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The nitro/nitrito linkage isomerism in metal-nitrite complexes has been shown to be at work in heme proteins and related inorganic 
catalytic systems such as phthalocyanines. Here, a systematic examination of the nitro/nitrito isomerism is undertaken with 
computational methods aiming to identify factors controlling it. The systems addressed include iron and cobalt in formal oxidation 
states of +1, +2 and +3 and complexed by porphyrin, porphyrazine and phthalocyanine. The oxygen-bound isomer (nitrito) is found 
to be favored by lower-valence states and by porphyrazine; porphyrin favors the nitrogen-bound isomer (nitro), but these preferences 
can be modulated by the axial ligand. The dielectric constant of the medium is computed to have minimal effects, of at most 1 
kcal/mol; the sign of this effect appears to change depending on the density functional and on the solvation model used. 

 
 

INTRODUCTION∗ 

The nitro/nitrito linkage isomerism is a well-
established part of transition metal inorganic 
chemistry, and entails binding of nitrite to a metal 
either via a nitrogen atom (nitro isomer, also 
designated N- in the present work) or via an 
oxygen atom (nitrito isomer, also designated O- in 
the present work). Until recently, the role of nitrite 
linkage isomerism in catalysis has been ignored or 
considered negligible.1 We have however shown 
that product distribution and kinetics of nitrite 
reduction by phthalocyaninates and 
porphyrazinates of iron or cobalt are best 
interpreted if one assumes that nitrite binding to 
these complexes in the catalytic cycle is subjected 
to linkage isomerism and that this isomerism is 
controlled by metal identity, oxidation state, and 

                                                 
∗ Corresponding author: rsilaghi@chem.ubbcluj.ro 

by macrocycle.2,3 We have also predicted, using 
density functional calculations (DFT) that nitrite 
linkage isomerism should be at work in 
metalloproteins such as the heme-containing nitrite 
reductases1 or copper-containing nitrite 
reductases;4 this was at odds with previously-
known structural experimental data, according to 
which nitrite would bind to heme proteins only via 
the nitrogen, and to copper only via the oxygen.1,4 
More recently, our predictions were confirmed by 
experimental data, as Richter-Addo and co-
workers have shown crystal structures of 
hemoglobin and myoglobin with nitrite bound to 
the iron via the oxygen atom; notably, both of 
these proteins exhibit some nitrite reductase 
activity thought to be medically-relevant.5-8 Here, 
our previous computational data are extended in 
the first systematic attempt to identify factors 
controlling nitrite linkage isomerism.  
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RESULTS AND DISCUSSION 

Figure 1 shows the structures of the 
macrocycles examined here. Formal oxidation 
states of +1, +2 and +3 were assumed for each 
metal, and the charge of the system adjusted 
accordingly, taking into account that the 

macrocyclic ligand contributes with a charge of -2 
due to its deprotonated nitrogen atoms, and the 
nitrite ligand contributed with a charge of -1; S=0 
and S=1/2 spin states were assumed. Axial ligation 
was provided by nitrite as nitrite or nitro isomer, as 
indicated in tables.  

 

 
Fig. 1 – Structures of the macrocycles examined here (from left to right: porphyrin, porphyrazine, phthalocyanine).  

The metal was iron as indicated, or, in its place, cobalt. 
 

Table 1 illustrates the performance of two 
functionals with two different basis sets and 
various solvation procedures on the energy 
difference between the nitro and nitrito isomers of 
the nitrite adduct of Fe(II) porphyrinate. The 
largest difference brought about by changes in 
functional and basis set is ~ 3.5 kcal/mol; given 
caveats noted by us on related systems for the 
B3LYP/lanl2dz approach,9 the ~2.5 kcal/mol 
difference between the B3LYP and BP86 
functionals is probably better illustrative of the 
intrinsic error margins brought about by functional 
and basis sets. The magnitude of solvent effects, 
regardless of functional, solvation model or 
medium dielectric constant, seems to be restricted 
to at most ~ 1 kcal/mol; however, the sign of this 
effect does seem to be influenced by the 
computational approach.  

