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CNDOf2 calculations of hexacoordinate Co(III)- 
porphyrins, f Co(III)(Por)XYJ and hexacoordinate 
tetraammine Co(III) complexes, [CO(III)(NH~)~- 
XYJ, where X = CO and CN- and Y = CO, Im, 4, 
and NH, have been carried out. As the energy differ- 
ences between HOMO and LUMO are almost cons- 
tant for all hexacoordinate Co(III)-porphyrins, 
their electronic spectra associated with the lowest 
electronic transitions are similar to each other. In 
hexacoordinate metal porphyrins, there seems to 
occur charge breathing between the axial ligand and 
the H’s in porphyrin. The strength of the metal- 
porphyrin bond is larger than that of the metal-NH3 
bond. This brings the bond weakening of M-X bond 
in metal porphyrins in comparison with tetraammine 
complexes, which seems to be responsible for the 
interesting catalytic ability of metal porphyrins. The 
effect of the fifth ligand is almost absorbed by the 
4pn-2pn interaction between the metal and porphy- 
rin. 

Introduction 

In the previous paper [l] we studied the nature 
of the electronic spectra of porphyrins using a 
modified MN expression for the two-electron repul- 
sion integral which takes partly into account the 
effect of the electronic correlation by Brueckner- 
Goldstone scheme [2]. Many theoretical studies of 
electronic spectra of porphyrins have been done 
[3]. However, all of these works calculated the N 
band away from the Soret band. Our calculation gave 
the N band at almost the same region as the Soret 
band which agreed with the experimental data [4]. 

In this paper we will investigate theoretically 
the mutual influence between the ligands of metal 
porphyrins. Recently, we proposed a new CND0/2 
parameter set for the first transition metals [S] . 
Our parameter gives reasonable values of the binding 
energy of the metal-ligand bond, and also explains 
the mutual influence between the ligands of various 
pentaammine complexes [6]. The mutual influence 
between the axial ligands of metal porphyrins has 

H3N%- N1H3 
Fig. 1. Hexacoordinate Co(III)-porphyrins, [Co(III)(Por)- 
XY] , and hexacoordinate tetraammine Co(II1) complexes, 
[Co(III)(NH3)4XY], where X = CO and CT and Y = CO, 
Im, Py and NH3. 

received much attention from chemists and biologists 
for the last few decades, particularly with respect 
to the oxygen binding and releasing in heme (Fe(I1) 
protoporhyrin IX). Heme has some interesting 
properties, such as the allosteric effect in the oxygen 
binding and electron transfer in biological oxidation- 
reduction systems. Thus, heme plays a very important 
role as a catalyst in biological systems. Catalysts 
should have the following properties: the bind- 
ing between the catalyst and substrate should 
not be too weak and should not be too strong, 
because in the former case the catalyst does not catch 
the substrate and in the latter case it produces a com- 
pound. In this respect, the porphyrin part of metal 
porphyrin plays a key role for the control of strength 
of the binding between the metal and substrate. 
In order to make clear this problem, we will also 
calculate hexacoordinate tetraammine complexes 
and compare the calculated results with those of 
metal porphyrins. 
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Fig. 2. Calculated MO energies of [Co(III)(Por)] and [Co- 
(III)(Por)XY] . (a) X = CO; (b) X = CN-. 

The reason why we use the CNDO/2 method is 
as follows: The surprising progress in the use of 
computers, as well as the development of new 
methods, has resulted in the application of ab initio 
MO method to molecules of medium size. It is, 
however, not easy to do such calculations of very 
large molecules, such as metal porphyrins. In this 
respect, the semi-empirical MO method is still useful 
for the comparative theoretical study of similar and 
very large molecules. 

Calculations 

CND0/2 calculations of hexacoordinate Co(III)- 
porphyrins, [Co(III)(Por)XY] and hexacoordinate 
tetraammine Co complexes, [CO(III)(NH~)~XY] , 
where X = CO and CN and Y = CO, Im(Imidazole), 
Py(Pyridine) and NH3 have been carried out (Fig. 1). 
Standard values have been used for CNDO/2 para- 
meters associated with the C, N, 0 and H atoms [7], 
while a new parameter set [5] has been used for Co 
atom. For simplicity, the interatomic distance asso- 
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ciated with Co(II1) and coordinating atom of the 
ligand is fixed at 2.0 A. We assumed the same 
geometry for the porphyrin molecular framework 
as that given in the previous paper [l] . For the 
geometry of the ligand, X or Y, we have employed 
the experimental data of the corresponding free mole- 
cule [8]. As we make a comparative study of the 
mutual influence of a series of hexacoordinate 
Co(III)-porphyrins, the above mentioned simplifica- 
tion on the molecular geometry should be acceptable. 

The complexes are assumed to be in the low spin 
states. Accordingly, the ground state is in the singlet 
state. 

