.00 170 116 141 those authors also compare favorably W|t_h our caI_cuIated values.
CPMD® 1.99 169 117 1.13 Although the a&/d2 orbital is lowered considerably in FeP(CO),

*Present ADF calculations using P functional® DFT it nevertheless remains unoccupied. The first ionization for FeP-
ulati using VWRB—P functional. - _ .

calculations by Rovira et al. based on Carr-Parinello molecular dynamics (E 0) hnow (;)C(_:urs 1;r0hm the porg@imt ﬁpb_alr) _orbltal. Nodte_

method (ref 50a)c DFT calculations by Han et al. using Perdew-Burke- that the ordering of the-Pep, and P-ay, orbitals is reversed in

Ernzerhof functional (ref 50b)! Local density functional calculations ~ FeP(CO). Corresponding to a downshift of the MOs, both the

by Ghosh and Bocian (ref 50c)Experimental distances in crystal IP and EA of FeP(CO) are larger than those of FeP(Py)(CO).

FeTPP(Py)(CO) (ref 52). 3.4.2. FePz/Pc(Py) FePz/Pc(Py)(CO), and FePz/Pc(CO).
The MO energy level diagrams of these complexes are illustrated

oxidation potential is increased on going from MP () MP- in Figure 4. Similar to FePz(Py)(CO), the first ionization in

(Py)(CO)>! The IP of the lower 1gorbital, derived from P-ag, FePz(CO) also occurs from the central metal <Hg), in

is increased by only 0.38 eV [relative to that of FePERy)  contrast to the case of porphyrin. Unlike FePc, where the first
Therefore, the IPs of Fedyy and P-a, for FeP(Py)(CO) are jonization occurs from a Pc orbital, that of FePc¢tgkes place
in fact rather close, within 0.2 eV of one another. from a metal orbital (1k/d,;). This result is in agreement with

There are X-ray diffraction data available for crystalline experimental observation on FePc(F#)We note that for FePc-
FeTPP(Py)(CO¥?which are shown to be in excellent agreement (Py), the IP from the Peay, orbital is nearly identical to the
with the calculated bond lengths (see Table 5). Fe lies slightly first IP, the difference being only 0.02 eV. In the presence of
out of the porphyrin plane (0.02 A) toward the CO group. The CO, the first ionizations of the ligated FePc species clearly arise
Py/CO tandem is more strongly bound to the complex by 0.56 from the a (Pc—ay,) orbital. This orbital also becomes the
eV than are a pair of Py ligands, but the CO attachment reducesHOMO in both FePc(Py)(CO) and FeP(CO), since the metal d
the Fe-Py binding: Rre-n(ax) In FEP(PY)(CO) is considerably  orbitals are particularly stabilized owing to Fe CO z* back-
longer (0.08 A) than that in FeP(Ry)On the other hand, The  bonding. The axial ligand binding properties (the-ftebond
C—0 bond length (1.16 A) increases by 0.02 A relative to free lengths and binding energy) of FePz/Pc are comparable to those
molecule (1.14 A), suggesting that theback-donation from of FeP.
the metal to CO plays a role in the FeBO interaction. 3.4.3. The Other Ligated EeMacrocycles.The change in

As a model of carbon monohemes, the binding of CO to a symmetry from P to Pn slightly decreases the binding energy
FeP(Im) complex (Im= imidazole) was studied by several between Fe and the axial ligand(s), but no apparent differences
research group®¥2°¢ Table 5 presents a comparison of the in the axial ligand binding properties are found between FePn
present calculated results of FeP(Py)(CO) with those obtainedand FeDBPn. FeHPz exhibits notably smaller affinity toward
by other calculations. Though the systems are somewhatCO than does FeP (by 0.34 eV). It is reported that FeHPz fails
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to coordinate CO in the same conditions as the porphyrin But when one of the Py ligands is replaced by CO, the second
complex does. Although the calculatéghy values are consistent  oxidation again occurs from the macrocycle.

