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Abstract—The molecular structures and relative energies of frans- and cis-isomers of low-spin bis(chelate)
Ni(II) complexes based on (N,O(S,Se))-bidentate azomethines are calculated by the density functional the-
ory. The mechanism of formation of the NiL, complexes is studied in terms of the model of their step forma-
tion (Ni*" + (L)~ = (NiL)", (NiL)* + (L)~ — NiL,). The formation of the coordination sites NiN,O,,
NiN,S,, and NiN,Se, of the complexes is determined by the energy preference of one of possible configura-
tions and also by the activation barriers of isomerization of the primary products formed at the initial step of

the reaction of the starting components.
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INTRODUCTION

The molecular structures and spectral, magnetic,
and other physicochemical properties of bis(chelate)
complexes of 3d-transition metals with azomethine
ligands are mainly predetermined by the composition
and configuration of the MN,X, coordination site
(X =0, S, Se) and structural features of the ligands.
These regularities were experimentally [1—3] and the-
oretically [4—6] studied in most detail for the bis(che-
late) Ni(II) complexes based on (N,O)-, (N,S)-, and
(N,Se)-bidentate azomethines in which the central
ion can take frans-planar, cis-planar, or pseudotetra-
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hedral configurations. The azomethine NilL, com-
plexes with the NiN,O, coordination site are charac-
terized by the trans structure [1, 7—11], whereas the cis
structure is characteristic of the complexes with the
NiN,S, and NiN,Se, coordination sites [1, 12—16].
For the theoretical interpretation of this stereoeffect,
we performed the quantum chemical study of the rel-
ative stability and reaction routes of formation of the
trans- and cis-planar isomers depending on the com-
position of the nearest environment of the central ion
in low-spin bis(chelate) azomethine nickel complexes
ITIa (NiL, (X = 0)), IIb (NiL, (X = S)), and Ilc (NiL,

(X = Se)).
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A theoretical search for the most preferred trans- or
cis-planar stereoisomers was performed using the ear-
lier proposed approach [17] based on the determina-
tion of the energetically most favorable stereoisomer
using the density functional theory (DFT) calcula-
tions and evaluation of the accessibility (probability of
formation) of this stereoisomer during complex for-
mation applying the step model of the reaction mech-
anism of formation of metal complexes ML,

M™ + (L) = (ML), (ML)" + ()" — ML,. (1)

The second step of this reaction (coupling by the
cation (ML)" of the anion of the second ligand (L))
is the main stage for the determination of the isomer
most probable in complex formation. If the kinetically
most accessible stereoisomer also represents its ener-
getically preferred form, then this isomer can be pre-
dicted as the expected product of reaction (1). In the
opposite case, this isomer would be considered as the
initial one for possible subsequent isomerization reac-
tions directed toward more stable isomeric structures,
which requires an additional estimation of the energy
barriers of the corresponding stereoisomerization
reactions.

CALCULATION PROCEDURE

Quantum chemical calculations were performed by
the DFT method [18] using the Gaussian09 program
[19]. Since DFT calculation results are known to
depend on the type of the functional used [20—22], the
calculations were performed using three variants of
hybrid functionals: B3LYP [23, 24], PBEO [25], and
TPSSh [26] combined with the 6-311++G(d,p) basis
set. The low-spin (singlet) state was taken into account
in the calculations of the frans- and cis-stereoisomers
of the Ni(II) complexes. Stationary points on the

(NiL (X=0, S, Se))"

(L(X=0,S, Se))"
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potential energy surface (PES) were localized and
analyzed by the full geometry optimization of the ste-
reoisomers of the Ni(Il) complexes accompanied by
the calculation of the vibrational spectra for the
ground states of the stereoisomers and structures cou-
pling their transition states. When studying spin-for-
bidden mechanisms of cis—trans-isomerization in the
bis(chelate) Ni(II) complexes, the minimum energy
crossing points (MECP) of the singlet and triplet PES
were found by the Harvey procedure [27]. The graph-
ical images of the molecular structures were con-
structed using the ChemCraft program [28].

