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Abstract—A computer modeling (DFT UTPSSh/6-311++G(d,p)) of electronic structures, geometric
parameters, energy characteristics, and magnetic properties of the mononuclear cobalt complexes with tetra-
dentate N-donor bases (tris(2-pyridylmethyl)amines and N,N'-dialkyl-2,11-diaza[3.3]-(2,6)pyridino-
phanes) and o-benzoquinones comprising triangulene organosilicon radicals was performed. Paramagnetism
of all states of the studied molecules is predicted. It is ascertained that the electronic configurations and
energy characteristics of the isomers of the complexes under study are controlled by alkyl substituents in the
ancillary N-donor ligands. The compounds capable of manifesting thermally initiated spin state switching
rearrangements via spin-crossover and valence tautomerism mechanisms are revealed.
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INTRODUCTION

Rapidly increasing interest in coordination com-
pounds that demonstrate spin state switching due to
external effects (temperature, pressure, and irradia-
tion) is observed in the recent decades [1—9]. These
magnetically active metal complexes can exist as two
or more electronic isomers (electromers [10]) with
diverse magnetic properties, which allows their mani-
fold applications in devices of molecular electronics
and spintronics [1—4, 7, 11—15]. Numerous studies
are devoted to the search for promising bi- and
polystable molecules [2—9, 12—20].

Spin-crossover (SCO) is among the most abundant
mechanism of magnetic bistability and represents a
change in the spin state of the coordinated metal ion
induced by external factors and caused by the rearrange-
ment of electrons inside the valence shell [21, 22]. The
strength of the ligand field appropriate for the SCO to
occur is achieved in transition metal compounds with the
electronic configurations d*—d’, in particular, in the
iron(II/1IT) [23—27] and cobalt(Il) [28—30] complexes
with N-donor ligands. Another method for spin state
switching in coordination compounds is valence tautom-
erism (VT), or redox isomerism, including the reversible
intramolecular electron transfer between the metal cen-
ter and redox-active ligand [31, 32]. This phenomenon
was comprehensively studied for the cobalt complexes
with the o-benzoquinone derivatives, and there are
examples of VT transitions in the compounds of some
other d metals [32, 33], lanthanides [34], and main group
elements [35, 36].
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Heterospin magnetically active compounds with
two or more different paramagnetic centers are attrac-
tive objects from the viewpoint of molecular magne-
tism. Complexes of transition metals with open elec-
tronic shells including additional spin carriers (ligands
and/or functional groups) are of special interest [18,
37—46]. o-Benzoquinone in the semiquinone (SQ)
form is a classical example of the radical ligand. The
previous experimental [47—51] and theoretical [50—
54] studies showed that the o-benzoquinone cobalt
complexes with N-donor tetradentate bases can
demonstrate SCO (; Co''-SQ 2 ;;sCo'"-SQ) and VT
(1sCo'M—Cat 2 {Co"-SQ) rearrangements (Cat is
the dianionic catecholate form of o-benzoquinone).
Similar compounds bearing a stable radical (1,2,3,5-
dithiadiazolyl, 1,5-dimethyl-6-oxoverdazyl, nitronyl
nitroxide, and TEMPO) in the fourth position of the
quinone ring were constructed in order to impart
paramagnetic properties to the diamagnetic elec-
tromer | Co'""'—Cat [55, 56]. According to the quan-
tum-chemical calculation results, the nature and
method of attachment of the considered radical sub-
stituents exert no substantial effect on the ability of the
cobalt complexes to manifest magnetic bistability
induced by different mechanisms.

We have recently studied theoretically a series of
VT adducts of cobalt bis(diketonates) with the o-ben-
zoquinone ligands comprising the triangulene frag-
ments [57—60]. An advantage of these systems over the
earlier proposed heteroligand complexes [6, 61—63] is
the unique ability of triangulenes [64] and their heavy
analogs [65] to increase the number of unpaired elec-
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trons with an increase in the number of six-membered
rings (n) in the triangle base (Scheme 1) [66, 67] due
to which the total spin of the system can be increased
by the expansion of the polycyclic moiety. The
obtained calculation results [57—60] indicate an insig-
nificant effect of doping of the hydrocarbon polycyclic
fragment by the silicon or germanium atoms on the
energy parameters of the isomers and character of
exchange coupling. Selected paramagnetic triangu-
lene derivatives are shown in Scheme 1.
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Scheme 1.
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The computer modeling of coordination compounds
I-IV (Scheme 2) with different numbers of six-
membered rings in the base of the triangular polycycle
(n = 2—4) was performed in this work to search for new
polyspin systems prone to switching magnetic properties
via the SCO and/or VT mechanism. N,N'-Di-iso-pro-
pyl-2,11-diaza[3.3]-(2,6)pyridinophane, N, N'-di-fert-
butyl-2,11-diaza[3.3]-(2,6)pyridinophane, and tris(2-
pyridylmethyl)amine (TPA) derivatives containing two
or three CH; groups in the pyridine rings were chosen as
tetradentate N-donor bases according to the available
experimental data indicating a possibility of spin transi-
tions to occur in the cobalt complexes with this ligand
environment [47—51]. In turn, hexafluorophosphate
anions are widely used for the synthesis of similar salt-
like o-benzoquinone cobalt complexes with the nitro-
gen-containing ligands [51].