Table 2 lists energetical preferences for the 
nitro compared to nitrito isomers of the iron and 
cobalt macrocycles. Many of the energy 
differences are larger than the methodology errors 
suggested by Table 1. The nitro isomer seems to be 
the more stable one in all cases. The nitrito isomer 
is most favored by lower metal oxidation states, 
with the iron (I) poprhyrazinate appearing most 
efficient in this respect. Among the complexes 
featuring metals in the +1 formal oxidation state, 
the energy differences between the nitro and nitrito 
isomers show very little dependence on metal. For 

the complexes featuring metals in the +2 oxidation 
state, the nitro isomer is more favored with iron 
compared to cobalt, whereas the reverse trend is 
seen for the +3 oxidation state. Among the three 
macrocycles, porphyrazine appears most adept at 
favoring the nitrito isomer.  

Tables 3 and 4 illustrate geometrical and 
electronic structure features of the Table 2 
complexes, and Figure 2 shows some 
representative optimized geometries. As expected, 
the equilibrium geometry of the nitro ligand 
appears insensitive to metal oxidation identity, 
state and macrocycle, with changes of at most 0.02 
Å in N-O bond lengths across various models and 
with similar variability in Fe-N/O distances; within 
these limits, higher metal oxidation states lead to 
shorter N-O bond lengths.  

The Fe-NO2 bond length in the nitro isomer is 
slightly (0.01-0.02 Å) affected by the nature of the 
macrocycle, with the general trend P≤Pc≤Pz; this 
trend is conserved when it comes to the Fe-
O(nitrito) bond length within the nitrito isomer and 
shows a good inverse correlation with the size of 
the metal-chelating cavity of the macrocycle as 
expressed by bond lengths between metal and the 
four macrocycle nitrogen ligands, which follow the 
trend Pz≤Pc≤P. One reason for the latter variation 
(in iron-macrocycle bond lengths) is that, upon 
going from porphyrin to porphyrazine four carbon 
atoms are replaced with nitrogen within the 
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chelating ring. On the other hand the smaller 
difference between the porphyrazines and 
phthalocyanines is mainly due to purely 
geometrical as opposed to electronic structure 
reasons: one carbon bond of each pyrrolic ring 
becomes fused with a phenyl moiety in 
phthalocyanine; participation in a phenyl ring takes 
this particular carbon-carbon bond from the 1.37-

1.38 Å invariably seen in porphyrazines and 
porphyrins to 1.41-1.42 Å in all phthalocyanines 
examined here, which in turn implies a widening 
of the pyrrolic rings in Pc, which may also be 
quantified by an average increase of the N-C-N 
angle within the pyrrole rings by 2º. 

 

 
Table 1 

Effect of functional, basis set and solvation model on the energy difference (in kcal/mol) between the nitro and nitrito 
isomers of Fe(II) porphyrinate. The difference obtained with UBP86/6-31G** is taken as reference (see Table 2 for the 
                                                                       actual value of this reference) 

model ∆∆E- 
 

model ∆∆E- 
 

model ∆∆E- 

BP86/6-31G** 0 
 

B3LYP/6-31G** -2.6 
 

+ CPCM, ε=80 -2.5 

+ PCM, ε=4.3 0.8 
 

+ PCM, ε=4.3 -2.2 
 

BP86/ lanl2dz -1.5 

+ CPCM, ε=4.3 0.5 
 

+ PCM, ε=80 -1.5 
 

B3LYP/lanl2dz -3.5 

+ CPCM, ε=80 1 
 

+ CPCM, ε=4.3 -2.7 
 

  

 
Table 2 

Relative energies (N- minus O-, kcal/mol) for pentacoordinated models  
with Fe and Co. P=porphyrin , Pz=porphyrazine, ‚Pc=phthalocyanine 