RESULTS AND DISCUSSION

The quantum chemical modeling of the reaction
(NiL)* + (L)~ — NiL, (at the starting distance (equal
to 5 A) between the nickel atom of the (NiL)* cation
and N and X (O, S, Se) donor atoms of the second
ligand (L)~, respectively, with allowance for the start-
ing mutual orthogonal arrangement of planes of the
(NiL)™" cation from one side and the “claw” of the
anion of the second ligand (L)~ from another side)
made it possible to determine the isomers kinetically
most accessible during complex formation for each
complex of considered nickel complexes Ila (X = O),
IIb (X = S), and II¢ (X = Se) presented in Scheme 1.

The model reaction (ML)* + (L)~ — ML, of for-
mation of the molecular structures (DFT/B3LYP/6-
311++G(d,p)) of the NiL, bis(chelate) complexes
X=0, S, Se) is shown in Scheme 1. The product of
this reaction for complex NiL, (X = O) is the trans-
planar isomer, whereas the cis-isomer in the “step”
conformation was determined for complexes NilL,
(X=S) and NiL, (X = Se) (Scheme 1).

NiL, (X=0)
trans-plane

NiL, (X =S, Se)
cis-step

Scheme 1.
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Table 1. Calculated relative energies ignoring (AE, kcal/mol) and taking into account zero-point vibrations (AE,p,
kcal/mol) for the stereoisomers of low-spin nickel complexes ITa (X = O), IIb (X = S), and Ilc (X = Se)

Stereoisomers of complexes DFT/B3LYP DFT/PBEO DFT/TPSSh
NiL, X=0, 8, Se) AE AEzpe AE AEzpg AE AEzpg
ITa (X = O), trans-plane* 0.0 0.0 0.0 0.0 0.0 0.0
ITa (X = O), cis-step 13.3 12.6 13.2 12.5 12.8 12.0
IIb (X = S), trans-umbrella —1.6 —1.3 —1.7 —14 —1.1 —0.9
IIb (X =S), trans-step 1.4 1.5 1.1 1.2 1.7 1.7
IIb (X =S), cis-step* 0.0 0.0 0.0 0.0 0.0 0.0
IIc (X = Se), trans-umbrella 0.3 0.5 0.3 0.6 1.1 1.3
IIc (X = Se), trans-step 2.9 3.2 2.5 2.7 3.3 3.6
ITc (X = Se), cis-step* 0.0 0.0 0.0 0.0 0.0 0.0

* The most kinetically accessible isomer for complex formation (Scheme 1).

The obtained result was interpreted by a step-by-
step analysis of the reaction (NiL)* + (L)~ — NiL, for
each complex of nickel complexes IIa (X = O), IIb
(X=19), and Ilc (X = Se). The analysis showed that
the coupling by the (NiL)* cation of the anion of the
second (L)~ ligand led to the formation of the bond of
the Ni atom first with the X atom and then with the N
atom of the second ligand accompanied by flattening
of the coordination site NiN,X, (X =0, S, Se), which
is characteristic of the low-spin nickel(1I) complexes.
The preferred direction of motion of the X atom of the
second ligand toward either X atom, or N atom of the
(NiL)"* cation, which predetermines the formation of
either cis, or trans structure of the complex, is chosen
according to the ratio of electronegativities of X atoms
(X=0, S, Se) and N atom. For O-containing complex
IIa, the motion of the O atom of the second ligand
toward the N atom is preferred rather the O atom of
the first ligand (trans structure is the result). For S-
and Se-containing complexes IIb and Ilc, respec-
tively, the motion of the S (Se) atom of the second
ligand toward the S (Se) atom is preferred rather than
the N atom of the first ligand (cis structure is the

result). Thus, the trans-isomer of nickel complex Ila
(X = 0) and cis-isomers of nickel complexes IIb (X =
S) and IIc¢ (X = Se) kinetically most accessible in com-
plex formation are formed in terms of the proposed
model, which is shown in Scheme 1.

