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Density functional theory (DFT) calculations on iron(II) (FeP) and cobalt(II) (CoP) porphyrins
with nitric oxide (NO) and carbon monoxide (CO) as axial ligands have been performed using
BLYP, B3LYP, OLYP, B3PW91, and M06L functionals with double- and triple-� basis sets.
Optimized geometries and binding energies were found to depend very strongly on the
functional and basis set used. MP2 fails completely to describe geometries and binding energies
of FeP–CO, CoP–CO, and CoP–NO complexes, but performs relatively well for the FeP–NO
complex. The calculated binding energies range from �4.5 to �19.6 kcalmol�1 for CoP–CO,
þ4.0 to �29.1 kcalmol�1 for FeP–CO, þ7.6 to �41.1 kcalmol�1 for FeP–NO, and �2.2 to
�36.7 kcalmol�1 for CoP–NO. B3PW91/6–311þG(d,p) and OLYP/6–311þG(d,p) perform
better than the other functional/basis set combinations in reproducing the available
experimental data. A complete active space self-consistent field/complete active space with
second-order perturbation theory (CASSCF/CASPT2) analysis of the CO and NO interactions
with FeP and CoP can be interpreted either in terms of �-donation/�-back-donation
mechanism (FeP–CO and CoP–CO) or � bond formation between the 3dz2 orbital of metal
and the �* orbital of NO.

Keywords: Metalloporphyrins; Nitric oxide; Carbon monoxide; DFT; MP2

1. Introduction

Metalloporphyrins (MPs) are important in biological systems for oxygen storage

and transfer [1], metabolism [2, 3], photosynthesis [4], and quite generally as natural

redox reagents and small-molecule storage and transport agents. The use of MPs as

acceptor molecules in chemical sensors has long interested researchers [5]. Their rich

coordination chemistry can be used in chemical-sensor applications by detecting changes

induced in their physicochemical properties by adding axial ligands. The porphyrin

ligand serves as a platform for achieving desirable molecular and materials properties,

such as very large dipole moments, polarizabilities, or hyperpolarizabilities [5, 6].
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Generally, fourfold and fivefold coordination models are used to describe MPs.

In the fourfold coordination model, the metal is coordinated to the porphyrin nitrogens

and the lower coordination site remains free (scheme 1a). The upper coordination site

can later be occupied by ligands such as H2O, CO, O2, NO, etc.
This model represents a natural starting point for both experimental and theoretical

studies. Crystal structures have been reported for a number of heme derivatives

with different substituents in the ring [7]. FeTPP (TPP¼meso-tetraphenylporphyrin)

has been particularly widely used. Its electronic state is known experimentally to

correspond to a low-spin triplet (S¼ 1).
Coordination of a base (e.g., the imidazole (Im) ligand) to the heme group leads

to a five-coordinate species with square pyramidal geometry.
Coordination of small organic molecules by porphyrin complexes gives rise to either

five- or six-coordinate ligand–MP complexes (equations (1) and (2)):

MPþ L���! ���MP�L ð1Þ

MPðBÞ þ L���! ���MPðBÞ � L ð2Þ

The data obtained in quantitative studies of these equilibria have been summarized

in a review [8]. These equilibria can easily be shifted in the desired direction by changing

the concentrations of ligands, the nature of the solvent, or the temperature.

Coordination of additional ligands is accompanied by a shift of 5–35 nm of the

absorption bands in the optical spectrum relative to those of the starting MP. The value

and direction of the shift depend on the nature of the central atom and the ligand and

on the structure of porphyrin. The addition of the ligand leads to a bathochromic shift

of the first absorption band, which corresponds to a low-frequency �!�* transition,

if the MP is planar and binds solvent molecules weakly.
Because of the diversity of polyhedral geometries found in porphyrin complexes

with metal cations, additional ligands exhibit many different coordination modes.

