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Abstract—The molecular structures and relative energies of hexa-, penta-, and tetracoordinated stereoiso-
mers of the Co(II) and Ni(II) bis(ligand) complexes based on (N,O,Y)-tridentate azomethines with the phe-
nyl thio(seleno) ether substituent at the azomethine nitrogen atom (coordination modes of the competing ste-
reoisomers MN2O2Y2, MN2O2Y, or MN2O2 (Y = S, Se)) are calculated using the density functional theory.
Hexacoordination is predominant in the Co(II) and Ni(II) complexes (combined with tetracoordination for
the Co(II) complexes), unlike pentacoordination prevailing in similar Co(II) and Ni(II) complexes based on
azomethines with thio(seleno)benzimidazole fragments (with Y atoms in the thione form). The quantum
chemical simulation is performed for possible stereoisomerization reactions in the CoL2 complexes to take
into account the role of interconfiguration transitions in the competition of the hexa-, penta-, and tetracoor-
dinated stereoisomers.

Keywords: quantum chemical simulation, coordination compounds, stereoisomerization, tridentate azome-
thines
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INTRODUCTION
The molecular structures and spectral, magnetic,

and other physical properties of the bis(chelate) com-
plexes of transition 3d metals with azomethine ligands
have been studied earlier [1–3]. On the one hand,
their properties are mainly determined by the compo-
sition and configuration of the MN2X2 coordination
mode (X = O, S, Se). On the other hand, the configu-
ration (trans- or cis-planar, or pseudotetrahedral) of
the MN2X2 coordination mode depends on the type of
the central atom, nature of ligating atoms, and struc-
tural features of the ligands. This dependence was
especially distinctly observed in experimental studies
of the Ni(II) azomethine complexes [1–3] and has
theoretically been interpreted previously [4–6] on the
basis of the quantum chemical simulation of stereoef-
fects in a series of the tetracoordinated metal com-
plexes with the aromatic and heterocyclic azomethine
derivatives as ligands of the (N,O)-, (N,S)-, and
(N,Se)-chelate type [4–6]. A more complicated case
is presented by metal complexes with azomethines,
including coordinately active Y-donating centers in
substituents at the azomethine nitrogen atom (I, II),
which transforms bidentate azomethine ligands of the
chelate type into potentially tridentate ligands due to

the possibility of formation of additional coordination
bonds Y→M. For the ML2 bis(ligand) complexes
based on (N,O,Y)-tridentate azomethines (I, II) and
taking into account possible interconfiguration transi-
tions with the Y→M bond cleavage, polyvariance
appears by both the composition of the coordination
mode (MN2O2Y2, MN2O2Y, or MN2O2) and, corre-
spondingly, the configuration of the complexes.
Therefore, the problem of establishing the most prob-
able composition and configuration of the coordina-
tion mode becomes primary.

The experimental studies (X-ray diffraction analy-
sis) show that the cobalt [7–13] and nickel [13–19]
complexes based on polydentate azomethines are
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characterized by the extension of the coordination
mode (from tetra- to hexacoordination of the central
metal atom).

Our previous studies (in the framework of quantum
chemical simulation) concerned the regularities of the
formation and competition of the hexa-, penta-, and
tetracoordinated stereoisomers of the Co(II) and
Ni(II) bis(ligand) complexes based on tridentate
azomethines I with the coordinately active
thio(seleno)benzimidazole fragments (with the Y
atom in the thione form) [20–22]. In this work, the
study is continued for the Co(II) and Ni(II)
bis(ligand) complexes based on tridentate azome-
thines (II) with the phenyl thio(seleno) ether substitu-
ent at the azomethine nitrogen atom with the sul-

fur(selenium) atom in the thiol form involved in the
formation of Y→M coordination bonds.

The competition between the hexa-, penta-, and
tetracoordinated isomers of the Co(II) and Ni(II)
complexes with tridentate azomethines II (i.e., com-
petition between isomers IIa (coordination number
(C.N.) 6), IIb (C.N. 5), and IIc (C.N. 4)) was consid-
ered by a combination of the quantum chemical calcu-
lations of the relative energies of the stereoisomers of
the complexes and simulation of possible interconfig-
uration transitions between them with the estimation
of the barriers and, correspondingly, the possibility of
these transitions by analogy to the earlier studies [21,
22] of the bis(ligand) Co(II) and Ni(II) complexes
with tridentate azomethines I.