with the experimental trend of the complex stabilities, they may  FePn(Py) and FePn(Py)(CO) show similar behavior to the
not fully account for why FeHPz is not able to coordinate CO, corresponding FeP species upon oxidation, but FePn(CO) is
since the absolute FeHPLO binding energy is still as large  different from FeP(CO) in the case of the first oxidation. No
as 1.1eV. difference in the oxidation site is found between the ligated FePn

Figure 5 displays the MO energy level diagrams of the ligated and FeDBPn species. All ligated FeHPz species undergo their
FePn and FeHPz complexes. A major difference between thefirst and second oxidations from the HOMO, but the character
ligated FeP and FePn species is that the CO ligand in FePn-of the HOMO is different for different species, as is shown in
(CO) cannot change the site of the first ionization from a metal Figure 5. For FeHPz(Py)the HOMO is principally Fedy,
orbital to a macrocycle orbital. The coordination of CO to FeHPz While it is predominantly a macrocycle orbital for the carbonyl
strongly affects the nature of the HOMO. Figure 2 has shown complexes of FeHPz.
that in FeHPz the HPzbsg orbital is mixed significantly with Concerning reductions in the ligated species, all of which
the dominant Fedy, in the HOMO. In FeHPz(Py)(CO), have a closed-shell ground state, the first two electrons are added
however, the Fed,, orbital makes a contribution of only 26%  to the LUMO, which is a high-lying antibonding macrocycle
to the HOMO, and in FeHPz(CO), the character of-Bg is orbital.
further decreased. The first ionizations in the ligated FeHPz )
species all arise from the HOMO, the nature of which is changed 4- Conclusions
from a predominantly metal orbital in FeHPz(Ryjo a The main conclusions are as follows.
predominantly macrocycle orbital in FeHPz(CO). (1) The ground states of FeP and FePcag, [(dx,)%(d2)?

3.5. Electronic Structure of the lons: Oxidation and (dr)?] with 3Eg [(dyy)?(d2)Y(d,)?] a little (~0.1 eV) higher in
Reduction Properties.One of the striking features of the metal  energy, while théA,4 and3E, states are nearly degenerate for
macrocycles is their ability to undergo facile oxidation and FePz. With decrease in symmetry of the macrocycle fEym
reduction. Successive formation of the [MP/Pcix = 1, 2) to D2n, the degeneracy of the,ddx, dy;) orbitals is lifted, and
and [MP/PcY~ (y = 1, 2, 3, 4) ions has been observed for a 3Byq[(dyy)%(d2)%(dy)?(dy)] or ®Bag [**(dy)*(dx)?] becomes the
number of metal complex&4:5°However, the character of the  ground state for FePn, FeDBPn, and FeHPz.
acceptor orbitals is not well-understood for some of the reduced  (2) The first oxidation for FePc occurs at the macrocycle, in
species, nor is the nature of the oxidized species, i.e., whethercontrast to the metal oxidation for the other'Faacrocycles.
the metal or macrocycle is oxidized. In this section, we provide  (3) The ionization potentials (IPs) are increased from FeP to
a description of the electronic structure of the mono- and FePz but decreased greatly from FePz to FePc. The first IPs
dipositive and -negative ions for the various unligated and vary in the order FeP (6.29 eW FeDBPn (6.30 eV)< FePn
ligated Fe macrocycles. The calculated relative energies for (6.39 eV) < FePc (6.46 eV)< FeHPz (6.51 eV)< FePz (6.87
selected configurations are collected in Table 6. The oxidation eV).
state of Fe in each ion is reported in the last column of the  (4) While the first reduction for every Eemacrocycle
table, together with the calculated first and second ionization involves electron addition to a metal d orbital, the calculated
potentials, whose values should aid in future work on photo- electron affinities (EAs) are different for different systems and
electron spectra of these molecules. The first oxidation and vary in the order FeP<1.66 eV)< FePn (1.89 eV)< FeHPz
reduction of each system have been discussed in sections 3.3—2.27 eV)< FePz (-2.54 eV)~ FePc (-2.55 eV)~ FeDBPn
and 3.4. We now turn our attention mainly to the second redox (—2.58 eV). The calculated IP and EA values as well as the
processes. orbital energy level diagrams may account for the experimental