Model P Pz Pc  Model P Pz Pc 

S=1/2 Fe(I) 3.1 2.0 4.3  S=0 Co(I) 3.3 2.3 3.1 

S=0 Fe(II) 10.7 9.4 9.8  S=1/2 Co(II) 3.3 2.4 - 

S=1/2 Fe(III) 6.9 7.0 8.9  S=0 Co(III) 9.8 9.5 9.9 

 
As a general rule, in most complexes the metal 

was displaced out of the macrocycle plan towards 
the axial nitro/nitrito ligand, which resulted in a 
doming-type distortion10 of the macrocycle. 
However, in cases where the metal-axial ligand 
bond was strongest, a saddling-type distortion10 
was noted; representative examples of domed and 
saddled geometries for the nitro and nitrito isomers 
are illustrated in Figure 2. 

An expected asymmetry in N-O bond lengths is 
noted within each nitrito complex, with the MO-
NO (M=metal) bond distinctly weakened by 
coordination to the metal. Increases in formal 
charge at the metal lead to shorter M-O bond 
lengths and, as a consequence, longer MO-NO 
bonds and shorter MON-O bonds. Thus, the MON-
O bond lengths vary from 1.25 Å in Fe(I)-nitrito 
complexes (essentially identical to nitro complexes 
and suggesting very little activating effect of the 

low-valent metal), to 1.21 in Fe(III)-nitrito 
complexes. Meanwhile, the MO-NO bond lengths 
vary from 1.31 Å in the low-valent complexes to 
1.34 Å in ferric nitrito complexes. 

The order of metal-N(nitro) bond lengths is 
Co≥Fe. Somewhat counterintuitive is the shorter 
metal-N(nitro) bond length seen in the M(I) nitro 
adducts compared to their M(II) counterparts: the 
higher electron density at a metal(I) center would 
have been expected to lengthen, not shorten, metal-
ligand bonds. However, as shown below, the 
formally metal(I) systems appear to instead harbor 
at least one reducing equivalent on the macrocycle 
with the metal better described as M(II). 

 The nitrite ligand tends to carry less electron 
density (on average by 0.1 units) in the nitrito than 
in the nitro isomer; this difference may be traced to 
the nitrogen atom, which carries distinctly more 
positive charge in the nitro isomer compared to the 
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nitrito, thus reflecting direct ligation (or lack 
thereof) of the nitrogen to the metal; by contrast, 
the partial atomic charges on the oxygen are 
essentially unaffected by the linkage mode. This 

difference in charge behavior between oxygen and 
nitrogen is in line with the nitrogen being a softer 
center and hence more adept at delocalizing 
charge.

 

 
Fig. 2 – Representative geometries for nitro and nitrito models; labeling is as in Tables 2-4. 

 
Table 3 

Relevant distances (Å), partial atomic charges and spin densities (the latter shown in brackets) for iron-containing Table 2 models. “m” 
  denotes the macrocycle (P, Pz, Pc, as defined in text and Table 2). “Dt” indicates distortion types in the macrocycle: d=domed, s=saddled 

model Fe-N(m) Fe-N N-Oa Dt Fe-O Fe N Oa mb 
S=1/2 Fe(I) P  N- 2.00 1.83 1.26 s 2.68 1.03 

[0.19] 
0.19  
[-0.01] 

-0.39  
[-0.01] 

-2.42 
[0.83] 

S=1/2 Fe(I) P  O- 2.00 3.18 1.31/1.
25 

d 2.13/3.
41 

0.98 
[2.14] 

0.14 
[0.02] 

-0.40/-0.37 [0.11, 
0.03] 

-2.35  
[-1.30] 

S=1/2 Fe(I) Pz N- 1.94 1.89 1.25 d 2.72 1.04 
[0.38] 

0.20  
[-0.02] 

-0.37 [-0.01] -2.50 
[0.65] 

S=1/2 Fe(I) Pz O- 1.93 3.17 1.31/1.
25 

d 2.14/3.
37 

0.99 
[2.19] 

0.16 
[0.04] 

-0.39/-0.36 [0.12, 
0.03] 