CALCULATION PROCEDURE
Quantum chemical calculations were performed by

the density functional theory [23] using the Gaussian
09 program [24]. According to the known dependence
of the DFT calculation results on the type of the used
functional [25–27], the calculations were performed
for three variants of hybrid functionals: B3LYP [28,
29], PBE0 [30], and TPSSh [31] in combination with
the 6-311++G(d,p) basis set. The possibility of both
the low-spin and high-spin states as the ground one
was taken into account in the calculations of the ste-
reoisomers of the Co(II) and Ni(II) complexes. The
stationary points on the potential energy surface were
localized and analyzed by the full geometry optimiza-
tion of the molecules of the stereoisomers of the
Co(II) and Ni(II) complexes accompanied by the cal-
culation of vibrational spectra for the ground states of
the stereoisomers and transition states between them.
The graphical images of the molecular structures were
drawn using the ChemCraft program [32].

RESULTS AND DISCUSSION
The previous quantum chemical simulation of the

hexa-, penta-, and tetracoordinated stereoisomers and

possible transitions between them for the Co(II) and
Ni(II) bis(ligand) complexes based on (N,O,Y)-tri-
dentate azomethines I established that the pentacoor-
dination mode of the central metal atom was preferen-
tial [21, 22]. In particular, it is the pentacoordinated
stereoisomer of complexes ML2 (M = Co(II), Ni(II);
Y = S, Se) based on azomethines I that was the starting
one for possible subsequent interconfiguration transi-
tions in the framework of the step model for the for-
mation of complexes ML2 (M++ + (L)– → (ML)+,
(ML)+ + (L)– → ML2 [21, 22]). As shown by the cal-
culations [21, 22], the barrier for interconfiguration
transitions in the Co(II) and Ni(II) complexes based
on azomethines I turned out to be fairly high, which
caused the preferable character of the pentacoordi-
nated stereoisomers also in the cases where these iso-
mers were not most favorable by the total energy. The
nature of the obtained result (preference of pentacoor-
dination for the formation of stereoisomers of the
CoL2 and NiL2 bis(ligand) complexes based on
azomethines I) was attributed mainly to the specific
feature of the structure of the L– anion, mainly, its
acoplanarity with the dihedral angle ϕ of turning the
benzimidazole fragment about the N–N bond by 140°
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Fig. 1. Cyclic fragments of the calculated (DFT/B3LYP/6-311++G(d,p)) structures of cation (NiL)+, anion L–, and pentaco-
ordinated stereoisomer of the NiL2 complex based on tridentate azomethines I (Y = S). 
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(Fig. 1). Owing to this turn, the Y donor atom (Y = S,
Se) was shifted from the reaction space of the L– anion
in I, whose structure takes the distinct (N,O)-chelate
form, which results in the bidentate character of the
second ligand and, correspondingly, in the formation
of the pentacoordinated stereoisomer of complexes
CoL2 [21] and NiL2 [22]. Note that the conclusion
about the pentacoordination mode in the Co(II)
bis(ligand) complexes based on tridentate azome-
thines I was made on the basis of the experimental
studies of the physicochemical properties of these
compounds [33–35]. This is exemplified in Fig. 1 by
the scheme of formation of the starting (in terms of the
step model for the formation of the bis(ligand) metal
complexes [22]) pentacoordinated stereoisomer of
complex NiL2 based on azomethines I (Y = S).

As compared to the structure of the L– anion of
azomethines I (ϕ(N–N) = 140°, Fig. 1), the L– anion
of azomethines II is much more f lattened (ϕ(C–N) =
37° (Figs. 2, 3)). In this case, the donor Y atom (Y =
S, Se) is located together with the N and O atoms in
the reaction space of the L– anion, whose donor cen-
ter gains the (N,O,Y)-tridentate form (Figs. 2, 3). This
structure of the L– anion of azomethines II allows the
manifestation of both the bi- (as in the case of azome-
thines I) and tridentate character by the L– anion for
the formation of the penta- or hexacoordinated ste-
reoisomer (as the starting one for the subsequent inter-
configuration transitions), respectively. The quantum
chemical model for binding the L– anion by the
(ML)+ cation for azomethines II at the starting dis-
tance (equal to 5 Å) between the nickel or cobalt atom
of the (ML)+ cation and the donor nitrogen atom of
the L– anion shows that both variants of denticity
manifestation by the second ligand take place in fact.
This occurs, on the one hand, when the hexacoordi-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
nated isomer of the NiL2 complexes (Fig. 2) and, on
the other hand, the pentacoordinated isomer of the
CoL2 complexes (Fig. 3) are formed as the initial iso-
mers for possible subsequent interconfiguration tran-
sitions.