In FeII, CoII, MnII, ZnII, etc. complexes with one extra ligand, MP�L, the metal ion

is pushed out of the N4 plane, and the MN4 coordination unit can be described as

a pyramid with the M metal in the apical position.
Consequently, there has been much interest in understanding the electronic structure

of these molecules. Since the partial occupancy of the 3d shell can yield a number of

low-lying electronic states within a narrow energy range, there has long been a debate as

to what is the ground state for unligated, four-coordinate Fe(II) and Co(II) porphyrins

(FeP and CoP, respectively).

Scheme 1. Five- (a) and six-coordinate (b) complexes of MP. B can be any Lewis base.
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There have been many studies that discuss the performance of various density
functional theory (DFT) functionals for MPs. It is now generally accepted that the
ground state of FeP is intermediate spin; only the 3A2g state arising from the
ðdz2Þ

2(dxy)
2(d�)

2 configuration is compatible with Mössbauer, magnetic moment, and
proton nuclear magnetic resonance (NMR) data [9–13]. The standard B3LYP
functional suggests the ground state to be 3A2g, in agreement with most of the
experiments [14]. For low-spin (S¼ 1/2) CoP, the ground state configuration is known
to be 2A1g {(dxy)

2(dxz)
2(dyz)

2
ðdx2�y2Þ

0
ðdz2 Þ

1}. However, the 2Eg state is only 0.2 eV higher
in energy than the 2A1g ground state.

Additionally, the axial ligands influence the electronic structure of metal porphyrins.
It is known that axial ligation has a substantial influence on the redox [15, 16] and
photovoltaic [17] properties of metal porphyrins. For example, iron porphyrins with
coordinating axial ligands are diamagnetic (S¼ 0) in contrast to four-coordinate species
(S¼ 1) [18, 19]. Elucidating the electronic structure of metal porphyrins with axial
ligands is also important for understanding their biological and catalytic functions [20].

There are generally two reasons why accurate prediction of MP�L binding energies
might be difficult, especially for DFT. First, the spin state of the metal ion may change
during the ligand addition (i.e., FeP/FeP�NO or CoP/CoP�NO) [21], while the relative
energies of different spin states for transition metal complexes require a high-level
description of electronic exchange and correlation. Second, the energy of a covalent
M�L bond contains an important contribution from non-dynamic correlation.

2. Methods

All DFT calculations were performed using local generalized gradient approximation
(GGA) (BLYP [22–24], OLYP [23–26]), hybrid GGA (B3LYP [27–30], B3PW91
[31–34]), and meta-GGA (M06L [35]) functionals using the 6�31G(d) [36–46] and
6–311þG(d,p) basis sets. B3LYP in combination with the 6�31G(d,p) basis set with
the LANL2DZ [47–49] basis set with pseudopotentials for Co and Fe (denoted as
B3LYP/GEN) calculations were also performed. Stationary points were confirmed to
be minima or transition states by calculating the normal vibrations within the harmonic
approximation. All DFT-computed relative energies are corrected for zero-point
vibrational energies (ZPE).

For comparison with the DFT results, all structures were fully optimized at the MP2
[50–55] level of theory using the 6–31G(d) and cc–pVDZ [56] basis sets. The Gaussian
09 program package [57] was used for all calculations. Additional single-point complete
active space self-consistent field/complete active space with second-order perturbation
theory (CASSCF/CASPT2) calculations were performed with the Molcas 7.4 package
[58] using a Cholesky decomposition scheme [59] for the two-electron integrals.
ANO-RCC-VTZ [60–62] basis sets were used in the CASSCF calculations.

We used different levels of theory because it is not clear [63, 64] which combination
of density functional and basis set is appropriate for treating MP systems.