— + —
P F(: t-Bu —N
+ —
PF; |7
L 111 — L v |
Scheme 2.
EXPERIMENTAL netic bistability [50, 52, 71—74]. According to the cal-

Calculations were performed using the Gaussian 16
software [68] by the density functional theory (DFT)
with the UTPSSh functional [69, 70] and
6-311++G(d,p) extended basis set, the combination
of which correctly reproduces the energy and mag-
netic characteristics of the complexes exhibiting mag-
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culation results obtained in this approximation for the
experimentally studied cobalt compounds, SCO
occurs at AEyg ;s < 6 kcal/mol, and VT takes place at
AEyg s < 8 kcal/mol [50]. It was shown that outer-
sphere counterions should be taken into account in the
DFT study of the transition metal complexes with the
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redox-active ligands [75]. Therefore, in this study the
quantum-chemical calculations were performed for
the compounds comprising the hexafluorophosphate
anion, the position and orientation of which were
taken from the XRD data for the structurally similar
compounds [51]. Stationary points were localized on
the potential energy surface (PES) by the full geometry
optimization of molecular structures followed by
checking the stability of the DFT wave function and
calculation of the force constants. Exchange interac-
tion parameters (J, cm™') were calculated in terms of
the broken symmetry (BS) formalism [76] using the
Yamaguchi general spin projection approach [77].
Graphical images of the molecular structures were
drawn using the ChemCraft software [78].

RESULTS AND DISCUSSION

According to the calculation results, the minimum
on the doublet PES in which the single lone electron
is delocalized over the organosilicon fragment corre-
sponds to the ground state of complex I (n = 2)
(Fig. 1). The coordination bond lengths (Table 1) and
the absence of a spin density in the quinone ring and
on the metal center make it possible to unambiguously
ascribe the electronic configuration ; Co'"'—Cat—X,
where X is the polycyclic organosilicon radical, to this
electromer. The high-spin form of compound I (n =2)
is presented by a minimum on the sextet PES. The
spin density distribution shown in Fig. 1 and calcu-
lated geometric characteristics indicate that the dis-
cussed 1sCo"'-SQ—X electromer comprises three
paramagnetic centers: the high-spin divalent cobalt
ion, radical anion SQ form of o-benzoquinone, and
polycyclic fragment. As follows from the steric struc-
tures of the isomers of complex I (n = 2), the polycy-
clic fragment lies in the same plane with the quinone
ring (Fig. 1). Remarkably, when the starting geometry
with the perpendicular arrangement of the organosili-
con radical is specified, structure optimization results
in the turn of X by 90° and formation of the single
conjugated Cat/SQ—X m system. The destabilization

L II (R = i-Pr, +-Bu)

235

of the high-spin isomer ygCo'"-SQ—X by more than
10 kcal/mol (Table 2) indicates that complex I (n = 2)
would be in the ground doublet state | Co"'—Cat—X
without any signs of the VT transition.

The quantum-chemical study of compounds I (n =
3, 4) showed that an increase in the number of six-
membered rings in the organosilicon fragment was not
accompanied by a change in the electronic configura-
tions of the found isomers and bond lengths in the
coordination site (Table 1). The differences in energies
between the electromers of complexes I (n = 3, 4) are
close to AE found for compound I (n = 2) and are
equal to 11.8 kcal/mol (Table 2). Taking into account
the spin-forbidden character of the VT process and a
necessity of surmounting the energy barrier for the
transition | Co'"'-Cat—X 2 ;Co"-SQ—X, we can
assert that the probability of the intramolecular elec-
tron transfer in the systems discussed is very low.
Therefore, complexes I (n = 3, 4) will be presented by
the low-spin electromers | Co'"—-Cat—X in a wide
temperature range. The polycyclic fragments of com-
pounds I (n = 3, 4) contain two and three lone elec-
trons, respectively, which can be considered as a single
paramagnetic center due to strong ferromagnetic
exchange interactions inside the organosilicon radical
[66, 79—81].