Results and Discussion 

Orbital Energy and Electronic Spectra 
The role of the fifth ligand, histidine, has called 

particular attention to the study of catalytic ability 
of heme. Therefore, we chose Im, Py, NH3 and CO 
as the fifth ligand, and CO and CN as the sixth 
ligand. Although the oxygen is the most interesting 
sixth ligand, we chose not to use it because the oxy- 
gen coordinate metal porphyrins usually take the 
various spin states. The calculated orbital energies 
are shown in Figs. 2(a) and (b). These figures 
show some interesting results. Namely, in CO coordi- 
nate Co(III)-porphyrins (Fig. 2(a)), the al, and a,, 
are almost degenerate, while in CN coordinate Co- 
(III)-porphyrins (Fig. 2(b)), the order of the al, 
and azu is reversed compared with that of the planar 
Co(III)-porphyrin. The reason for this energy 
reversal is due to the fact that the azu of porphyrin 
and that of CN are closely located to each other. 
The energy differences between HOMO and LUMO 
are almost constant for all Co(III)-porphyrins. As 
the off-diagonal matrix elements of SEC1 (singly 
excited configuration interaction) matrix are almost 
the same for analogous compounds, we expect that 
the electronic spectra associated with the lowest 
electronic transition of Co(III)-porphyrins are 
similar to each other. 

Trans Influence on Charge Density of the Sixth 
Ligand 

The change of the charge density on the sixth 
ligand measures the magnitude of the charge transfer 
interaction between X and Co(II1) ion. It is interest- 
ing to examine the effects of the fifth ligand and 
porphyrin on the change of the charge density of 
the sixth ligand. In order to make clear this problem, 
we compare the calculated results with those of the 
corresponding tetraammine complexes. In Figs. 3(a) 
and (b), the change of the total electron population 
of X(AQx = Qx - 10) upon coordination is shown. 
This figure shows that AQx is almost unchanged 
even if the fifth ligand Y is varied. As we showed 
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Fig. 3. Change of the total electron population of the ligand, 

X(AQx), in the complex; ._ [Co(lII)(Por)XY], ------- 
[Co(III)(NH&XY 1. (a) X =CO; (B) X = CN-. 
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Fig. 5. Change of the total electron population of porphyrin 
part. (a) X = CO; (b) X = CN-. 

in the previous paper [6], the tram influence of the 
ligand in pentaammine complex in the low spin state 
is much smaller than that in the high spin state. 
Therefore, it is expected that high spin-low spin 
states conversion is very important for the oxygen 
binding and releasing in heme. 

We plot the change of the electron population in 
the axial region X-Co(III)-Y of [Co(III)(Por)XY] 
and [CO(III)(NH&,XY] in Figs. 4(a) and (b) in order 
to make clear the role of porphyrin. In these figures, 
we plot a sum of AQx and AQY instead of individual 
population changes. These figures show the value 
of AQo, is nearly equal to 3, that is, Co(II1) ion is 
almost neutralized which accords with Pauling’s 
electron neutrality principle. On the contrary, AQx 
+ AQY is considerably changed. This means that the 
equatorial ligand, porphyrin or (NH3)4, absorbs or 
releases the excess charge. The magnitude of AQx 
+ AQY in the porphyrin complex is much smaller 
than that of the corresponding tetraammine com- 
plex, because the bonding between Co(II1) and por- 
phyrin is much stronger than that between Co(III) 
and NHs. Accordingly, the bonding between the 
ligand X and Co(II1) in the former is relatively weak. 
This will be shown in detail in the next section. 

It will be interesting to analyze the change of the 
charge densities of porphyrin part in detail. The inter- 
action between the metal and the equatorial ligand can 
be classified into two types, in and out of molecular 
plane-types (i- and o-parts). Thus, in Figs. 5(a) and 
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(b) the change of total electron population (AQT) 
of porphyrin part can be divided into i- and o-parts 
(AQ! and AQ”). Furthermore, the former consists of 
the contributions from coordinated N’s (AQL), 
conjugated C’s(AQk) and outer H’s(AQn), respec- 
tively. 

AQT = Aa’ + AQ” (1) 

AQ’ = AQ’, + Aa’, + AQH (2) 

These figures show that the AQT decreases with 
increasing coordination number (no XY, with X and 
with XY). This is due to the fact that when the 
charge migrates from the fifth and sixth ligands to 
Co(III) ion, it flows out into the porphyrin part. 
It should be noted that AQu is considerably large. 
Thus, the larger amount of the charge from the axial 
ligands flows out finally into H’s, that is, this seems 
to look like the charge breathing between the axial 
ligands and H’s. Such charge breathing takes place 
through the interaction between dxZ+2 of Co(II1) 
and 2~0 of coordinating N of porphyrin. 

