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Based on the results of a quantum chemical calculation using two variants of the DFT method, the possibility of the existence of a zinc 

heteroligand complex with trans-dibenzoporphyrazine and fluoride ion where oxidation degree of zinc is +3 that is unusual for the given 

chemical element, have been shown. The data on the key structural parameters and multiplicity of the ground state of this complex have 

been presented, too. 
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INTRODUCTION 

As it is well known for long time, the lightest of the d-
elements of the Group II (XII) of the Mendeleev Periodic 
System of Chemical Elements, zinc, in all its chemical 
compounds, simple as well as coordination, has oxidation 
state of +2. The existence of compounds of Zn with higher 
oxidation states remains unproved in the experiment up to 
now.1,2 A non-empirical quantum-chemical calculation 
revealed a very small probability of their existence, at least 
for ZnF4, where this element has an oxidation state of +4.3 
Nevertheless, based on these data, we cannot exclude the 
possibility of the existence of zinc compounds with an 
intermediate oxidation state between +2 and +4, namely +3, 
which, in principle, may be realized in any macrocyclic 
coordination compounds containing ligands with fluorine 
donor atoms having a sufficiently high electronegativity.4 
On the other hand, such macrocyclic (NNNN)-donor atomic 
ligands as porphyrazine derivatives, in particular trans-
di[benzo]porphyrazine (I), are capable of stabilizing the 
most diverse oxidation states of d-elements low as well as 
high. 5-9  
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Figure 1. Strucutre of trans-di[benzo]porphyrazine. 

Therefore, it seems appropriate to use for the stabilization 
of the above oxidation state of zinc namely the combination 
of these two ligands which takes place in complexes of type 
II containing one F– anion and double deprotonated form of 
trans-di[benzo]porphyrazine (where M is the atom of the d-
element, in particular, Zn). At the present time, there is no 
information about such coordination compounds in the 
literature; however, it is possible to estimate the probability 
of their existence using modern quantum chemical 
calculation methods. This paper has been devoted to 
theoretical consideration of the given question. 
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Figure 2. Proposed structure of Zn(III) complex. 

CALCULATION METHOD 

Quantum-chemical calculations were performed by the 
two versions of DFT method. In the first of them 
(OPBE/TZVP), combining the common TZVP extended 
triple zeta split-valence basis set10,11 and the OPBE non-
hybrid functional,12,13 which as shown earlier,13–17 predicts 
in the case of 3d elements more adequately the relative 
energy stabilities of high-spin and low-spin states, and 
reliably characterizes key geometric parameters of 
corresponding molecular structures. In the second, 
B3PW91/TZVP, combining the common TZVP and 
B3PW91 functional,18,19 which according to data,20 has 
minimal value of so-called “normal error” in comparison 
with other variants of DFT method. This conclusion is in 
full harmony with the data of structural parameters of 
macrocyclic complexes of various 3d-elements with 
phthalocyanine obtained as a result of various DFT 
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quantum-chemical calculations and in experiment (see 
Supplemental material). Calculations were performed with 
the Gaussian09 program package.21 The correspondence of 
the found stationary points to energy minima was proved in 
all cases by the calculation of second derivatives of energy 
with respect to atom coordinates. All equilibrium structures 
corresponding to minima of the potential energy surfaces 
had only real positive frequency values. Zn+3 has 3d9 
electronic configuration, and, in this connection, spin 
multiplicities 2 and 4 were considered in calculation. 
Among the structures optimized at these multiplicities, the 
lowest-lying structure was selected. Parameters of molecular 
structures with the given multiplicities were calculated by 
the unrestricted methods (UOPBE and UB3PW91, 
respectively). 

RESULTS AND DISCUSSION 

According to the data obtained by us as a result of the 
quantum-chemical calculation carried out using the DFT 
OPBE/TZVP method as well as the DFT method 
B3PW91/TZVP, the Zn(III) complex of type II is capable to 
self-existence, at least in the gas phase. Molecular structure 
of this complex obtained by DFT B3PW91/TZV method, is 
shown in figure 1.  

 

 

 

 

 

 

 

 

Figure 3. Molecular structure of Zn(III) complex of type II 
obtained by means of DFT B3PW91/TZVP quantum-chemical 
calculation. 

Its molecular structure obtained by the DFT OPBE/TZVP 
method looks similar. The calculated chemical bond lengths 
between atoms and bond angles for this compound are 
presented in Table 1. It is apparent from these data that both 
the methods used by us give almost identical data for all 
structural parameters indicated above. As it can be seen 
from figure 3, the complex under examination has a 
tetragonal-pyramidal structure of the ZnN4 chelate node 
with identical bond angles (NZnN), but rather such a 
significant (almost 30o) deviation from co-planarity. 
However, the grouping of nitrogen atoms (N1N2N3N4), 
which is part of the chelate node, is almost flat (deviation 
from coplanarity is only 0.2o). The Zn–N bond lengths in the 
chelate node are equal to each other only in pairs, but the 
difference between them is insignificant (Table 1). All four 
6-membered metal-chelate rings are completely identically 
to each other in the lengths of bonds between the 
corresponding atoms as well as in the range of bond angles 
in them.  

Table 1. Bond lengths and bond angles in the Zn(III) complex of 
type II. 