Three spin (low, intermediate, and high) states were considered for FeP, and only
the low-spin state for CoP porphyrins and for the resulting complexes of FeP and CoP
with CO and NO ligands.
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3. Results and discussion

3.1. Fe(II)P and Co(II)P

In the case of FeP, it is generally agreed [65] that pure DFT methods usually
overestimate the stability of the low-spin states and hybrid functionals predict smaller
quintet–triplet gaps, often resulting in the quintet ground state. Both low-lying triplet
and quintet states have been reported to be the ground state. No experimental data have
yet been reported for gas-phase FeP or CoP molecules. Hence, the calculated properties
of the parent MPs are usually compared to substituted Fe(II) or Co(II) porphyrins,
tetraphenyl (TPP), octaethyl tetraphenyl (OETPP), and others. Several experimental
studies [9, 10, 13] have demonstrated that FeTPP is a triplet and CoTPP is a doublet.
Thus, we only consider the 1A1g,

3A2g, and
5A2g (in case of FeP) and 2A1g (in case of

CoP) states here, rather than all possible low-lying spin states. As shown in table 1,
the lowest energy spin state is a triplet in all cases except with M06L, and the relative
spin-state energy order predicted is (S¼ 3/2)5 (S¼ 5/2)5 (S¼ 1/2). The M06L
method favors the quintet state over the triplet by up to 2.8 kcalmol�1 (table 1).
Changing from the 6�31G(d) to the 6�311þG(d,p) basis set only affects singlet–triplet
gap, decreasing it by 5–7 kcalmol�1 (table 1). The calculated triplet–quintet gap
depends less on the basis set, with the calculated energies varying by �0.4 to
þ0.2 kcalmol�1. The calculated triplet–quintet gap for the FeP–Im system has been
reported to vary from �0.8 to 2.6 kcalmol�1 [65].

In all cases, the computed hS2
i values are very close to the pure states (2.02 vs. 2.0 for

triplet and 6.02 vs. 6.0 for quintet). This is also true for CoP (hS2
i is 0.75–0.76 vs. 0.75

for the doublet state).

3.2. FeP and CoP complexes with carbon monoxide

Tables 2 and 3 present the results of DFT and MP2 calculations for the Fe–CO and
Co–CO systems. The displacement of both metals with respect to the N plane is up

Table 1. Spin multiplicities and relative energies (DEþZPE) of FeP.

FeP

DE (kcalmol�1)

S¼½ 1A1g S¼ 3/2 3A2g S¼ 5/2 5A2g

BLYP/6–31G(d) 41.3 0.0 14.8
BLYP/6–311þG(d,p) 33.0 0.0 14.6
B3LYP/6–31G(d) 41.5 0.0 4.3
B3LYP/6–311þG(d,p) 34.2 0.0 4.3
B3LYP/GEN 31.7 0.0 4.0
B3PW91/6–31G(d) 41.4 0.0 2.5
B3PW916–311þG(d,p) 34.2 0.0 2.5
OLYP/6–31G(d) 39.9 0.0 3.1
OLYP/6–311þG(d,p) Does not converge 0.0 3.1
M06L/6–31G(d) 30.6 0.0 �2.4
M06L/6–311þG(d,p) 26.6 0.0 �2.8
MP2/6–31G(d) 43.4 0.0 –
MP2/cc–pVDZ 35.4 0.0 –
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to 0.1 Å. CO binding to Fe in FeP leads to a linear orientation of the M–C–O unit
(C4v, figure 1). In a protein matrix, the geometry of the Fe–C–O unit is somewhat
distorted, but this is mainly because of the electrostatic perturbation from the
distal environment [66–68]. An equivalent linear structure of CoP–CO was found to
be a second-order saddle point (Ni¼ 2) when the 6�31G(d) basis set was used.

Table 2. Number of imaginary frequencies (Ni), binding energy (DEþZPE), and the key structural
parameters (Co–CO and C–O bond lengths and M–C–O angle) of CoP–CO unit.