-2.40  
[-1.38] 

S=1/2 Fe(I) Pc N- 1.94 1.85 1.25 d 2.69 1.05 
[0.26] 

0.20  
[-0.01] 

-0.36  
[-0.01] 

-2.53 
[0.76] 

S=1/2 Fe(I) Pc O- 1.93 3.12 1.31/1.
24 

d 2.12/3.
29 

0.99 
[1.95] 

0.17 
[0.04] 

-0.40/-0.35 [0.12, 
0.02] 

-2.41 
 [-1.13] 

S=0 Fe(II) P  N- 1.98 1.85 1.25 s 2.68 1.06 0.20 -0.36 -1.54 

S=0 Fe(II) P  O- 1.98 2.91 1.33/1.
23 

s 1.86/3.
18 

1.06 0.21 -0.36/-0.31 -1.40 

S=0 Fe(II) Pz N- 1.91 1.86 1.25 d 2.69 1.06 0.21 -0.34 -1.59 

S=0 Fe(II) Pz O- 1.91 2.89 1.32/1.
22 

d 1.87/3.
14 

1.07 0.23 -0.36/-0.29 -1.65 

S=0 Fe(II) Pc N- 1.93 1.86 1.25 d 2.69 1.05 0.21 -0.33 -1.60 

S=0 Fe(II) Pc O- 1.92 2.91 1.32/1.
23 

d+s 1.87/3.
18 

1.07 0.23 -0.35/-0.28 -1.47 

S=1/2 Fe(III) P  
N- 

1.98 1.86 1.24 s 2.67 1.15 
[1.08] 

0.22 [-
0.04] 

-0.29  
[-0.02] 

-0.83  
[-0.00] 

S=1/2 Fe(III) P  
O- 

1.97 2.87 1.34/1.
21 

s 1.86/3.
09 

1.15 
[1.10] 

0.27 [-
0.03] 

-0.36/-0.24  
[-0.04, 0.01] 

-0.82  
[-0.04] 
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Table 3 (continued) 

S=1/2 Fe(III) Pz 
N- 

1.93 1.90 1.23 d 2.71 1.14 
[1.08] 

0.24 [-
0.05] 

-0.27  
[-0.03] 

-0.84  
[-0.07] 

S=1/2 Fe(III) Pz 
O- 

1.92 2.92 1.33/1.
21 

d 1.89/3.
13 

1.14 
[1.18] 

0.30 [-
0.07] 

-0.34/-0.24  
[-0.05, -0.03] 

-0.86  
[-0.03] 

S=1/2 Fe(III) Pc 
N- 

1.94 1.86 1.24 d 2.67 1.15 
[1.03] 

0.23 [-
0.04] 

-0.28  
[-0.02] 

-0.82 
[0.05] 

S=1/2 Fe(III) Pc 
O- 

1.95 2.87 1.33/1.
21 

d+s 1.86/3.
10 

1.15 
[1.13] 

0.30 [-
0.05] 

-0.35/-0.24  
[-0.04, 0.02] 

-0.86  
[-0.00] 

a nitrite oxygens; where values are identical, only one value is listed. bsum over all atoms in the macrocyclic ligand. 
 

Spin densities on the macrocycle are generally 
negligible, with the exception of the iron and 
cobalt (I) complexes. In these two cases, 0.7 – 1.1 
spin units are found delocalized on the macrocycle. 
Along with the difference in electrical charge, 
which between M(II) and M(I) complexes is also 
mostly located on the macrocycle, these data 
suggest that the electron injected into the system 
upon formal reduction of the metal (II) adducts to 
metal (I) resides mostly on the macrocycle, which 
thus is described as anion radical with the metal 
retaining its +2 formal oxidation state. On the other 
hand, the electronic structure at the metal in the 
low-valent states is remarkably controlled by the 
nitrite binding mode. This can be seen in spin 
densities at the metal, which in the iron (I) nitro 
isomers are close to zero, while in the nitrito 
isomers they are close to two units. Thus, the 
formally Fe(I) systems are better described as S=0 
Fe(II) + S=1/2 macrocycle anion for the nitro 
isomers, and S=1 Fe(II) antiferromagnetically 
coupled to S=1/2 macrocycle anion for the nitrito 
isomers. This local change in spin state at the iron 
may be correlated with the distinctly weaker Fe-O 
bond compared to the Fe-N bond in the “Fe(I)” 
nitrito vs nitro  isomers. This trend, where ‘super-
reduced’ metal porphyrinate centers are found to 
localize the extra electrons on the macrocycle and 
not on the metal, are in line with our previous 
observations on formally Fe(0) porphyrinates.11 
The cobalt (I) adducts follow the same trend; since 
these are formally S=0 complexes, one spin unit on 