Note that the preferentially tridentate character of
the first ligand (II) during the formation of the (ML)+

cation (for M = Ni, Co; Y = S, Se) follows from the
quantum chemical calculations of two models. The
first model is the representation of the isomer of the
(ML)+ cation with C.N. 2 (without Y→M bond for-
mation). The second model is the representation of
the isomer of the (ML)+ cation with C.N. 3 (with the
formation of the additional Y→M coordination
bond).

According to the calculation results (using the
B3LYP, PBE0, and TPSSh potentials), the isomers of
the (ML)+ cations with C.N. 3 are preferable than the
isomers of the (ML)+ cations with C.N. 2 more than
by 30 kcal/mol for the (NiL)+ cations, while only the
isomers with C.N. 3 can be localized for the (CoL)+

cations. This result was used for the construction of
the model for binding the L– anion of azomethines II
by the (ML)+ cations (Figs. 2, 3).
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Fig. 2. Cyclic fragments of the calculated (DFT/B3LYP/6-311++G(d,p)) structures of cation (NiL)+, anion L–, and hexacoor-
dinated stereoisomer IIa of the NiL2 complex (Y = S). 
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ϕ(C–N) = 37°

Fig. 3. Cyclic fragments of the calculated (DFT/B3LYP/6-311++G(d,p)) structures of cation (CoL)+, anion L–, pentacoordi-
nated stereoisomer IIb of the CoL2 complex (Y = S). 

(CoL)+

(II, Y = S)
L–

(II, Y = S)

+ →

CoL2 (C.N. 5)
(II, Y = S)

ϕ(C–N) = 37°
In the framework of the step model for the mecha-
nism of the formation of the ML2 bis(ligand) com-
plexes [21, 22], the determined hexacoordinated ste-
reoisomers of the Ni(II) complexes and pentacoordi-
nated stereoisomers of the Co(II) complexes based on
azomethines II (Y = S, Se) are the starting isomers for
possible subsequent interconfiguration transitions
from the hexa- to penta- and then from the penta- to
tetracoordinated state of the central metal atom in the
NiL2 complexes (Y = S, Se), i.e., transitions IIa → IIb
and IIb → IIc, as well as from the penta- to hexa- and
from penta- to tetracoordinated state of the central
metal atom in the CoL2 complexes (Y = S, Se), i.e.,
transitions IIb → IIa and IIb → IIc.

It should be noted for the tetracoordinated state of
the Co(II) and Ni(II) complexes (according to the
numerous experimental studies of the Co(II) and
RUSSIAN JOURNAL OF C
Ni(II) bis(chelates) [1]) that the pseudoterahedral and
trans-planar configurations of the MN2O2 coordina-
tion mode are the most characteristic of the complexes
based on hydroxyazomethine ligands of the (N,O)-
chelate type. These configuration variants were taken
into account during the simulation of tetracoordinated
stereoisomers IIc of the Co(II) and Ni(II) complexes
based on tridentate azomethines II (Y = S, Se).

The Ni(II) complexes. The following subsequent
interconfiguration transitions (Fig. 4) are possible if
accepting the hexacoordinated stereoisomers of the
Ni(II) bis(ligand) complexes based on tridentate
azomethines II as the starting ones (Fig. 2): (1) transi-
tion from hexa- to pentacoordination due to the cleav-
age of the Y→Ni coordination bond involving the
Y atom (Y = S, Se) of the second ligand accompanying
the turn of its phenyl fragment about the C–N bond;
OORDINATION CHEMISTRY  Vol. 45  No. 8  2019
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Table 1. Calculated relative energies ignoring (ΔE, kcal/mol) and taking into account zero-point vibrations (ΔEZPE,
kcal/mol) of stereoisomers IIa, IIb, and IIc of complexes NiL2 (Y = S, Se)

* tt and pl are the pseudotetrahedral and trans-planar configurations, respectively, of the NiN2O2 mode.