Method Ni Ebind (kcalmol�1) Co–C (Å) C–O (Å) ffCo–C–O (�)

BLYP/6–31G(d) C4v 2 �19.6 1.852 1.164 180.0
BLYP/6–31G(d) 0 �19.6 1.862 1.166 158.1
BLYP/6–311þG(d,p) C4v 0 �10.1 1.907 1.153 180.0
BLYP/6–311þG(d,p) 0 �10.1 1.905 1.153 179.9
B3LYP/6–31G(d) C4v 2 �9.1 1.949 1.142 180.0
B3LYP/6–31G(d) 0 �9.2 1.959 1.143 158.4
B3LYP/GEN C4v 2 �4.2 2.231 1.136 180.0
B3LYP/GEN 0 �4.2 2.245 1.136 167.4
B3LYP/6–311þG(d,p) C4v 0 �2.7 2.054 1.131 180.0
B3PW91/6–31G(d) C4v 2 �9.9 1.921 1.141 180.0
B3PW91/6–31G(d) 0 �9.8 1.917 1.141 180.0
B3PW91/6–311þG(d,p) C4v 0 �4.5 1.999 1.131 180.0
B3PW91/6–311þG(d,p) 0 �4.5 2.001 1.131 179.9
OLYP/6–31G(d) C4v 2 �14.3 1.838 1.161 180.0
OLYP/6–31G(d) 0 �14.3 1.844 1.163 159.6
OLYP/6–311þG(d,p) C4v 0 �6.4 1.883 1.152 180.0
M06L/6–31G(d) C4v 2 �18.1 1.894 1.150 180.0
M06L/6–31G(d) 0 �18.0 1.904 1.153 152.9
M06L/6–311þG(d,p) C4v 0 �11.3 1.968 1.140 180.0
M06L/6–311þG(d,p) 0 �11.3 1.975 1.141 161.7
MP2/6–31G(d) C4v 3 �11.6 2.193 1.148 180.0
MP2/6–31G(d) 0 �12.4 2.200 1.150 149.1
MP2/cc–pVDZ C4v 0 – 2.308 1.145 180.0

Table 3. Number of imaginary frequencies (Ni), binding energy (DEþZPE), and the key structural
parameters (Fe–CO and C–O bond lengths and Fe–C–O angle) of FeP–CO unit.

Method Ni Ebind (kcalmol�1) Fe–C (Å) C–O (Å) ffFe–C–O (�)

BLYP/6–31G(d) C4v 0 �26.6 1.699 1.176 180.0
BLYP/6–311þG(d,p) C4v 0 �22.7 1.723 1.167 180.0
B3LYP/6–31G(d) C4v 0 �6.8 1.717 1.154 180.0
B3LYP/6–311þG(d,p) C4v 0 �4.4 1.746 1.144 180.0
B3LYP/GEN C4v 0 �6.7 1.736 1.151 180.0
B3PW91/6–31G(d) C4v 0 �9.6 1.699 1.154 180.0
B3PW91/6–311þG(d,p) C4v 0 �8.4 1.724 1.144 180.0
OLYP/6–31G(d) C4v 0 �23.8 1.676 1.173 180.0
OLYP/6–311þG(d,p) C4v 0 �20.3 1.694 1.165 180.0
M06L/6–31G(d) C4v 0 �29.1/(�26.7)a 1.697 1.162 180.0
M06L/6–311þG(d,p) C4v 0 �25.1/(�22.3)a 1.719 1.154 180.0
MP2/6–31G(d) C4v 0 1.6 1.645 1.168 180.0
MP2/cc–pVDZ C4v 0 4.0 1.748 1.155 180.0
Exp [73] 1.77(2) 1.12(2) 179(2)
Fe(OEP)CO [74] 1.7140 1.1463 177.2

aWith respect to 5FeP.
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Re-optimization of this complex without symmetry restrictions leads to the energet-
ically almost equivalent complex with a bent Co–CO moiety (figure 1 and table 2).
Optimization of C4v-linear complexes with the 6�311þG(d,p) basis set gives minima
and optimization of bent starting geometries results in linear structures. The same
preference for a bent CoP–CO structure is found with MP2.