The ground state of [FeP] corresponds to the £g(cyy)?*- observatiof® that metal porphycenes (MPn) and metal porphy-
(d2)X(dx)? configuration; thus, the second oxidation of FeP now rins (MP) exhibit quite similar electrochemical behavior upon
takes place from the macrocycle. For FePz, the second oxidationelectrooxidation but not upon electroreduction.
occurs also from the macrocycle, namely from—Rz, but (5) The smaller core size of the macrocycle results in a
electron extraction from the metaddi,, orbital requires only ~ stronger ligand field in Pz/Pn than in P. However, the benzo
0.1 eV more energy. FePc is different, favoring a second annulation (in Pc/DBPn) produces a large destabilizing effect
oxidation from the metal. The first and second reductions of on the metatmacrocycle bonding.

FeP/Pz/Pc to yield [FeP/Pz/Pchnd [FeP/Pz/Pé&] involve (6) There are also significant changes in the calculated
electron addition to the low-lying half-filled metal d orbitals. properties of the ligated metal complexes upon variation of the

Similar to FeP, the second oxidations in both FePn and macrocycle framework. Our clear elucidation of the electronic
FeDBPn occur from the macrocycle. FeHPz is different, since Structures of the mono- and dipositive and -negative ions for
both its first and second oxidations occur from the central metal. Various unligated and ligated iron macrocycles allows under-
Owing to a low-lying LUMO in theDy, species, the second —standing of the observed electronic properties and also would
reduction in both the FePn and FeHPz species involves electronP€ quite useful for future electrochemical or related work on
addition to the macrocycle, but it involves electron addition to these compounds.
the metal in FeDBPn. Note that the first reduction orbitals in ] o )

FePn and FeHPz are different from that in FeDBPn. Appendix. lonization Properties of RuP(CO)

With coordination of two Py axial ligands to FeP, the second  Recently, Shafizadeh et #.reported the observation of a
oxidation in FeP(Py)occurs from the metal, in contrast to the gas-phase, doubly charged [RUOEP(CO)pn through mul-
case in unligated FeP. The same is true in FeP(Py)(CO) andtiphoton excitation, but the localization of the charges (i.e.,
FeP(CO). When the macrocycle is Pz, there is a change of thewhether they are localized on the metal or on the macrocycle)
oxidation site from [FePz(Pyl¢" to [FePz(Py)(CO®". While is unclear. Sections 3.4.1 and 3.5 have shown that the first and
the first oxidation in FePc(Py)occurs from the macrocycle, second ionizations of FeP(CO) occur from the macrocycle and
the second oxidation of the species now arises from the metal.the central metal, respectively. Ru compounds often show
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TABLE 6: Calculated Relative Energies €, eV) for Selected Configurations in Various Positive and Negative loris

system configuration (see Figures2) E oxidation state on Fe

[FePI* (Bou) 029/ Oy)X(B1¢/d2) (1 6/ d)r)? 0 Fé' (IPy: 6.29)
(2eu)*(bzg/dyy) 1o/ 2)*(1Ey/dr)* 0.34
(2w (Pag/Oxy) (21 d2)X(1ey/d,) 0.71

[FePF* () {(b2g/dhy)?(21¢/d2) (1Ey/d)? 0 Fd' (IPy 10.55)
(o) X(P2g/ ) (/2 (Ley/d:)? 0.69

[FePT~ (bog/hy)*(2ug/d2)*(1ey/dr)? 0 Fe
(bg/ ) *(2ug/d2)*(1ey/dr)*(26)" 0.34

[FePF~ (bg/hy)*(2ug/d2)*(Ley/dr)* 0 Fe
(bg/ ) *(2ug/d2)*(1e4/d-)3(26)* 0.45

[FePz}* (B10) (02 Oy) (@1 d2) (1 €/ d)2 0 Fé' (IPy: 6.87)
(0 X(2g/ Oy (a1d/d2)X(1€y/d)* 0.14
(20 (P2g/dy) (/2 (1 €y/d)* 0.78