A comparison of the calculation data for com-
pounds I (n = 2—4) with the earlier obtained results of
studying the o-benzoquinone cobalt complexes bear-
ing N,N'-di-iso-propyl-2,11-diaza[3.3]-(2,6)pyridi-
nophane [50, 55] shows an increase in the difference
in energies between the electromers in the systems
with organosilicon polycycles. The predicted increase
in the stability of the | Co"'—Cat—X isomers can be
explained by the energy preference of the formation of
the generalized m system between triangulene X and
the aromatic Cat fragment, whereas the conjugation
with SQ, which is not aromatic, does not give a com-
parable energy gain. The numeration of atoms in the
coordination site of complexes I-IV is shown in
Scheme 3.

Scheme 3.
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9 I(n=2)
LsCOI“—Cat—X

I (n=2)
LsCo'—Cat—X

HSCOH—SQ—X

oJ

I (n=2)
HSCO”—SQ—X

Qo000

Co C O N Si

Fig. 1. Steric structures and spin density distribution in the electromers of complexes I-III (» = 2) calculated by the
DFT UTPSSh/6-311++G(d,p) method. Hydrogen atoms and outer-sphere counterions are omitted, and the contour value is

0.02 e/A3.

The replacement of the isopropyl substituents at
the nitrogen atoms by ferf-butyl groups expectedly
results [50, 51, 55] in the situation where the | sCo''—
SQ—X electromers comprising the low-spin divalent
cobalt ion and SQ radical anion are the most stable
forms of compounds II (n = 2—4) (Fig. 1, Table 1).
Regardless of the number of six-membered rings in
the organosilicon radical, the high-spin isomers are
destabilized relative to the ground state by
7.9 kcal/mol (Table 2). The predicted values some-
what exceed the range of values characteristic of SCO
[50] indicating the possibility of incomplete SCO

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

transitions | Co'"-SQ—X 2 ;sCo"-SQ—X to occur
in complexes II (n = 2—4).

The study of exchange interactions in the ; Co''—
SQ—X electromers indicates a strong ferromagnetic
coupling in the | Co"-SQ and SQ—X pairs, and the
exchange between the metal center and polycyclic
fragment is nearly absent due to their remoteness
(Table 3). The high-spin Co'"-SQ—X electromers
are characterized by a moderate antiferromagnetic
coupling of spins of lone electrons in yCo'' and SQ,
and the J, and J; parameters are close to those found
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Table 1. Coordination bond lengths (A) in the electromers of complexes I-IV (n = 2—4) calculated by the DFT UTPSSh/6-

311++G(d,p) method

Complex Electromer Co—-O(1)* Co—0(2) Co—N(1) Co—N(2) Co—N(3) Co—N®4)
1sCo!l'—Cat—X 1.888 1.884 2.045 2.045 1.874 1.872
I(n=2
(n=2) 1sCol'=SQ—X 2.040 2.027 2.281 2.282 2.036 2.033
1sCo!l'—Cat—X 1.890 1.883 2.048 2.043 1.873 1.872
I(n=3
(n=3) 1sCo'—=SQ—X 2.039 2.026 2.284 2.278 2.035 2.032
1sCo'l'—Cat—X 1.890 1.884 2.048 2.044 1.873 1.872
I(n=4
(n=4) sColl_SQ—X 2.039 2.026 2.284 2277 2.035 2.032
LsCo'=SQ—X 1.881 1.873 2.346 2.356 1.929 1.928
IH(n=2)
nsCo'=SQ—X 2.039 2.031 2.353 2.371 2.038 2.037
LsCo'=SQ—X 1.883 1.871 2.352 2.354 1.929 1.928
Il (n=3)
nsCo'=SQ—X 2.041 2.029 2.354 2.371 2.037 2.038
LsCo'-=SQ—X 1.881 1.873 2.350 2.354 1.929 1.928
H(n=4)
nsCo'=SQ—X 2.040 2.029 2.356 2.369 2.037 2.037
1sCo'l'—Cat—X 1.875 1.895 2.013 1.926 1.950 2.051
III (n=2)
1sCol'=SQ—X 2.078 2.048 2.255 2.154 2.132 2.177
1sCo'l'—Cat—X 1.875 1.894 2.010 1.928 1.950 2.054
III (n = 3)
1sCol'l=SQ—X 2.082 2.042 2.258 2.157 2.131 2177
LsColl'—Cat—X 1.874 1.896 2.012 1.927 1.949 2.053
III (n=4)
1sCol'l—=SQ—X 2.084 2.041 2.198 2.183 2.137 2.169
LsCol'—Cat—X 1.871 1.885 2.016 2.018 1.949 2.060
IV(n=2)
nsCo'=SQ—X 2.075 2.047 2.242 2.286 2.117 2.178
LsCo!l'—Cat—X 1.871 1.888 2.019 2.018 1.950 2.060
IV (n=3)
HsCol'=SQ—X 2.083 2.041 2.307 2.227 2.117 2.173
LsCo!l'—Cat—X 1.870 1.889 2.019 2.020 1.950 2.059
IV(n=4)
1sCol'=SQ—X 2.080 2.048 2.304 2.221 2.119 2.170