The reaction of cobalt(II) porphyrins with CO has been studied by Wayland et al.
[69–72] in some detail by electron paramagnetic resonance (EPR) in frozen solutions.
They conclude that Co(II)TPP forms an axially symmetric weakly bonded 1 : 1 adduct
with CO [69–72]. To the best of our knowledge, there are no other studies on CoP–CO
complexes, neither experimental, nor theoretical.

Table 2 presents that the calculated CO binding energy, Co–CO and C–O bond
lengths vary significantly. CoP–CO bond lengths vary from 1.838 (OLYP) to 1.949 Å
(B3LYP) using the 6�31G(d) basis set. An even longer Co–CO bond length was found
at the B3LYP/GEN and MP2/6�31G(d) levels (up to 2.245 Å, table 2). Using a larger
basis set {6�311þG(d,p)} leads to a lengthening of the M�CO bond (by 0.05 Å,
relative to the 6–31G(d) results) and to shortening of the C–O bond (table 2). The CO
binding energy to CoP varies from �9.2 (B3LYP) to �19.6 kcalmol�1 (BLYP) with the
6–31G(d) basis set, and from �2.7 (B3LYP) to �11.3 (M06L) with the 6–311þG(d,p)
basis set. The MP2 calculated binding energy was found to be �12.4 kcalmol�1.

The results are similar for the FeP–CO system. The Fe–CO bond length varies with
the method used (from 1.676, OLYP/6�31G(d) to 1.746 Å, B3LYP/6�311þG(d,p),
table 3). The experimental value is 1.77(2) Å for the six-coordinate FeTPP(Py)–CO
complex [73]. A much shorter bond length of 1.7140 Å (Fe–C) was reported for five-
coordinate Fe(OEP)CO [74]. CO binding energies were calculated to be in the range
of �4.4 kcalmol�1 (B3LYP/6�311þG(d,p) to �26.6 (BLYP) kcalmol�1 (table 3). In a
Car–Parrinello molecular dynamics study, the Fe�CO distance was found to be 1.69 Å
and a CO binding energy of 26 kcalmol�1 was reported [75–77]. In other DFT studies,
the reported binding energies are between þ1.0 and �26.5 kcalmol�1 [78]. Calculated
binding energies for the six-coordinate FeP(Im)–CO system lie between þ1.0 and
�40.6 kcalmol�1 (B3LYP) [78]. Gromacs MD simulations of CO binding to solvated
myoglobin gave an activation enthalpy of �7 to �11 kcalmol�1 [79, 80]. Experimental
values of �18.1 and �19.5 kcalmol�1 have also been reported for a six-coordinate
complex [81, 82].

Thus, the data given in table 3 suggest that combination of the B3PW91 functional
with the 6�311þG(d,p) basis is best suited for describing the FeP�CO complex.
We also note that while the MP2/cc-pVDZ computed geometry is close to those

Figure 1. Linear and bent arrangements of CO unit in MP–CO complexes.
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obtained with DFT functionals, the CO binding energy was found to be þ4 kcalmol�1

(table 3).

3.3. FeP and CoP complexes with nitric oxide

Because of the importance of the nitrosyl–heme (Fe(II)P) complex [14, 64, 78], a
number of theoretical studies have been reported, but only a few [78, 83] on nitrosyl–
Co(II)P. In the case of FeP, NO is attached in the so-called ‘‘end-on’’ configuration,
and the complex has Cs symmetry. The Fe is displaced (between 0.2 and 0.3 Å) with
respect to the N4 plane, and the Fe�N bond is displaced 6–8� from what would be the
C4 symmetry axis in the linear structure (figure 2). The Fe–NO bond length lies between
1.69 (OLYP) and 1.81 Å (B3LYP/6�311þG(d,p)); the Fe�N�O angle between 139.6�

and 146.2� (table 4).
The experimental values [84] based on X-ray data for FeTPP–NO are 1.71(1) Å and

149(1) Å, respectively. These values are reproduced well by BLYP/6�311þG(d,p)
OLYP/6�311þG(d,p), and M06L/6�31G(d). On the other hand, MP2 gives a very

Table 4. Binding energy (DEþZPE) and key structural parameters (Fe–NO and N–O bond lengths and
Fe–N–O angle) of Fe–NO system.