[FePzp* (10 (02g/ Oy) (1 02) (1 €/ d)2 0 Fé' (IPy 11.32)
(a0 X(2g/Oy) (2ug/d2) (1€y/d)* 0.10

[FePz}~ (bog/dy)*(2ug/d2)*(1ey/dr)? 0 Fe
(bog/dy)*(2ug/d2)(1ey/d,)*(26y)" 0.36

[FePz}~ (bog/d)*(2ng/d2)*(1eydr)* 0 Fe
(bag/Chy)*(2ug/d2)(1ey/d:)(26)* 0.35

[FePc}* (bZQ/dxy)Z(alu):I'(alg/dzz)z(leg/d:z)2 0 Fé! (|P1: 646)
(bag/Chy)(u) (2102 (Ley/d)? 0.04
(bog/ ) (u)X(21d/d2)X(Ley/d) 0.20

[FePcF* (b2g/dhy)(a10) (a1g/d2) (LEy/dr)? 0 Fd' (IPy 9.39)
(bag/Chy)*(201)(B10/d2) (1 €y/d)* 0.19
(bg/ ) (2uu) (B 02 (1 ey/d)? 0.23

[FePcl~ (bzg/dhe)X(ang/d2)*(1ey/d)® 0 Fe
(bog/ ) *(2ug/d2)*(1ey/dr)*(265)" 0.45

[FePct~ (bg/hy)*(2ug/d2)*(Ley/dr)* 0 Fe
(bog/y)*(B1g/02)*(1E/dr)3(265)*" 0.55

[FePn}t (B10)A(Lag/Oxy)X(281/02) (Lhsg/dyr) (L bng/ )t 0 Fé'l (IP;: 6.39)
(2 X(Lang/dyy) (2819 d2) (1 bag/dy7) (L g/ dyr)* 0.43
(a0 (Lang/dyy)*(2a1d/d2) (1 bag/dy7) (L g/ dyp)* 0.62

[FePnpt (B10){(Lag/ Oxy)X(281/02) (L 0g/dy7) (L bng/ ) 0 Fé' (IPy: 10.58)
(2 X(Layg/dy) (2a1d/d2) (1 bsg/dyz) (1 bog/dr)* 0.74

[FePn}~ (Lang/dy)X(2a14/d2) (1 b3g/dy)*(Llng/ ) 0 Fe
(Lag'dy)*(2a14/02) (1 bsg/dy7)*(Llng/dyp) (212g) " 0.01

[FePnf~ (Lag'd)*(2a14/d2) (1 bsg/dy7)*(Llng/dir)*(2102g) 0 Fé
(Lang/dyy)X(2a14/d2)X(1bag/dy)?(1 g/ yr)? 0.25

[FeDBPn}+ (b1)A(Lag/dyy)2(2a14/d2) (1 bag/Oxr) (L bag/dy) 0 Fé' (IPy: 6.30)
(br)*(Lag/dy) (2a1g/d2) (1bzg/dxz)*(1hag/dy) " 0.43
(b1 (Lag/dyy)A(2a1g/d2) (1bzg/dxr) (1 s/ dly) " 0.62

[FeDBPnP* (b1 (Lag/dyy)2(2a1g/d2) (1 bzg/ Oy (L s/ dly) 0 Fé' (IP;: 10.28)
(bry)*(Layg/0h) (2219/0d2) (Lhg/Ch) ' (1hsg/ )" 0.33

[FeDBPn}~ (Lang/dey) (2819 d2) (Lhng/Ohr) (L ag/dly) (2bz0)" 0 Fe'
(Lagd)*(2a/02)*(1 g/ dyr)*(Lhag/dy) " 0.09