* The atoms were enumerated according to Scheme 3.

for the | (Co'"-SQ—X isomers. It should be mentioned
that the exchange interactions between the organic
radicals (J;) weaken with an increase in the triangu-
lene fragment size (Table 3). This tendency is caused
by the delocalization of lone electrons of the polycycle
on going from complex I (» = 2) bearing one electron
on the X fragment to compound I (# = 4) in which the
organosilicon moiety contains three electrons. It can
be concluded that the insertion of radical X exerts no
effect on the character and strength of the exchange
between the divalent metal ion and SQ [50, 51]. At the
same time, the presence of the polycyclic fragment in
the molecule favors the formation of additional
exchange channels.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

The theoretical study of complexes III (n = 2—4)
predicts the energy preference of the low-spin
LsCo"'—Cat—X isomers (Fig. 1, Table 2). As in the
considered above systems of compounds I and II, the
variation of the polycyclic radical size exerts no effect
on the geometric (Table 1) and energy (Table 2) char-
acteristics of the electromers: the high-spin structures
1sCo"-SQ—X of compounds ITI (n = 2—4) are desta-
bilized relative to the ground states | (Co'''-Cat—X by
8.4—8.7 kcal/mol. The calculated values of AE allow
one to expect VT transitions with low conversions. As
in the previously studied o-benzoquinone cobalt com-
plexes with the tris(2-pyridylmethyl)amine derivatives
[51, 53, 56, 74], in the yCo'"-SQ—X electromers of

No.4 2022
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Table 2. Spin (S), total energy (F), relative energy (AE), and spin density on the metal center (qsc O) in the electromers of
complexes I-1V (n = 2—4) calculated by the DFT UTPSSh/6-311++G(d,p) method

Complex Electromer S E, au. AE, kcal/mol qSCO
s L <Coll'_Cat—X 1/2 —5711.654371 0.0 0.00
=2 1sColl-SQ-X 5/2 5711635697 1.7 2.62
- L<Coll'_Cat—X 1 —7062.105189 0.0 0.00
=3 1sColl—SQ—X 3 —7062.086342 11.8 2.63
I L<Coll_Cat—X 3/2 —8740.208385 0.0 0.00
=9 1sColl—SQ-X 72 —8740.189508 1.8 2.63
L<Col'-SQ-X 3/2 —5790.286545 0.0 1.26
I (n =2)
1sCol'—-SQ—X 5/2 —5790.273984 7.9 2.59
Hore3) |sCol'-SQ—X 2 —7140.737126 0.0 1.27
"=
1sCol'—SQ—X 3 —7140.724473 7.9 2.59
W) 1sCol'=8Q—X 5/2 —8818.840317 0.0 1.25
"=
1sColl_SQ—X 7/2 —8818.827682 7.9 2.60
L<Colll_Cat—X 1/2 —5708.043783 0.0 0.00
I (n = 2)
1sColl—SQ—X 5/2 —5708.030305 8.5 2.51
L<Col'_Cat—X 1 —7058.494546 0.0 0.00
11 (n = 3)
1sColl-SQ—X 3 —7058.480643 8.7 2.62
LsColll_Cat—X 3/2 —8736.598216 0.0 0.00
I (n = 4)
4sCol'—SQ—X 7/2 —8736.584781 8.4 2.61
| <Coll'_Cat—X 1/2 —5747.364131 0.0 0.00
IV(n=2) .
1sColl—SQ—X 5/2 —5747.360056 2.6 2.57
L<Coll'_Cat—X 1 —7097.815103 0.0 0.00
IV (n=3) .
1sCo'-SQ—X 3 —7097.810785 2.7 2.55
L <Coll'_Cat—X 3/2 —8775.918606 0.0 0.00
IV (n=4) .
1sCol'=SQ—X 7/2 —8775.914163 2.8 2.59