the cobalt is found antiferromagnetically coupled 
to one spin unit on the macrocycle regardless of 
nitrite binding mode, and the systems appear well 
described as Co(II) + macrocycle anion radical.  

Scheiner et al have previously examined ‘super-
reduced’ Fe(I) and Co(I) phthalocyaninates 
axially-unsubstituted, optimizing their geometries 
using symmetry constraints according to by 
experimental data on metal (II) or metal (III) 
cognates. The electronic structures in these axially 
unsubstituted systems were found to be well-
described as Fe(I) and Co(I), respectively,12,13 with 
the cobalt case confirming prior assignments based 
on experiment.14 By contrast, here and elsewhere11 
we have shown that reduction of axially-
substituted heme-type macrocycles beyond the 
metal(II) stage typically entails reduction of the 
macrocycle rather than at the metal; this is not 
surprising, since the presence of the axial ligands 
raises precisely the energies of the dz2 orbitals, 
where the added electron would reside upon 
reduction of metal (II). On the other hand, Co(I) 
centers are generally accepted in biochemistry as 
part of catalytic cycles in B12 (cobalamin) 
systems, where axial ligands do exist.15 We note, 
however, that the corrin ring found as a ligand to 
cobalt in cobalamin is much less conjugated than 
those examined here, and that therefore it is 
expected that corrin would be less able to 
delocalize reducing equivalents compared to 
porphyrin, porphyrazine or phthalocyanine. 

 
Table 4 

Relevant distances (Å), partial atomic charges and spin densities (the latter shown in brackets) for cobalt-containing Table 2 models. 
Labels are as in Table 3 

model Co-N(m) Co-N N-Oa Dt Co-O Co N Oa mb 
S=0 Co(I) P  N- 1.99 2.05 1.26 s 2.90 0.82 

[0.78] 
0.17 [0.13] -0.41  

[0.05] 
-2.17  
[-1.01] 

S=0 Co(I) P  O- 1.98 3.14 1.30/1
.25 

s 2.10/3
.36 

0.79 
[0.85] 

0.15 [0.04] -0.37/-0.37 
[0.12/0.02] 

-1.98  
[-1.01] 

S=0 Co(I) Pz N- 1.92 2.09 1.26 d 2.93 0.81 
[0.70] 

0.20 [0.15] -0.39 [0.06] -2.23  
[-0.97] 

S=0 Co(I) Pz O- 1.91 3.13 1.30/1
.25 

d 2.12/3
.33 

0.79 
[0.76] 

0.16 [0.06] -0.36 
[0.14/0.03] 

-2.23  
[-0.99] 
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Table 3 (continued) 

S=0 Co(I) Pc N- 1.93 2.06 1.26 d 2.90 0.83 
[0.65] 

0.19 [0.15] -0.38  
[0.07] 

-2.26  
[-0.94] 

S=0 Co(I) Pc O- 1.93 3.09 1.30/1
.24 

d 2.10/3
.26 

0.81 
[0.70] 

0.18 [0.06] -0.36/-0.34 
[0.15/0.03] 

-2.30  
[-0.94] 

S=1/2 Co(II) P  
N- 

1.97 2.06 1.26 s 2.90 0.84 
[0.87] 