[FeDBPn}~ (Lagdg)*(2ad02)*(1 g/ dyr) (1) (21g) 0 Fé

[FeHPz}+ (b3g)?(1bng/Ok)%(1eng/dh)2(22u4/d2) (1 bsg/dy)° 0 Fé'l (IP;; 6.51)
(bsg)*(Lhpg/dhr)*(Lang/ ) (2215/d2) ' (1hag/dly) " 0.04
(Pag)A(Lhng/d)) (Lang/dxy) (2240 2) H(Lhsg/dy) " 0.05
(bsg)'(Lhpg/dh))*(Lang/Ohy)(221o/d2) ' (1hag/dly) " 0.26

[FeHPzf* (bsg)*(Lhpg/dy)) (Lany/Ohy)(2219/d2) ' (1hag/dly)° 0 Fev (IP2: 9.92)
(bsg)*(Lhpg/di))*(Lang/Ohy) ' (2a1o/d2) ' (1hag/dly)° 0.05
(bsg)'(Lhng/dh))*(Lany/Ohy)(2819/d2) ' (1hag/dly2)° 0.24

[FeHPz}~ (1bag/d))*(Laug/dhy) (28190 2)*(Llsg/dly,)* 0 Fe
(Lheg/dh))(Lang/Ohy) (281 d2)*(Lhag/dly) H(22g) 0.30

[FeHPzP~ (1bzg/dyr)(Leang/dhy)(2214/d2)*(1bsg/dy) (2bzg)" 0 Fé
(1b2g/dyr)*(Lang/Ohy)*(2219/d2)*(Lhag/dl)? 0.34

[FeP(PY)]** (bro)3(Lbsy/dy)?(1bog/dyr) (Brg/Ohy)? 0 Fé' (IP;; 5.67)
(b1y)*(Lhbsg/dy) (1hpg/dh)) (15 Chy)® 0.03
(b1y)*(Lhbsg/dy)*(1hpg/dh))(B1g/Chy)* 0.24
(b1)*(Lhsg/dy)*(1hpg/dh)) (15 ) 0.67

[FeP(Py)] 2+ (b10)?(1 b/ ) (1 b/ Or) H(Bu g Ony) 2 0 Fev (IPx: 9.57)
(b1)'(Lhsg/dy)*(1hpg/dh)) (Buo/ ) 0.05
(br)*(Lhsg/dy)*(1hzg/dh)) 15/ Chy)* 0.48

[FeP(Py)(CO)}* (La)(1by/dy7)*(1bn/dhr)*(2a/dyy)* 0 Fé' (IP:: 6.53)
(Lan)?(1by/dy7)%(1bn/dhy) (28 Oxy)? 0.14
(Lan)?(1by/dy7) (1 bn/dhy)X( 280/ Oxy)? 0.15
(L) Y(1by/dy,)?(1bn/dhy)X( 28/ Oxy)? 0.18

[FeP(Py)(COR* (Lan)%(1by/dy,)%(1bn/dhy) (28 Oxy) 0 Fev (IP,: 10.07)
(Lan)*(Lby/dy) (1bi/dyp)X(2a/dyy)* 0.00
(Lan)'(1by/dy)*(1bi/dp)X(2a/dy)* 0.12

[FeP(CO)}* (a)*(Le/d,)*(ba/dyy)? 0 Fé' (IPy: 7.05)
(a0)X(1e/d,)*(ba/dy,)* 0.07

(3)2(Le/dy)3(a/dyy)? 0.10
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TABLE 6: Continued
system configuration (see Figures2) E

oxidation state on Fe

[FeP(CO)}* (20)2(20)}(1/dy)3(ba/dx,)? 0 Fel (IPy 10.65)
(a)(a0)(1e/d,)*(ba/dhy) 0.02
(20)'(20) *(1€/dy)*(ba/dxy)? 0.05

[FePz(Pyj]** (1)*(Lsg/0y)X(Lhpg/Ohr) (B g/ Ohy)* 0 Fe' (IP:: 6.22)
() *(Lbsg/dy) (1 bag/ O (@ug/Ohy)® 0.04
(1)*(Lsg/0y) (1 oy Ohr) (B g/ Ohy)* 0.13
() (Lbsg/dy) (1 bag/ O (@ g/ Ohy) 0.76