Ebind (kcalmol�1) Fe–NO (Å) N–O (Å) ffFe–N–O (�)

BLYP/6–31G(d) �39.8 1.703 1.198 143.2
BLYP/6–311þG(d,p) �35.1 1.719 1.187 144.6
B3LYP/GEN �6.5 1.731 1.169 139.9
B3LYP/6–31G(d) �14.4 1.796 1.182 139.6
B3LYP/6–311þG(d,p) �10.6 1.809 1.169 142.2

B3PW91/6–31G(d) Does not converge
B3PW91/6–311þG(d,p) �13.7 1.782 1.164 144.4
OLYP/6–31G(d) �36.3 1.688 1.185 144.8
OLYP/6–311þG(d,p) �32.0 1.701 1.175 146.2
M06L/6–31G(d) �41.4/(�39.0)a 1.707 1.181 140.6
M06L/6–311þG(d,p) �37.4/(�34.6)a 1.726 1.169 141.6

MP2/6–31G(d) Does not converge
MP2/cc–pVDZ 7.59 2.249 1.135 124.5
Tape-FeTPP [85, 86] �39.6 148
Exp [81, 82, 87] �26.6, �28.9, �22.8
Exp [84] 1.71(1) 1.12(1) 149(1)

aWith respect to 5FeP.

Figure 2. FeP–NO (left) and CoP–NO (right) complexes.
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long Fe–NO bond length (2.25 Å) and predicts a Fe–N–O angle of only 124.5�. Based
on this and the computed NO binding energy, the FeP–NO complex can be described
as being unbound at the MP2 level. Binding energies obtained with DFT range from
�6.5 kcalmol�1 (B3LYP/GEN) to �41.4 (M06L). Values reported in previous
theoretical studies range from �0.9 to �38 kcalmol�1 for five-coordinate complexes
[77, 78] and from þ5.3 to �43 kcalmol�1 for six-coordinate complexes [78].
Experimental binding energies are �26.6 and �28.9 kcalmol�1 for five-coordinate
complexes [81, 82], �39.6 kcalmol�1 (tape-FeTPP–NO) [85, 86], and �22.8 kcalmol�1

(for a six-coordinate complex) [87].
In contrast to FeP–NO, the direction of the Co–N in CoP–NO is nearly perpendicular

to the porphyrin plane (we found a tilt of the Co–N bond of only 0.4�) and the Co is
displaced from the N4 plane by only 0.1–0.2 Å. These findings are in a good agreement
with X-ray data on Co(OEP)–NO [88] and CoT(p-OCH3)PP–NO (table 5).

Once again, the geometries and NO binding energy depend strongly on the method
used. The Co–NO bond length was found to lie between 1.77 (B3PW91) and 1.88 Å
(MP2/6–31G(d)) and the Co–N–O angle between 116.2� and 123.8� (table 5). Zhu et al.
[89] estimated the homolytic CoII–NO bond dissociation energy to be
20.8–24.6 kcalmol�1 in benzonitrile solution. Our computed NO binding energy
ranges from �2.2 (B3LYP/GEN) to �36.7 kcalmol�1 (BLYP) (table 5). Both the
OLYP/6–311þG(d,p) and M06L/6–311þG(d,p) methods agree well with the experi-
mental values. In the case of CoP–NO, MP2/6–31G(d) performs reasonably well in
describing geometry and binding energy compared to various DFT functionals (table
5). However, it still underestimates the binding energy.