The most favorable (by total energy) stereoisomers
for each complex of the considered nickel complexes
are determined by the relative energies of the compet-
ing frans- and cis-isomers of low-spin complexes Ila,
IIb, and Ilc (Table 1). The energies of the competing
stereoisomers were determined relative to the isomer
kinetically most accessible in complex formation, i.e.,
initial for the possible subsequent transformation. The
planar frans-isomer is energetically most favorable for
complex Ila (X = O) (Scheme 1), the frans-isomer in
the “umbrella” conformation is most favorable for
complex IIb (X = S), and the cis-isomer in the “step”
conformation is energetically most favorable for com-
plex IIe (X = Se) (Scheme 1). The calculated
(DFT/B3LYP/6-311++G(d,p)) molecular structures
of the “trans-step” and “trans-umbrella” conformers
for complex NiL, (X = S) are shown in Scheme 2.

NiL, (X =S)
trans-step

NiL, (X=1S)
trans-umbrella

Scheme 2.
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Table 2. Calculated (DFT/B3LYP/6-311++G(d,p)) geometric parameters of the coordination sites NiN,X, in the frans-
and cis-isomers of the NiL, complexes (X = O, S, Se), transition states (TS) of cis—trans-isomerization, and MECP 1 and

MECP 2 points
Stereoisomers of complexes Ni—X, | Ni—N, | £NNiX, | £XNiX, |[ZNNiN, Q, B,

NiL, (X=0, S, Se) A A deg deg deg deg deg
IIa (X = O), trans-step 1.855 1.943 92.8 179.9 179.9 130.9 0.0
IIa (X = 0O), cis-step 1.869 1.917 91.7 85.0 94.9 125.7 25.7
TS (I1a, “frans-plane — 1.823 1.853 95.9 123.0 111.1 128.5 3.0
— cis-step”)* 1.981 2.158 86.0 134.8 3.0
MECP 1 (Ila, X = O) 1.905 1.966 92.2 150.5 167.3 124.3 24.6
MECP 2 (IIa, X = O) 1.898 1.945 92.6 91.6 97.5 127.3 16.3
IIb (X = S), trans-umbrella 2.246 1.930 91.3 163.7 170.4 105.0 39.8
IIb (X =S), trans-step 2.254 1.944 88.2 180.0 180.0 102.4 49.8
IIb (X =), cis-step 2.207 1.957 91.9 85.7 93.2 105.5 37.6
TS (IIb, “cis-step — 2.165 1.872 96.7 112.1 124.4 111.3 10.0
— trans-umbrella”)* 2.246 2.158 92.7 114.6 3.0
MECP 1 (Ilb, X =S) 2.219 1.980 96.1 92.6 97.2 110.2 14.1
MECP 2 (ITb, X = S) 2.264 2.000 94.0 143.4 164.0 107.6 31.0
IIc (X = Se), trans-umbrella 2.371 1.926 90.6 162.7 170.8 99.3 44.3
IIc (X = Se), trans-step 2.386 1.937 87.0 180.0 180.0 95.5 55.7
IIc (X = Se), cis-step 2.319 1.966 91.4 86.1 93.4 100.5 41.1
TS (Ilc, “cis-step — 2.290 1.875 96.8 110.4 127.2 107.6 7.0
— trans-umbrella”)* 2.357 2.132 94.1 109.3 5.8
MECP 1 (Ilc, X=Se) 2.333 1.988 96.0 94.0 96.3 106.0 17.5
MECP 2 (Ilc, X=Se) 2.385 2.008 93.3 142.4 162.5 101.8 36.0

* The double geometric parameters of the metallocycles in the TS of cis—frans-isomerization in complexes IIb (X = S) and II¢ (X = Se)

show nonequivalence of the metallocycle structures.