[FePz(Pyj]** (1)*(Lsg/dy) (1 hpg/dhr) (B g/ Ohy)* 0 Fev (IP2: 10.02)
() *(1bsg/dy) (1 bag/ O (aug/y) 0.19
(210)(Lsg/dy,) (1 hpg/ ) (B g/ Ohy)* 0.36

[FePz(Py)(CO)}" (80)(1ba/dly)*(1n/dp)( 220/ ) 0 Fe' (IP.: 7.00)
(82)(1b2/dy)*(1ln/dy;) 22/ dyy)? 0.13
(80)(1ba/dy) (Lln/dp)(220/yy)? 0.14
(82)(1ba/dy)*(1ln/dy;)*(22/dyy)? 0.35

[FePz(Py)(CO}" (80)1(1ba/dly)2(Ln/dp)( 220/ ) 0 Fe' (IP2: 10.88)
(80)(1b2/dy,)*(1ln/dy;) (22u/dyy)* 0.09
(80)(1b2/dly) (1n/dhp)*(220/ ) 0.10

[FePz(CO)}* (a0)2(Le/d,)4(ba/dhy) 0 Fe! (IP;: 7.50)
(a0)(1e/d,)4(ba/dy)? 0.20
(a)*(1eld,)3(bo/dy)? 0.22

[FePz(COY* (a0)(1e/d,)4(ba/dhy)* 0 Fe' (IP,: 11.37)
(a0)2(1e/d,)3(ba/chy)t 0.28

[FePc(Py)j L+ (1bsg/dly)2(B30) (1 bzg/Chr) (B g/ Chy)? 0 Fe' (IPy: 6.06)
(1bsg/dyz)*(B0u) (1 bag/ O (Bug/Ohy)® 0.01
(1bsg/dyz) (B0 (1 bag/ Ok (@ug/Ohy)? 0.05
(Lbsg/dyz)*(Buu) (1 bag/ O (2ug/Ohy) 0.14

[FePc(Py)2+ (1bsg/dly)2(B3) (1 bzg/Chr) B/ hy)? 0 Fe' (IP,: 8.82)
(1bsg/dyz) (Buu) (1 bag/ Ok (2ug/Ohy)® 0.02
(1bsg/dyz)*(a0u) (1bag/ O (@ug/Ohy) 0.19
(1 bsg/dyz)*(20u) (1 bag/ O (g Ohy)® 0.20

[FePc(Py)(COJ (1by/d,)2(1bn/ch)2(2an/chy)X(ae)t 0 Fe' (IPy: 6.29)
(1bo/dy)A(Lhn/dh)*(22u/dy) (2e)? 0.50
(1by/dy,)2(Lhy/dhr) (22/dhy)X(3p)? 0.58
(1bp/dy,) (Lhn/dh)*(22u/dy)(2e)? 0.60

[FePc(Py)(COJ}* (1b2/dy;)2(Lbn/di)*(2e/diy)X(22)° 0 Fe' (IP2: 9.29)
(1bp/dy)A(Lhn/dh)*(22u/dy) (2e)* 0.36
(1ba/dy;)2(Lbn/di) (22u/diy)(20)* 0.36
(1bo/dy) 1 (Lhn/dh)*(22u/dy)H(B0)* 0.37

[FePc(CO)* (1e/dy)4(ba/dy,)X(a0)* 0 Fé' (IPy: 6.51)
(1e/d,)4(ba/ ) (30)? 0.66
(1e/dy)3(ba/dy,)X(a2)? 0.77

[FePc(CO}* (Le/d)*(ba/dy)X(22)° 0 Fé' (IP; 9.56)
(1e/dy)*(ba/dy,) (ae)* 0.54
(1e/d,)3(0a/ ) X(30)* 0.57