NiL2
Isomers

IIa, IIb, IIc

Coordination 
mode of 
isomers

IIa, IIb, IIc

Spin

DFT functionals

B3LYP PBE0 TPSSh

ΔE ΔEZPE ΔE ΔEZPE ΔE ΔEZPE

NiL2 
(Y = S)

IIa
IIb
IIc (tt-1)*
IIc (pl-1)*
IIc (tt-2)
IIc (pl-2)

NiN2O2S2
NiN2O2S
NiN2O2
NiN2O2
NiN2O2
NiN2O2

1
1
1
0
1
0

0.0
6.0
8.9
6.2
9.1
6.4

0.0
5.7
8.7
7.0
9.0
7.3

0.0
8.2

13.8
14.0
13.7
14.3

0.0
7.9

13.7
14.9
13.7
15.2

0.0
8.7

14.2
7.7

14.0
8.0

0.0
8.5

14.1
8.5

14.0
8.9

NiL2 
(Y = Se)

IIa
IIb
IIc (tt-1)
IIc (pl-1)
IIc (tt-2)
IIc (pl-2)

NiN2O2Se2
NiN2O2Se
NiN2O2
NiN2O2
NiN2O2
NiN2O2

1
1
1
0
1
0

0.0
5.2
8.2
5.0
8.5
5.3

0.0
4.8
8.0
5.8
8.3
6.1

0.0
7.4

13.5
13.2
13.4
13.7

0.0
7.2

13.4
14.1
13.5
14.5

0.0
8.2

14.0
6.9

14.0
7.5

0.0
7.9

13.9
7.8

14.0
8.3
(2) transition from penta- to tetracoordination due to
the cleavage of the Y→Ni coordination bond involving
the Y atom (Y = S, Se) of the first ligand accompany-
ing the turn of its phenyl fragment about the C–N
bond, and this turn can be accomplished in two vari-
ants (both clockwise with the formation of pseudotet-
rahedron IIc (tt-1) and counterclockwise with the for-
mation of pseudotetrahedron IIc (tt-2)); and (3) sub-
sequent f lattening of the pseudotetrahedral IIc (tt-1)
to trans-planar IIc (pl-1) isomer with the antiparallel
phenyl fragments and, correspondingly, f lattening
of the pseudotetrahedral IIc (tt-2) to trans-planar IIc
(pl-2) isomer with the parallel phenyl substituents.

The cyclic fragments of the calculated (DFT/
B3LYP/6-311++G(d,p)) molecular structures of the
hexa-, penta-, and tetracoordinated (including
pseudotetrahedral (tt-1), (tt-2) and trans-planar
(pl-1), (pl-2)) stereoisomers of the Ni(II) bis(ligand)
complexes based on tridentate azomethines II (Y = S,
Se) are presented in Fig. 4. The relative energies of
these stereoisomers calculated both ignoring (ΔE) and
taking into account the zero-point vibration energy
(ΔEZPE) are given in Table 1.

It should be mentioned that the comparative quan-
tum chemical calculations of the low-spin (S = 0) and
high-spin (S = 1) states of the tetracoordinated stereo-
isomers of the Ni(II) complexes show (in full accord
with the known concept about spin states of the Ni(II)
bis(chelates) [1]) that the singlet electronic state deter-
mining the low-spin form is the ground state for the
planar configuration of the complexes with the
NiN2O2 coordination mode, whereas the triplet state
determining the high-spin form is the ground state for
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
the pseudotetrahedral configuration of the complexes
with the NiN2O2 mode. According to the calculations
for the penta- and hexacoordinated stereoisomers of
the Ni(II) bis(ligand) complexes, their ground state is
the triplet electronic state determining their high-spin
form, which is seen from the data in Table 1.

The calculated (DFT/B3LYP/6-311++G(d,p))
geometric parameters of the coordination modes of
the hexa-, penta-, and tetracoordinated stereoisomers
of the Ni(II) bis(ligand) complexes based on azome-
thines II (Y = S, Se) are presented in Table 2 (numer-
ical values in parentheses for the pentacoordinated
isomers concern the bidentate ligands, whereas
numerical values in parentheses for isomers IIc (tt-1)
show that the structures of two ligands L in these iso-
mers are not equivalent).

According to the obtained DFT calculations
(Table 1) of the relative energies of the hexa-, penta-,
and tetracoordinated stereoisomers of the Ni(II)
bis(ligand) complexes based on tridentate azome-
thines II (Y = S, Se), the hexacoordinated stereoiso-
mer is most energetically favorable (when using the
B3LYP, PBE0, and TPSSh potentials). It is the hex-
acoordinated stereoisomer (according to the model of
binding the L– anion by the (NiL)+ cation (Fig. 2))
that is the starting one for possible subsequent inter-
configuration transitions. This suggests that the hex-
acoordination mode is preferable in the Ni(II)
bis(ligand) complexes based on tridentate azome-
thines II (Y = S, Se) with the N-phenyl thio(seleno)
ether substituent. Note that the result obtained in
terms of the theoretical model (preferable hexacoordi-
  Vol. 45  No. 8  2019
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Fig. 4. Cyclic fragments of the calculated (DFT/B3LYP/6-311++G(d,p)) molecular structures of the stereoisomers of the NiL2
complexes based on tridentate azomethines II (Y = S). 