Scheme 2 shows the molecular structures of the
trans-isomers of S-containing nickel complex IIb in
the “step” and “umbrella” conformations, which
are (according to the total energy (Table 1)) competi-
tive with respect to the cis-isomer in the “step” con-
formation. which is kinetically most accessible in the
formation of this complex (Scheme 1). The calculated
structures of analogous isomers of S-containing com-
plex Ilc¢ visually nearly coincide with the structures
presented in Scheme 2. The geometric parameters of
the NiN,X, coordination sites (X = O, S, Se) in the
calculated molecular structures of the frans- and cis-
isomers of nickel complexes Ila, Ilb, and Ilc are given
in Table 2.

For O-containing nickel complex IIa, the cis struc-
ture of the complex, which is competitive toward
the planar frans-isomer (Scheme 1), is sterically hin-
dered because of interligand interactions of the sub-
stituents at the azomethine nitrogen atoms. As com-
pared to O-containing nickel complex IIa, the cis
structure of the complex (along with the trans struc-
ture) is sterically accessible for S- and Se-containing
complexes IIb and II¢ (Scheme 1) due to considerable
inflections (by angle ) of the metallocycle along the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

S—N or Se—N lines (Table 2). As mentioned previ-
ously [29], these inflections of the metallocycles are
related to small bond (intracyclic) angles o (Table 2)
characteristic of sulfur and selenium atoms (unlike
oxygen atoms).

In the case of O-containing nickel complex I1a, the
trans-planar isomer kinetically most accessible for
complex formation, i.e., product of model reaction (1)
shown in Scheme 1, is also energetically preferred
(Table 1) over the cis-isomer by 12 kcal/mol (Table 1),
which predetermines a high barrier for stereoisomeri-
zation from the initial frans-isomer to the competing
cis-isomer (according to the DFT/B3LYP/6-
311++G(d,p) calculation, the barrier of this reaction
is 39.3 kcal/mol).

The use of the alternative model of the stereoisom-
erization mechanism [30] that takes into account a
possible (in the bis(chelate) azomethine Ni(Il) com-
plexes) intersection of the singlet and triplet PES also
suggests a high barrier of the interconfigurational tran-
sition in nickel complex Ila (X = O) from the kineti-
cally most accessible frans-isomer to the competing
cis-isomer. In terms of this model, the trans—cis-isom-
erization of nickel complex IIa (X = O) can be pre-

No. 12 2022
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sented as two consecutive spin-forbidden transitions
“trans-planar isomer (singlet) — pseudotetrahedron
(triplet)” and “pseudotetrahedron (triplet) — cis-iso-
mer in step conformation (singlet).” To estimate the
barriers of these spin-forbidden transitions, the
molecular structures of nickel complex Ila (X = O) at
the minimum (in energy) points of intersection of the
singlet and triplet PES were calculated by the Harvey
procedure [27]. The MECP 1 and MECP 2 points
(Table 2) characterize, correspondingly, the first and
second transitions of two consecutive spin-forbidden
transitions in nickel complex Ila (X = O). According
to the DFT/B3LYP/6-311++G(d,p) calculations, the
MECP 1 point (transition “trans-planar isomer —
pseudotetrahedron™) is remote (by total energy) from
the local minimum of nickel complex Ila (X = O) in
the starting frans-planar  configuration by
9.4 kcal/mol, whereas the MECP 2 point (transition
“pseudotetrahedron — cis-step”) is remote from the
local minimum of the complex on the triplet PES
(configuration “pseudotetrahedron™) by
13.8 kcal/mol.

The high barrier of frans—cis-isomerization in
nickel complex IIa (X = O), which was found in both
the model of this reaction mechanism taking into
account one singlet PES and the alternative model
with allowance for two intersecting (singlet and trip-
let) PES, suggests the preference of the isomer initial
in this reaction, i.e., kinetically most accessible for the
complex formation of the trans-planar isomer as the
product of the model reaction (NiL)* + (L)~ — NiL,
(X=0, Scheme 1).