0.19 [0.15] -0.37  
[0.07] 

-1.29  
[-0.14] 

S=1/2 Co(II) P  
O- 

1.97 3.09 1.30/1
.24 

d+s 2.09/3
.29 

0.83 
[0.87] 

0.19 [0.06] -0.36/-0.34 
[0.15/0.04] 

-1.32  
[-0.12] 

S=1/2 Co(II) Pz  
N- 

1.90 2.11 1.25 d 2.92 0.83 
[0.88] 

0.21 [0.17] -0.35 [0.07] -1.32  
[-0.11] 

S=1/2 Co(II) Pz 
O- 

1.90 3.08 1.30/1
.24 

d 2.11/3
.25 

0.83 
[0.95] 

0.21 [0.08] -0.35/-0.33 
[0.17/0.05] 

-1.36  
[-0.25] 

S=1/2 Co(II) Pc  
N- 

1.93 2.16 1.24 d+s 2.96 0.84 
[0.80] 

0.21 [0.14] -0.34  
[0.09] 

-1.32  
[-0.12] 

S=1/2 Co(II) Pc 
O- 

1.91 3.06 1.30/1
.24 

d 2.09/3
.23 

0.84 
[0.87] 

0.22 [0.08] -0.36/-0.32 
[0.17/0.05] 

-1.40  
[-0.17] 

S=0 Co(III) P  N- 1.97 1.85 1.24 s 2.65 0.95 0.26  -0.29 -0.63 

S=0 Co(III) P  O- 1.96 2.85 1.31/1
.22 

s 1.86/3
.12 

0.96 0.28 -0.32/-0.25 -0.67 

S=0 Co(III) Pz 
N- 

1.90 1.86 1.23 d 2.65 0.94 0.27 -0.27 -0.70 

S=0 Co(III) Pz 
O- 

1.90 2.85 1.30/1
.21 

d+s 1.88/3
.13 

0.96 0.31  -0.31/-0.24 -0.72 

S=0 Co(III) Pc 
N- 

1.93 1.86 1.23 d 2.65 0.95 0.27 -0.27 -0.69 

S=0 Co(III) Pc 
O- 

1.92 2.86 1.30/1
.21 

d+s 1.87/3
.14 

0.95  0.31  -0.31/-0.24 -0.71 

a nitrite oxygens; where values are identical, only one value is listed. bsum over all atoms in the macrocyclic ligand. 
 

EXPERIMENTAL 

UBP86 and UB3LYP calculations with 
LANL2DZ and 6-31G** basis sets and were 
performed within the Gaussian9816 suite of 
programs. Solvation calculations employed the 
SCRF procedure within Gaussian 98,16 using the 
UBP86/6-31G** functional and the polarized 
continuum model (PCM)17 or the Cosmo (CPCM) 
model18 with the default solvents number 13 and 1 
(dielectric constants 4.335 and 80, respectively).  

CONCLUSIONS 

Trends have been identified in factors 
controlling nitrite linkage isomerism in iron 
porphyrinates and related complexes, which also 
offer insight into the electronic and geometric 
structure of an emerging class of ‘super-reduced’ 
metal centers. Factors other than those examined 
here may also be at work in controlling nitro-nitrito 
isomerism. Thus, in a preliminary study the effect 
of an axial ligand on the nitro/nitrito preference 
was gauged by inclusion of an imidazole ligand 
trans to the nitrite in the Fe(II) and Fe(III) 
porphyrinate models. It was found that this 

addition of an axial ligand had a negligible effect 
on the Fe(III) models (the 6.9 kcal/mol of Table 2 
was increased to 7.6 kcal/mol in the +imidazole 
model), but it did favor significantly the nitrito 
isomer in the Fe(II) model (the 10.7 kcal/mol value 
of Table 2 was decreased to only 1.1 kcal/mol in 
the +imidazole model). Further work is under way 
to systematically examine the ways in which axial 
ligation may be used to tune linkage isomerism and 
reactivity in metal-nitrite complexes. 
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