↓

IIa: NiL2 (Y = S; C.N. 6)

↓ ↓

IIb: NiL2 (Y = S; C.N. 5)

↓

IIc: NiL2 (Y = S; C.N. 4 (tt-1))

↓

IIc: NiL2 (Y = S; C.N. 4 (tt-2))

IIc: NiL2 (Y = S; C.N. 4 (pl-1)) IIc: NiL2 (Y = S; C.N. 4 (pl-2))
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Table 2. Calculated (DFT/B3LYP/6-311++G(d,p)) bond lengths and bond angles in the coordination modes NiN2O2Y2,
NiN2O2Y, and NiN2O2 of stereoisomers IIa, IIb, and IIc of complexes NiL2 (Y = S, Se)

* tt and pl are the pseudotetrahedral and trans-planar configurations, respectively, of the NiN2O2 mode.

NiL2
Isomers

IIa, IIb, IIc
Coordination 

mode
Ni–N,

Å
Ni–O,

Å
∠NNiO,

deg
∠NNiN,

deg
∠ONiO,

deg
Ni–Y,

Å

NiL2
(Y = S)

IIa NiN2O2S2 2.072 2.017 89.6 177.4 91.6 2.568
IIb NiN2O2S 2.064 1.979 90.8 111.3 93.9 2.538

(2.022) (1.960) (93.4)
IIc (tt-1)* NiN2O2 2.001 1.925 92.5 115.1 136.9

(2.019) (1.914) (93.1)
IIc (pl-1)* NiN2O2 1.941 1.851 92.6 180.0 180.0
IIc (tt-2) NiN2O2 2.004 1.921 92.9 115.7 130.8
IIc (pl-2) NiN2O2 1.941 1.850 92.7 179.1 177.2

NiL2
(Y = Se)

IIa NiN2O2Se2 2.080 2.017 89.4 177.4 91.0 2.685
IIb NiN2O2Se 2.047 1.978 91.3 106.1 92.8 2.666

(2.049) (1.953) (91.9)
IIc (tt-1) NiN2O2 2.003 1.926 92.5 116.6 138.4

(2.020) (1.914) (92.9)
IIc (pl-1) NiN2O2 1.940 1.851 92.7 180.0 180.0
IIc (tt-2) NiN2O2 2.005 1.921 92.8 117.0 130.2
IIc (pl-2) NiN2O2 1.940 1.850 92.8 179.3 177.4
nation) is consistent with the X-ray diffraction analy-
sis data [13–19].

The Co(II) complexes. The following subsequent
interconfiguration transitions (Fig. 5) are possible if
accepting the pentacoordinated stereoisomers of the
Co(II) bis(ligand) complexes based on tridentate
azomethines II (Y = S, Se) as the starting ones
(Fig. 3): (1) transition from penta- to hexacoordina-
tion due to the formation of the Y→Co coordination
bond involving the Y atom (Y = S, Se) of the second
ligand accompanying the turn of its phenyl fragment
about the C–N bond; (2) transition from penta- to
tetracoordination due to the cleavage of the Y→Co
coordination bond involving the Y atom Y (Y = S, Se)
of the first ligand accompanying the turn of its phenyl
fragment about the C–N bond both clockwise to form
pseudotetrahedron IIc (tt-1) and counterclockwise
with the formation of pseudotetrahedron IIc (tt-2);
and (3) subsequent f lattening of pseudotetrahedral IIc
(tt-1) to the trans-planar isomer IIc (pl-1) with anti-
parallel phenyl fragments and, correspondingly, f lat-
tening of the pseudotetrahedral IIc (tt-2) to trans-pla-
nar isomer IIc (pl-2) with parallel phenyl fragments.

The cyclic fragments of the calculated molecular
structures of the hexa-, penta-, and tetracoordinated
stereoisomers of the Co(II) bis(ligand) complexes
based on tridentate azomethines II (Y = S, Se) are
presented in Fig. 5. The relative energies of these ste-
reoisomers calculated both ignoring ΔE and taking
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
into account the zero-point vibration energy ΔEZPE are
given in Table 3. The comparative quantum chemical
calculations of the low-spin (S = 1/2) and high-spin
(S = 3/2) states of the hexa-, penta-, and tetracoordi-
nated stereoisomers of the Co(II) complexes based on
azomethines II (Y = S, Se) show that the doublet elec-
tronic state determining the low-spin form is the
ground state for the trans-planar configuration of the
complexes with the CoN2O2 coordination mode,
whereas the quartet electronic state determining the
high-spin form of the CoL2 complexes is the ground
state for the pseudotetrahedral configuration of the
complexes with the CoN2O2 mode, as well as for the
penta- and hexacoordinated stereoisomers, which is
seen from the data in Table 3.