Unlike O-containing nickel complex Ila, in the
case of S-containing nickel complex IIb, the most
kinetically accessible in complex formation cis-isomer
in the “step” conformation (Scheme 1) is not the most
stable form (Table 1). In addition, it is important that
the competing cis- and trans-isomers of S-containing
complex IIb differ in total energy by approximately 1
kcal/mol only (Table 1). Therefore, according to the
step model of the mechanism of formation of the
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bis(ligand) complexes [17], the most accessible in
complex formation cis-isomer of complex IIb (X = S)
in the “step” conformation (Scheme 1) is accepted
only as the initial one for possible isomerization to the
energetically more favorable frans-isomer in the
“umbrella” conformation (Table 1) followed by the
estimation of the cis—trans-isomerization barrier.
According to the DFT calculation of the transition
state of the “cis-step — tfrans-umbrella” isomerization
(Table 2) determined by the simulation of this reaction
mechanism in nickel complex IIb (X = S) on the sin-
glet PES, including the starting and finishing isomers,
the cis—trans-isomerization  barrier exceeds
20 kcal/mol (24.3 (B3LYP), 26.8 (PBEO), and
25.1 (TPSSh) kcal/mol).

The conclusion about a high barrier of the inter-
configurational transition in nickel complex IIb (X =
S) from the kinetically most accessible cis-isomer in
the “step” conformation (Scheme 1) to the energeti-
cally more favorable trans-isomer in the “umbrella”
conformation (Table 1) also follows from the alterna-
tive model of the stereoisomerization mechanism [30]
taking into account a possible intersection of the sin-
glet and triplet PES. In terms of this model, the cis—
trans-isomerization of nickel complex IIb (X = S) can
be presented as two consecutive spin-forbidden transi-
tions: “cis-step (singlet) — pseudotetrahedron (trip-
let)” and “pseudotetrahedron (triplet) — trans-
umbrella (singlet).” According to the DFT calcula-
tions for nickel complex IIb (X = S), the MECP 1
point characterizing the spin-forbidden transition
“cis-step — pseudotetrahedron” (Table 2, Scheme 3)
is remote by total energy from the local minimum of
the complex in the starting “cis-step” configuration by
4.3 (B3LYP), 4.1 (PBEO), and 6.2 (TPSSh) kcal/mol,
and the MECP 2 point that characterizes the second
transition of two consecutive spin-forbidden transi-
tions (“pseudotetrahedron —  frans-umbrella”
(Table 2, Scheme 3)) is remote from the local mini-
mum of the complex on the triplet PES by 8.2
(B3LYP), 9.5 (PBEO0), and 6.0 (TPSSh) kcal/mol.

IIb (Ni,L (X=1S))
Scheme 3.
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The high barrier of cis—trans-isomerization in
nickel complex IIb (X = S), which was found in both
the model of this reaction with allowance for one sin-
glet PES and the alternative model taking into account
two intersecting (singlet and triplet) PES, suggests the
preference of the isomer initial in the reaction, i.e., the
kinetically most accessible in complex formation cis-
isomer in the “step” conformation as the product of
the reaction (NiL)* + (L)~ — NiL, X = S,
Scheme 1).

In the case of Se-containing nickel complex Ilc,
the kinetically most accessible in complex formation
cis-isomer in the “step” conformation (Scheme 1) is
also the energetically most favorable isomer (Table 1).
However, it should be taken into account that, as in
the case of S-containing complex IIb, the competing
cis- and trans-isomers differ in total energy by
~1 kcal/mol only. Therefore, the kinetically most
accessible in complex formation cis-isomer of nickel
complex IIc (X = Se) in the “step” conformation
(Scheme 1) can be accepted as the preferred one only
if the barrier of the “cis-step — frans-umbrella” isom-
erization is significant. The localization of the transi-
tion state for this reaction when modeling its mecha-
nism on the singlet PES (Table 2) made it possible to
estimate the energy barrier by a value close to that
obtained for S-containing nickel complex IIb, i.e.,
higher than 20 kcal/mol (24.3 (B3LYP), 26.5 (PBEO0),
and 24.8 (TPSSh) kcal/mol).