3.4. CASSCF/CASPT2 calculations

We performed CASSCF/CASPT2 calculation based on B3LYP/6–31G(d) optimized
geometries of CoP–CO (C1), FeP–CO (C2v), and Co/Fe–NO (Cs) complexes in order to

Table 5. Binding energy (DEþZPE) and key structural parameters (Co–NO and N–O bond lengths and
Co–N–O angle) of the Co–NO system.

Ebind (kcalmol�1) Co–NO (Å) N–O (Å) ffCo–N–O (�)

BLYP/6–31G(d) �36.7 1.795 1.195 123.2
BLYP/6–311þG(d,p) �28.3 1.834 1.182 122.7
B3LYP/GEN �2.2 1.839 1.169 118.7
B3LYP/6–31G(d) �11.5 1.790 1.175 120.5
B3LYP/6–311þG(d,p) �3.6 1.828 1.161 120.2
B3PW91/6–31G(d) �12.9 1.773 1.171 120.7
B3PW91/6–311þG(d,p) �5.1 1.809 1.157 120.3
OLYP/6–31G(d) �30.3 1.780 1.183 123.8
OLYP/6–311þG(d,p) �23.6 1.814 1.172 123.3
M06L/6–31G(d) �30.8 1.786 1.181 120.7
M06L/6–311þG(d,p) �25.5 1.822 1.167 120.4
MP2/6–31G(d) �13.8 1.878 1.137 116.2

MP2/cc–pVDZ Does not converge
Tape-CoTPP-NO [85, 86] �39.6 123
Exp [89] ca �21 to �25
Co(OEP)–NO [88] 1.8444 1.1642 122.7
CoT(p-OCH3)PP–NO 1.855(6) 1.159(8) 120.6
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analyse the nature of the interactions of CoP/FeP with CO and NO. The active space
in the CASSCF method comprised five 3d orbitals of the metal, four correlating 3d0

orbitals to singly and doubly occupied 3d orbitals [90, 91], and a combination of
nitrogen-free electron pair orbital correlation to the unoccupied 3dx2�y2 orbital, plus the
corresponding p orbitals of CO and NO. This gives an active space of 14 orbitals and 15
electrons (denoted as 15,14) for CoP–CO, (14,14) for FeP–CO/CoP–NO and (13,14) for
FeP–NO. Adding the second d orbital shell (3d0) is necessary to account for the strong
radial correlation effects in the localized 3d orbitals.

For the coordination of CO to FeP and CoP, the interaction can be rationalized
in terms of a ‘‘traditional’’ �-donation/�-back-donation mechanism. The FeP–CO �
bond is formed by the 3dz2 orbital on iron (occupation number of 0.38e) and the 2pz
orbital on CO (0.55e, Cpz) (figure 3). The � bonds are formed by back-donation from
the FeP d� and p� orbitals to the �*-antibonding orbitals of CO (figure 4). The major

Figure 4. Bonding (left) and antibonding (right) orbitals for the FeP–CO � bond.

Figure 3. Bonding (left) and antibonding (right) orbitals for the FeP–CO � bond.

2862 T.E. Shubina and T. Clark

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
1
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



contributions arise from combination of 3dxz (0.35e) with the 2px orbitals of the carbon
(0.45e) and oxygen (0.65e) and 3dyz (0.35e) with the 2py orbitals of the carbon (0.45e)
and oxygen (0.65e). The Mulliken charges are þ0.47e for Fe and þ0.17e for the CO
moiety.

Compared to FeP–CO {d6–CO�*0}, the CoP–CO complex has an additional single
unpaired electron {d7–CO�*0} in the 3dz2 orbital (0.5e), which is used in � bonding with
CO (C 2s, 0.44eþ 2pz, 0.21e) (figure 5).