The calculated (DFT/B3LYP/6-311++G(d,p))
geometric parameters of the coordination modes of
the hexa-, penta-, and tetracoordinated stereoisomers
of the Co(II) bis(ligand) complexes based on azome-
thines II (Y = S, Se) are given in Table 4 (numerical
values in parentheses for the pentacoordinated iso-
mers are referred to the ligands manifesting bidentate
denticity, and numerical values in parentheses for iso-
mers IIc (tt-1) show the nonequivalence of the struc-
tures of two ligands L in these isomers).

According to the obtained DFT calculations
(Table 3) of the relative energies of the hexa-, penta-,
and tetracoordinated stereoisomers of the Co(II)
bis(ligand) complexes based on tridentate azome-
  Vol. 45  No. 8  2019
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Fig. 5. Cyclic fragments of the calculated (DFT/B3LYP/6-311++G(d,p)) structures of the stereoisomers of the CoL2 complexes
based on tridentate azomethines II (Y = S). 

↑

IIa: CoL2 (Y = S; C.N. 6)

IIb: CoL2 (Y = S; C.N. 5)

↓ ↓

↓

IIc: CoL2 (Y = S; C.N. 4 (tt-1))

↓

IIc: CoL2 (Y = S; C.N. 4 (tt-2))

IIc: CoL2 (Y = S; C.N. 4 (pl-1)) IIc: CoL2 (Y = S; C.N. 4 (pl-2))
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Table 3. Calculated relative energies ignoring (ΔE, kcal/mol) and taking into account zero-point vibrations (ΔEZPE,
kcal/mol) of stereoisomers IIa, IIb, and IIc of complexes CoL2 (Y = S, Se)

* tt and pl are the pseudotetrahedral and trans-planar configurations, respectively, of the CoN2O2 mode.

CoL2
Isomers

IIa, IIb, IIc

Coordination 
mode

of isomers
IIa, IIb, IIc

Spin

DFT functionals

B3LYP PBE0 TPSSh

ΔE ΔEZPE ΔE ΔEZPE ΔE ΔEZPE

CoL2
(Y = S)

IIa
IIb
IIc (tt-1)*
IIc (pl-1)*
IIc (tt-2)
IIc (pl-2)

CoN2O2S2
CoN2O2S
CoN2O2
CoN2O2
CoN2O2
CoN2O2

3/2
3/2
3/2
1/2
3/2
1/2

0.0
2.2
1.5
7.2
0.8
7.2

0.0
2.2
1.5
8.1
0.9
8.2

0.0
4.6
6.0

13.2
5.1

15.2

0.0
4.5
6.0

14.0
5.2

15.9

0.0
4.6
5.9
7.8
5.0
7.7

0.0
4.5
5.9
8.7
5.2
8.6

CoL2
(Y = Se)

IIa
IIb
IIc (tt-1)
IIc (pl-1)
IIc (tt-2)
IIc (pl-2)

CoN2O2Se2
CoN2O2Se
CoN2O2
CoN2O2
CoN2O2
CoN2O2

3/2
3/2
3/2
1/2
3/2
1/2

0.0
1.6
0.6
6.0

–0.1
6.1

0.0
1.6
0.7
6.9
0.0
7.1

0.0
4.3
5.6

11.9
4.7

14.6

0.0
4.2
5.6

12.6
4.9

15.5

0.0
4.4
5.6
7.1
4.8
7.0

0.0
4.3
5.7
8.1
5.0
8.0

Table 4. Calculated (DFT/B3LYP/6-311++G(d,p)) geometric parameters of the coordination modes CoN2O2,
CoN2O2Y, and CoN2O2Y2 of stereoisomers IIa, IIb, and IIc of complexes CoL2 based on tridentate azomethines II (Y =
S, Se)

* tt and pl are the pseudotetrahedral and trans-planar configurations, respectively, of the CoN2O2 mode.