Bond Order and Bond Strength 
Experimentally, the tram influence in hexacoordi- 

nate metal complexes has been observed as the 
change of the bond distance. For example, in heme, 
the tram influence is to be considered as the effect 
of the fifth ligand on the binding of substrate at the 

x co co co co co 
v - Im Py NH3 CO 

(a) 

sixth position from the point of view of catalysis. 
Therefore, the change of the bond strength asso- 
ciated with the metal ion and the sixth ligand X is 
most interesting. 

The bond strength is porportional to the atomic 
bond order [9]. However, the atomic bond order 
should not be regarded as the simple sum of the bond 
order associated with each orbital pair. Therefore, the 
relative bond strength of Co-X or Co-cisN bond is 
considered by the comparison of the bond order 
associated with each orbital pair. 

In a metal complex, we must notice the following 
rather peculiar interaction between the metal and 
ligand. To a first approximation we can neglect the 
contribution of the metal drr-orbital to the metal- 
ligand bond formation, because the overlap integral 
of 3dn-2pn is very small. In this respect, 4~‘s have 
a key role for mutual influence on the bond strength 
between the metal and ligand. 4p, interacts with 
porphyrin n-MO’s, but this orbital behaves as CJ- 
orbital for the interaction between the axial ligand 
and metal. On the other hand, 4p, and 4p, act as 
u-orbital with porphyrin and n-orbital with the axial 
ligand. The bond order associated with each orbital 
pair is shown in Figs. 6 and 7. These figures show 
that the bond orders associated with 3dn-2pn, 4pn- 
2p7r, 4s-2s and 4s-2po of M-X bond are almost 
unchanged, so that other orbital pairs contribute 
to the mutual influence of the ligands. When the com- 
plex has the fifth ligand Y the M-X bond is 
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strengthened by the contribution of orbital pairs 
4pa-2s and 4pa-2po, and weakened by 3do-2s 
and 3do-2pu pairs. Namely, the 3du weakens the 
M-X bond but 4pu strengthens it. In total, the M-X 
bond is slightly weakened. 

It is also interesting to see the relative variation 
of the bond orders. In order to make clear the effect 
of cis ligand Por or (NH3$, on the axial bond strength 
we plot in Fig. 8 the bond order difference asso- 
ciated with M-X bond, 

ApL = p,JM-X in [Co(Por)XY] ) - 

- p&M-X in [Co(NHa),XY] ) (3) 

This figure clearly shows that M-X bond of por- 
phyrin complex is weaker than that of tetraammine 
complex. This is important for the catalytic ability 
of porphyrin complexes, because the binding between 
the metal and ligand X in the porphyrin complex is 
not as strong as that of the tetraammine complex 
or usual transition metal complexes. From this 
figure, we obtain the following interesting results: 
When we compare the bond order variation (APL,) of 
a given orbital pair in Fig. 8(a) with the correspond- 
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Fig. 9. Calculated bond orders associated with Co&N bond 
in [Co(IlI)(Por)XY] , (a) X = CO; (b) X = CN-. 
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ing one in Fig. 8(b), the characteristic features of the 
variations are similar to each other except for the 
absolute values. When tetraamine complex has Im or 
Py as the ligand Y the bond strength of M-X bond 
is weakened mainly by 3do-2pa interaction, and 
not too much in the case of the ligand Y = NH3 or 
co. 

In Figs. 9 and 10 the bond order variation of each 
orbital pair associated with M&N bond is shown. 
It is surprising that when the complex has a ligand 
Y the bond order variation of M-&N bond is much 
greater than that of M-X bond. Therefore, we can 
say that bond weakening effect of the ligand Y is 
mainly absorbed at the cis ligand. We plot in Fig. 11 
the bond order difference of M-cisN bond, 

AP;, = p&M-cisN in [ Co(Por)XY] ) - 

- p,JM-cis N in [Co(NH&XY] ) (4) 

This figure shows that in porphyrin complex the 
bond weakening power of the ligand Y is largely 
absorbed by the 4p~n* interaction between the 
metal and porphyrin, whereas in tetraammine 
complex it is absorbed by 4s-2s 4s-2po and 3do- 
2pu interactions. 
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In conclusion, the aspects of the mutual influence 
of the ligand in metal porphyrins may be summarized 
as follows: 

1. As the energy differences between HOMO and 
LUMO are almost constant for all hexacoordinate 
Co(III)-porphyrins, their electronic spectra asso- 
ciated with the lowest electronic transitions are 
similar to each other. 

2. In hexacoordinate metal porphyrins, there 
seems to occur charge breathing between the axial 
ligand and H’s in porphyrin. 

3. The strength of metal-porphyrin bond is larger 
than that of metal-NH3 bond. This brings the bond 
weakening of M-X bond in metal porphyrin in com- 
parison with the corresponding tetraammine complex. 
This fact seems to be responsible for the interesting 
catalytic ability of metal porphyrins. 

4. The charge transfer interaction between the 
metal and the fifth ligand is almost absorbed by the 
4pn-2prr interaction between the metal and por- 
phyrin. 
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