The conclusion about a high barrier of the inter-
configurational transition in nickel complex Ilc (X =
Se) from the kinetically most accessible cis-isomer in
the “step” conformation (Scheme 1) to the competing
trans-isomer in the “umbrella” conformation
(Table 1) can also be drawn for the alternative model
of stereoisomerization [30] taking into account a pos-
sible intersection of the singlet and triplet PES. In
terms of this model, the cis—trans-isomerization of
nickel complex Ilc (X = Se) can be presented (as well
as for complex IIb (X = S)) as two consecutive spin-
forbidden transitions “cis-step (singlet) — pseudotet-
rahedron  (triplet)” and  “pseudotetrahedron
(triplet) — frans-umbrella (singlet).” According to the
DFT calculations for nickel complex Ilc (X = Se), the
MECP 1 point, which characterizes the spin-forbid-
den transition “cis-step — pseudotetrahedron”
(Table 2), is remote (by total energy) from the local
minimum of the complex in the starting configuration
“cis-step” by 4.8 (B3LYP), 4.7 (PBEO), and 6.5
(TPSSh) kcal/mol. The MECP 2 point characterizing
the second one of two consecutive spin-forbidden
transitions (“pseudotetrahedron — trans-umbrella”
(Table 2)) is remote, according to the calculations,
from the local minimum of the complex on the triplet
PES by 8.7 (B3LYP), 10.3 (PBEO), and 6.8 (TPSSh)
kcal/mol. Note that the calculated molecular struc-
tures of nickel complex Ilc (X = Se) at the MECP 1
and MECP 2 points visually do not differ from the
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corresponding structures of nickel complex IIb (X =
S) shown in Scheme 3.

Thus, the high barrier of the cis—frans-isomeriza-
tion was found in nickel complexes Ilc (X = Se) and
IIb (X = S), which suggests that the isomer initial in
this reaction, i.e., kinetically most accessible in the
complex formation of the cis-isomer in the “step”
conformation, is preferred as the product of the model
reaction (NiL)* + (L)~— NiL, (X = Se, Scheme 1).

The conclusions made in terms of theoretical anal-
ysis about the preferred frans-planarisomer for O-con-
taining nickel complex IIa (X = O) and cis-isomer in
the “step” conformation for S- and Se-containing
nickel complexes ITb (X = S) and Ilc (X = Se), respec-
tively, are consistent with the experimental results [1,
7—16].

To conclude, as follows from the study performed,
the preferred stereoisomer corresponds to the product
of the reaction (NiL)" + (L)~ — NiL, (X= 0, S, Se,
Scheme 1) for all considered O-, S-, and Se-contain-
ing low-spin azomethine nickel complexes IIa, IIb,
and IIc. The simulation of this reaction for nickel
complexes Ila (X = O), IIb (X = S), and II¢c (X = Se)
made it possible to reproduce the regularity of forma-
tion of the trans structure of the NiN,O, coordination
site and cis structure of the NiN,S, and NiN,Se, coor-
dination sites, which was experimentally documented
for the low-spin azomethine nickel(1I) complexes.
Therefore, structure formation of the NiN,O,,
NiN,S,, and NiN,Se, coordination sites of the low-
spin bis(chelate) azomethine nickel(II) complexes is
predetermined by the kinetics of the isomerization
reactions on which the method is based (activation
barriers of isomerization of the primary products
formed in the initial step of interactions of the starting
components) rather than by the thermodynamic fac-
tors (energy preference of one of possible conforma-
tions).
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