CoL2
Isomers

IIa, IIb, IIc
Coordination

mode Co–N, Å Co–O,
Å

∠NCoO,
deg

∠NCoN,
deg

∠OCoO,
deg

Co–Y,
Å

CoL2
(Y = S)

IIa CoN2O2S2 2.117 2.024 87.4 178.8 94.9 2.621

IIb CoN2O2S 2.075 1.964 91.1 123.1 104.6 2.894

(2.035) (1.943) (94.7)

IIc (tt-1)* CoN2O2 2.019 1.936 94.3 123.1 122.5

(2.027) (1.925) (94.5)

IIc (pl-1)* CoN2O2 1.959 1.857 91.9 180.0 180.0

IIc (tt-2) CoN2O2 2.016 1.931 94.7 123.8 121.4

IIc (pl-2) CoN2O2 1.960 1.858 91.9 178.6 173.9

CoL2
(Y = Se)

IIa CoN2O2Se2 2.125 2.024 87.4 178.9 94.0 2.732

IIb CoN2O2Se 2.080 1.965 90.8 123.8 103.7 2.987

(2.037) (1.945) (94.5)

IIc (tt-1) CoN2O2 2.021 1.935 94.3 124.5 122.6

(2.028) (1.925) (94.5)

IIc (pl-1) CoN2O2 1.959 1.856 91.9 180.0 180.0

IIc (tt-2) CoN2O2 2.017 1.932 94.7 125.9 121.9

IIc (pl-2) CoN2O2 1.959 1.857 92.0 178.3 173.1
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Table 5. Calculated turning angle of the phenyl fragments (ϕ(C–N), deg) and relative energies (ΔE, kcal/mol) of the com-
peting stereoisomers and transition states (ts) between them in complexes CoL2 based on azomethines II (Y = S, Se)

Stereoisomerization
(method)

Coordination
mode

Y = S Y = Se

ϕ(C–N) ΔE ϕ(C–N) ΔE

IIb → IIa
(DFT/B3LYP)

IIb
ts

CoN2O2Y 0.0
69.0

0.0
2.5

0.0
63.0

0.0
3.0

IIa CoN2O2Y2 135.0 –2.2 137.0 –1.6

IIb → IIa
(DFT/PBE0)

IIb
ts

CoN2O2Y 0.0
70.0

0.0
1.2

0.0
63.0

0.0
1.4

IIa CoN2O2Y2 134.5 –4.6 137.0 –4.3

IIb → IIa
(DFT/TPSSh)

IIb
ts

CoN2O2Y 0.0
70.0

0.0
1.4

0.0
66.0

0.0
1.8

IIa CoN2O2Y2 138.0 –4.6 139.0 –4.4

IIb → IIc (tt-1)
(DFT/B3LYP)

IIb
ts

CoN2O2Y 0.0
47.0

0.0
1.4

0.0
32.0

0.0
0.9

IIc (tt-1) CoN2O2 70.0 –0.7 69.0 –1.0

IIc (tt-1) → IIc (tt-2)
(DFT/B3LYP)

IIc (tt-1)
ts

CoN2O2 0.0
73.0

0.0
6.8

0.0
71.0

0.0
7.2

IIc (tt-2) CoN2O2 138.5 –0.7 136.0 –0.7

IIb → IIc (tt-2)
(DFT/B3LYP)

IIb
ts

CoN2O2Y 0.0
42.0

0.0
5.4

0.0
48.0

0.0
6.8

IIc (tt-2) CoN2O2 151.5 –1.4 154.0 –1.7
thines II (Y = S, Se), the initial (for possible subse-
quent interconfiguration transitions) stereoisomer
(pentacoordinated (Fig. 3)) is not most energetically
favorable, unlike the above considered stereoisomers
of the NiL2 complexes (Y = S, Se). The hexa- (IIa)
and tetracoordinated (IIc (tt-1), IIc (tt-2)) stereoiso-
mers successfully compete with pentacoordinated ste-
reoisomer IIb. This competition is most pronounced
in the DFT calculations with the B3LYP functional of
the stereoisomers of the Co(II) complexes (Table 3).
In the DFT calculations using the PBE0 and TPSSh
functionals, the main competitor for the initial pen-
tacoordinated stereoisomer is energetically much
more favorable hexacoordinated stereoisomer IIa
(Table 3). The probability of interconfiguration transi-
tions from the starting (pentacoordinated) isomer
to the isomers competitive with it was evaluated by
the quantum chemical calculations of the barriers of
the corresponding stereoisomerization reactions
(Table 5).