[FePn(Py)| (200)2(1bsg/0ly)X(Bug/Ohey)2(Lhng/ ) 0 Fe! (IP;: 5.37)
(A *(Lbsg/dy)(aug/Ohy)*(Llg/dr) 0.28
(B00)*(Lhag/dy) (2ug/Oy) (L2 dh)? 0.45
(0 (Lbsg/dy)X(aug/Ohy)*(Lhog/ ) 1.09

[FePn(Py)|2* (300)2(1bsg/0ly) H(Bug/Chey)2(Lhng/ ) 0 FeV (IPx 9.61)
(a0 (Lbsg/dy)X(aug/Ohy) (L)) 0.12
(B00)*(Lhag/dy) *(aug/Oy) (L 2g/dh)* 0.53

[FePn(Py)(COY* (B0)4(Lbp/dy;)?(1bn/0k)) (22u/ Oxy)? 0 Fé' (IPy: 6.45)
(82)(1b2/dy)*(1ln/d;)*(22u/ ) 0.15
(80)(1by/dly;) (1n/Chy)X( 220/ Cyy)2 0.21
(30)(1ba/dy)*(1ln/dy,)?(22u/dy)? 0.33

[FePn(Py)(COY" (3)X(1ba/dly)2(Lhn/ch) L (2a/chy)t 0 FeV (IPy 10.14)
(32)(1ba/dy)?(1ln/d;) 22/ dyy)? 0.01
(80)(1by/dly;) (1n/Chy) H(220/Cyy)2 0.32

[FePn(CO)} (20)2(1ba/d)2(1hy/dy)(2au/dyy)t 0 Fel (IP;: 6.98)
(80)(1by/dly)2(1n/Chy) H(22u/Cyy)2 0.00
(32)*(1ba/dy)?(Ln/d;)?(22u/dyy)? 0.12
(8)A(1b/dly) (1 n/Chp) X220/ )2 0.19

[FePn(CO)}* (20)2(1ba/dy,)2(1hy/dyy) H(2au/dyy)t 0 FeV (IP; 10.61)
(30) (b2l 0ly)2(L /) X( 220/ ) 0.03
(82)(1b2/dly) (Ln/d;)?(22u/ )t 0.17

[FeDBPn(Py)] (b1)2(Lbng/Ch)2(B1g/ ) (L bag/Ch ) 0 Fé' (IP;; 5.68)
(br)*(1bzg/dy) (B1g/dhy)*(1 3¢/ 0ly)* 0.05
(bry)*(Lng/dy))*(B1g/dyy) (1 bsg/dlyz)* 0.33
(D) (Lbeg/dh))*(B1g/yy) (L g/ 0yr)* 0.58

[FeDBPn(Pyj]** (D10)X(1bag/ ) (Bg/Ohy) (L g/ Cly) 0 Fev (IP2: 9.19)
(D) (Lbeg/dh))*(B1g/dyy) (L bsg/dlyr) 0.18
(b1u)*(Lheg/di))*(B1g/dyy) (1 bsg/0lyz)* 0.42
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TABLE 6: Continued
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system configuration (see Figures2) E oxidation state on Fe

[FeDBPN(Py)(CO)j" (Lay)2(1by/dxr)?(1by/dy,) (22 Oxy)? 0 Fd' (IP;: 6.32)
(1a)?(1by/dyy)?(1by/dy,)?(2au/dyy)* 0.08
(L) (Lbu/che) (L bolcl,)?(2au/ch)? 0.20
(1a)?(1by/dyy)Y(1by/dy,)?(22u/dyy)? 0.28

[FeDBPN(Py)(COX" (Lay)2(1by/dxy)?(1by/dy,) (22 Oxy) 0 Fev (IP: 9.73)
(Lay)*(1by/dh) (Lbo/dy,) (2an/dyy)® 0.25
(L) (Lbu/che) (Lol ) (2au/ch)? 0.36

[FeDBPN(CO)}" (1a)?(1by/dy,)?(1by/dy,) Y (22u/dyy)? 0 Fe" (IP: 6.68)
(Lan)2(Lby/che) (Lol )?(2au/cho) 0.17
(1ay) (1by/dy,)?(1by/dy,)2(2a/dy,)? 0.32
(Lan)2(Lby/che) (Lol )?(2au/chy)? 0.34