Structural parameter Calculated 

DFT 

OPBE/TZVP 

DFT 

B3PW91/TZVP 

   Zn–N bond lengths in chelate node, pm 

Zn1N1 210.1 210.0 

Zn1N2 210.8 207.6 

Zn1N3 210.1 210.0 

Zn1N4 210.8 207.6 

Bond angles in chelate node ZnN4, deg 

(N1Zn1N2) 83.1 83.2 

(N2Zn1N3) 83.1 83.2 

(N3Zn1N4) 83.1 83.2 

(N4Zn1N1) 83.1 83.2 

Bond angles sum (BAS), 

deg 

332.4 332.8 

Non-bond angles between N atoms in N4 grouping, deg 

(N1N2N3) 87.7 91.2 

(N2N3N4) 91.9 88.8 

(N3N4N1) 87.7 91.2 

(N4N1N2) 91.9 88.8 

Non-bond angles sum 

(NBAS), deg 

359.2 360.0 

Bond angles in 6-numbered ring (Zn1N1C4N7C5N4), deg 

(Zn1N1C4) 121.5 124.6 

(N1C4N7) 127.2 127.7 

(C4N7C5) 123.1 123.0 

(N7C5N4) 127.3 127.8 

(C5N4Zn1) 125.5 124.5 

(N4Zn1N1) 83.1 83.2 

Bond angles sum (BAS6), 

deg 

707.7 710.8 

Bond angles in 5-numbered ring (C3N1C4C9C10), deg 

(C3N1C4) 106.8 109.2 

(N1C4C9) 110.3 109.4 

(C4C9C10) 106.3 106.0 

(C9C10C3) 106.3 106.0 

(C10C3N1) 110.3 109.4 

Bond angles sum (BAS5), 

deg 

540.0 540.0 

C–N bond lengths in 6-numbered chelate rings, pm 

N1C3 135.8 135.4 

N1C4 135.8 135.4 

N2C1 135.8 135.2 

N2C2 135.8 135.2 

N7C4 133.1 132.7 

N7C5 133.1 132.6 

C–C bond lengths in 5-numbered ring, pm 

C4C9 147.1 146.9 

C9C10 135.2 140.0 

C10C3 147.1 146.9 

Zn–F bond length, pm 

Zn1F1 186.2 185.4 

Bond angles between fluorine, copper and nitrogen atoms, deg 

F1Zn1N1 113.1 109.5 

F1Zn1N2 108.0 110.8 

F1Zn1N3 113.1 109.5 

F1Zn1N4 107.9 110.9 
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A similar situation occurs for four 5-membered non-chelate 
rings with one nitrogen atom and four carbon atoms 
adjoining to 6-membered metal chelate rings. Besides, the 5-
membered rings are coplanar, while the 6-membered ones 
are non-coplanar, the deviation from coplanarity in them 
depending used calculation method and is 12.3o 
(OPBE/TZVP) and 9.2o (B3PW91/TZVP) (Table 1). As can 
be seen when comparing the data obtained in the calculations 
using the above-listed DFT method variants (Table 1), each 
of the DFT method variants we used gives own individual 
(although slightly different) sets of bond angles in chelate 
nodes, metal chelate rings as well as non-chelate 5-
membered cycles. However, the sums of these angles in 
each of these calculation methods are fully identical to each 
other.  

The zinc-donor nitrogen atom and zinc-fluorine 
interatomic distances (Table 1) correspond in their size to 
single bonds Zn–N and Zn–F. The facts noted above, as well 
as the fact that the lengths of Zn–N and Zn–F bonds are 
different among themselves, allow us to assign the 
compound Zn(III) under study to the category of tetragonal 
pyramidal complexes (Figure 3). Besides, the bond angles 
formed by the fluorine, zinc atoms and the donor nitrogen 
atoms of the chelate site are slightly different from each 
other (although they are equal to each other in pairs). The 
given complex does not have a center of symmetry and 
therefore, for it a priori one can expect a sufficiently large 
value of the electric moment of the dipole. Indeed, the data 
for calculating this parameter (5.61 Debye units according to 
DFT OPBE/TZVP and 5.51 Debye units according to DFT 
B3PW91/TZVP) are in full accordance with such an 
expectation. 

According to the data of our calculations, the ground state 
of the Zn(III) heteroligand complex containing trans-
di[benzo]porphyrazine and F– ion under examination 
according to both calculation methods used here is a spin 
doublet. It is quite expected for tetragonal-pyramidal 
complexes with 3d9 configuration, and a coordination 
number of a metal ion equal to 5. Besides, according to the 
data of both these methods, the nearest excited quartet state 
has much higher energy (by 157.4 kJ mol-1 in the case of 
DFT OPBE/TZVP and 192.8 kJ mol-1 in the case of DFT 
B3PW91/TZVP), which apparently, makes it impossible an 
availability of spin-crossover in this complex. 

CONCLUSION 

As can be seen from the data presented above, both 
variants of the DFT method used by us in this work, namely 
OPBE/TZVP and B3PW91/TZVP, quite definitely give 
evidence about the possibility of the existence of Zn(III) 
complex, namely [ZnLF] containing fluorine anion (F–) and 
double deprotonated form (L2–) of trans-
dibenzoporphyrazine (H2L). It should be noted in this 
connection that, according to our calculations of standard 
thermodynamic parameters H0

f, 298, S0
f, 298 and G0

f, 298 of 
the complex under study using described method,22 all they 
are positive (298.7 kJ mol-1, 959.0 kJ mol-1 K-1 and 515.4 kJ 
mol-1, respectively) and hence, the given compound cannot 
be obtained from simple substances formed by chemical 
elements containing in its composition (zinc, fluorine, 
nitrogen, carbon and hydrogen). Nevertheless, both variants 

of the DFT method used by us, namely OPBE/TZVP and 
B3PW91/TZVP, predict the possibility of the existence of 
this complex, and the point is now to prepare it 
experimentally. 
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