Note that all considered variants of stereoisomeri-
zation are based on turns of the phenyl fragments
about the C–N bond (at the ϕ(C–N) angle) accom-
panying the formation or cleavage of the Y→Co coor-
dination bond involving the Y atom (Y = S, Se) of the
first and second ligands (Fig. 5). Tetracoordinated ste-
reoisomer IIc (tt-2) can be formed from the starting
(pentacoordinated) stereoisomer via two routes
RUSSIAN JOURNAL OF C
(Fig. 5): clockwise turn of the phenyl fragment of the
first ligand, i.e., via route IIb → IIc (tt-2), and
its counterclockwise turn passing through intermedi-
ate stereoisomer IIc (tt-1), i.e., via route IIb → IIc
(tt-1) → IIc (tt-2). Therefore, the barrier for the reac-
tion IIc (tt-1) → IIc (tt-2) is also presented in Table 5
together with the barriers of the reactions IIb → IIа,
IIb → IIc (tt-1), and IIb → IIc (tt-2).

Taking into account the calculated (DFT/B3LYP,
PBE0, TPSSh/6-311++G(d,p)) barriers of stereoiso-
merization (Table 5) from the starting isomer IIb
(pentacoordinated) to the most favorable (by the total
energy (Table 3)) hexacoordinated stereoisomer IIa,
one may conclude that the latter is preferable for the
formation of the coordination mode of the CoL2
bis(ligand) complexes (Y = S, Se) based on tridentate
azomethines II with the N-phenyl thio(seleno) ether
substituent (with the Y atom in the thiol form). The
result obtained in terms of the theoretical model (pref-
erence of hexacoordination) is consistent with the
aforementioned X-ray diffraction studies [7–13].

Pseudotetrahedral stereoisomers IIc (tt-1) and IIc
(tt-2) are also competitive toward the initial pentaco-
ordinated isomer along with the hexacoordinated one.
However, the calculated barriers of interconfiguration
transitions from the starting pentacoordination mode
to tetracoordination (Table 5) show that more favor-
able by the total energy isomer IIc (tt-2) with geomet-
OORDINATION CHEMISTRY  Vol. 45  No. 8  2019



QUANTUM CHEMICAL SIMULATION 583
rically equivalent ligands (Fig. 5, Table 4) is poorly
accessible via both the direct transition route IIb → IIc
(tt-2) and the route passing through intermediate iso-
mer IIc (tt-1), i.e., route IIb → IIc (tt-1) → IIc (tt-2).
At the same time, pseudotetrahedral isomer IIc (tt-1)
with geometrically nonequivalent ligands (Fig. 5,
Table 4), on the one hand, is more favorable by the
total energy than the starting pentacoordinated isomer
IIb (Table 3). On the other hand, isomer IIc (tt-1) is
easily accessible due to the low barrier (Table 5) of the
interconfiguration transition IIb → IIc (tt-1).

Therefore, along with the hexacoordinated isomer
(IIa), tetracoordinated isomer IIc (tt-1) can also be
assigned to the most probable stereoisomers of the
CoL2 bis(ligand) complexes (Y = S, Se) based on tri-
dentate azomethines II with the N-phenylthio-
(seleno) ether substituent (with the Y atom in the thiol
form).

To conclude, it is found by the quantum chemical
study of the regularities of formation of the coordina-
tion mode (MN2O2Y2, MN2O2Y, or M2O2 (M =
Co(II), Ni(II); Y = S, Se)) in the bis(ligand) metal
complexes with (N,O,Y)-tridentate azomethines with
the N-phenyl thio(seleno) ether substituent (with the
Y atom in the thiol form) that hexacoordination is
preferable in the Co(II) and Ni(II) complexes (hex-
acoordination combined with tetracoordination in the
Co(II) complexes), unlike the predomination of pen-
tacoordination in similar Co(II) and Ni(II) complexes
based on azomethines with the N-thio(seleno)ben-
zimidazole substituent (with the Y atom in the thione
form). The role of structural features of the (N,O,Y)-
tridentate azomethine ligands (degree of acoplanarity)
in the formation of the coordination mode
(MN2O2Y2, MN2O2Y, or MN2O2 (Y = S, Se)) in the
Co(II) and Ni(II) bis(ligand) complexes was revealed.
The theoretical description of the competition of the
hexa-, penta-, and tetracoordinated stereoisomers of
the Co(II) and Ni(II) bis(ligand) complexes with
(N,O,Y)-tridentate azomethines along with the quan-
tum chemical calculations of the relative stability of
the competing stereoisomers also requires the con-
struction of the model of the reaction mechanism for
the formation of the ML2 bis(ligand) complexes,
including the quantum chemical study of possible
interconfiguration transitions with the estimation of
their barriers.
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