The �-back-donation from the CoP d� orbitals is much less pronounced than for FeP
(figure 6) and is mainly determined by a combination of four orbitals: 3dxz (�0.98e)þC

Figure 6. Bonding (left) and antibonding (right) orbitals of CoP–CO � bond.

Figure 5. Singly occupied molecular orbital (SOMO) for the CoP–CO � bond.

Fe(II) and Co(II) porphyrins 2863

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
1
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



2px (0.1e); 3dyz (0.98e)þC 2py (�0.1e); 3dxz (�0.1e)þC 2px (�0.4e)þO 2px (�0.8e);
and 3dyz (0.1e)þC 2py (0.4e)þO 2py (0.8e) (figure 6). The charge on Co was found
to be 0.68e and the total charge for the CO moiety �0.17e. Previously [71, 72], CO was
estimated to carry 0.13e. It should also be noted that there is a much higher
contribution of the d orbitals from the second d shell. The difference between doublet
and quartet states of CoP–CO was found to be 19.6 kcalmol�1 at BLYP/6–31G(d) and
only 2.2 kcalmol�1 at CASSCF.

The bonding of NO to both FeP and CoP occurs in a bent fashion, and there is much
more pronounced electron transfer from metal to the ligand (0.74e) in comparison to
CO. In the case of FeP–NO {d6–NO�*1} there is a single unpaired electron on the 3dz2
orbital (FeP–NO is isoelectronic to CoP–CO) and the CoP–NO complex has a singlet
ground state {d7–NO�*1}.

The bonding orbital in FeP–NO (figure 7) consists of the combination of 3dz2
(�0.68e)þ 2px and 2py orbitals of the nitrogen and oxygen.

A similar picture is found for CoP and NO (figure 8): the bonding can be described
as a � bond between the 3dz2 of Co and the �* orbital of NO (2pxNþO and 2pyNþO).
The smaller Co–N–O angle (120–123�) than that found for Fe–N–O (140–145�)
facilitates overlap between these two orbitals.

The CASSCF computed spin densities for the doublet states of FeP–NO and CoP–
CO show that the unpaired electron is localized predominantly on the metal, while NO
and CO carry negligible spin density (Fe: 1.06e, NO: �0.08e, Co: 0.9e, and CO: �0.07e).
Thus, both complexes can be described as M(I)P–XOþ.

4. Conclusions

The CO and NO complexes with cobalt(II) and iron(II) porphyrins have been
investigated theoretically with five DFT functionals (BLYP, B3LYP, OLYP, B3PW91,

Figure 8. Bonding (left) and antibonding (right) orbitals in the CoP–NO complex.

Figure 7. Bonding (left), antibonding (middle), and SOMO (right) orbitals in the FeP–NO complex.
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and M06L), MP2, and CASSCF/CASPT2 approaches. None of the optimized
structures show significant spin contamination. The M06L functional favors quintet
state of FeP over the triplet by 2.8 kcalmol�1, all other functionals tested predict the
triplet to be the lowest state.

The computed binding energies of CO and NO to Co(II)P and Fe(II)P depend
strongly on the method and the basis set used. The combination of B3LYP with
6�31G(d,p) and LANL2DZ basis sets turns out to be the worst of the DFT levels tested
for describing CO and NO complexes of MPs [92]. MP2 fails completely to describe the
geometries and binding energies of the FeP–CO, CoP–CO, and CoP–NO complexes,
but performs much better for FeP–NO.

In the complete absence of experimental data on the geometries of CoP–CO, it is
difficult to validate the results obtained with different DFT functionals. However, the
EPR spectra suggest linearity of Co–C–O unit, so that this system should be described
at least with a triple-� quality basis set. For FeP–CO and FeP–NO/CoP–NO, B3PW91/
6�311þG(d,p) and OLYP/6�311þG(d,p) are the best choices, respectively, of the
methods tested.
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