[FeDBPN(CO)t* (1a)?(1by/dy,)?(1by/dy,) Y (22u/dyy)* 0 FeV (IP2: 10.30)
(La)2(Lbu/che) (Lol ) (2au/ch)? 0.19
(1a)(Lb/d,o)2(Lbo/d, ) (2a/d)? 0.24

[FeHPz(Pyj]** (bag)?(1bpg/0xr)?(Bag/Oxy)?(1bag/dy)* 0 Fé' (IP;: 5.48)
(D3 2(1ag/che) (u/cho) (1D 0y )2 0.61
(D3g)2(1bag/che) (au/choy) (1D dy )2 0.74
(D3g) (1ag/che)(u/cho) (10502 0.88

[FeHPz(Py))2* (D3g)?(1bpg/0)?(Bug/Oy)X(Lsg/ 0l ) 0 Fev (IP,: 9.12)
(D3g) (1ag/che)(u/cho) (1D Gy ) 0.21
(D39)?(102g/0h)(@g/chy) (1 oag/ly)* 0.37
(D39 *(1bag/che) (u/cho) (1D dy ) 0.43

[FeHPz(Py)(CO)j (au/dxy)?(1hy)* 0 Fe' (IP1: 6.11)
(2u/dyy)}(1by)? 0.68

[FeHPz(Py)(COR/* (/dyy)2(1b)° 0 Fé' (IPx: 9.62)
(au/dxy) (1)t 0.93

[FeHPz(CO)}* (a/dyy)2(1bp)* 0 Fé' (IP;: 6.46)
(au/dyy)}(1by)? 0.75

[FeHPz(CO)" (au/dxy)?(1hy)° 0 Fé' (IP2: 10.02)
(an/dy)'(1by)* 0.91

a|n parentheses, |P= first ionization potential; IP= second ionization potential. Units in eV.

TABLE Al: Calculated Properties of RuP(CO)

IP2 (eV)
RRqu(eq) RRWC(ax) Ebind (eV) QRu EA2
A A (RuP-CO) (e) bp/dy le/d, & a (eV)
2.066 1.796 2.64 1.32 7.54 7.23 7.10 7.11 —1.42(2e)
a See Figure 3 [FeP(CO)] for the orbitals.
TABLE A2: Calculated Relative Energies €, eV) for FeP(Py)(CO) isomers also differ with regard to the site of
Selected Configurations in [RuP(CO)} and [RuP(CO)]?*2 oxidation. This experimental finding has been confirmed by the
system configuratioh oxidation state of Ru calculations performed by one of b5.
RUP(CO (1e/d,)*(ba/dyy)? RU' (IP:: 7.10 ,
[RuP(COY Ezgzglg&gagb;dxgz 0.13 (P ) Acknowledgment. We thank Professor N. Shafizadeh of the
(a0)A(Le/d;)*(by/dyy)* 0.44 University of Paris 11 for providing us with a copy of ref 49.
[RUP(CO)F"  (an)X(a) (1e/dy)*(b/dy)? O RuU' (IP2: 10.66) The authors also gratefully acknowledge computational facilities
(al)i(az)i(le/dr)j(bZ/dxy)i 0.03 provided by the Mississippi Supercomputer Center. This work
(@n)*(2)(1e/d)'(b/dky)"  0.40 is supported by the National Institutes of Health (S06 GM08047).
a|P, = first ionization potential; IP= second ionization potential.
Units in eV.? See Figure 3 [FeP(CO)] for the orbitals. Supporting Information Available: ADF calculations on

properties different from the analogous Fe compofds.
would be of interest to make a comparison of the ionization
properties between FeP(CO) and RuP(CO). Therefore, additional
calculations have been performed for the latter system and its
ions. The results are presented in Tables Al and A2.

iron porphine (FeP) and a comparison of the results obtained
from different computational methods. This material is available
free of charge via the Internet at http://pubs.acs.org.
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