compounds IIl (n» = 2—4) the metal center and SQ
radical interact ferromagnetically. The character and
strength of magnetic coupling in the SQ—X pair are
analogous to those predicted in complexes I and II
(n= 2—4), and an exchange between the lone elec-
trons of the cobalt ion and organosilicon fragment is
nearly absent (Table 3).

The calculation results for compounds I and III
(n = 2—4) indicate an increase in the energy gap AE
(Table 2) over the values predicted for the similarly
built derivatives containing no polycyclic radicals [50,
51, 53, 55, 56]. It is shown [49, 53, 74] that the pres-
ence of electron-active substituents in the quinone
ring of the o-benzoquinone cobalt complexes with tet-
radentate N-donor ligands makes it possible to control
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the difference in energies between the electromers,
which predetermines the probability of the redox pro-
cess to occur. The cobalt complex with 3,5-di-fert-
butyl-o-benzoquinone and TPA bearing one methyl
group in each pyridine ring is known [47, 51] to exist
as the high-spin electromer ;Co"-SQ due to the
destabilization of the ;¢Co'"'—Cat form. It can be
expected that the observed enhancement of the stabil-
ity of the low-spin state upon the insertion of an orga-
nosilicon radical would favor VT rearrangements to
occur in compounds IV (n = 2—4) with tris(2-pyridyl-
methyl)amine bearing three CH; substituents
(Scheme 2). In order to check this hypothesis, we per-
formed computer modeling of the electronic struc-
tures and magnetic properties of these complexes.
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Table 3. Exchange interaction parameters (J, cm™') in the LSCOH—SQ—X and HSCOH—SQ—X electromers of complexes I—
IV (n = 2—4) calculated by the DFT UTPSSh/6-311++G(d,p) method

Complex Electromer Ji* J5 A
I(n=2) nsCo'=SQ—X —98 2 197
I1(n=23) 1sCo'-=SQ—X -96 1 131
I(n=4) nsCo'-SQ—X —98 1 80

Co''-SQ—X 271 -9 155
fHe=2 ;SsCo"—s?)—x —43 —6 181

Coll-SsQ—X 264 -8 102
=3 :Co“—s?)—x —46 —4 117

Co"-sQ—X 258 -6 64
fHe=4 I:SCOH—S(;—X —49 -2 72
I (n=2) 1sCo'=SQ—X 81 0 127
III (n = 3) asCo'-SQ—-X 78 —1 78
I (n=4) 1sCo'—=SQ—X 77 —1 47
IV (n=2) nsCo'-SQ—X 85 —6 155
IV(n=3) 1sCo'=SQ—X 86 2 80
IV(n=4) 1sCo'=SQ—X 82 —4 65

* J; corresponds to the exchange between Co' and SQ, J; corresponds to the exchange between Co' and X, and J5 corresponds to the

exchange between SQ and X.

The spin density distribution in the electromers of
compounds IV (n = 2—4) is similar to that found for
complexes III (n = 2—4) (Fig. 1). A comparison of the
calculated geometric parameters of the discussed sys-
tems indicates that an additional bulky alkyl substitu-
ent in the pyridine ring results in the elongation of the
Fe—N(2) distances and a slight change in the coordi-
nation bond lengths in compounds IV (n = 2—4)
(Table 1). The stability of the low-spin electromers
LsCo"'—Cat—X decreases compared to that of com-
plexes III (n = 2—4), because short interatomic Fe—N
distances cannot be formed (Table 2). However,
unlike the earlier studied o-benzoquinone cobalt
derivatives with trimethyl-substituted TPA [47, 51], in
coordination compounds IV (n = 2—4) the ;(Co'l'—
Cat—X electromers correspond to the ground state.
This fact provides prerequisites for VT transitions to
occur. Indeed, the differences in energies between the
LsCo"—Cat—X and psCo"-SQ—X structures are
2.6—2.8 kcal/mol (Table 2), indicating that VT transi-
tions can occur at ambient temperatures. Depending
on the number of six-membered rings in the organos-
ilicon radical, the ;¢Co'"—Cat—X electromers are
characterized by spin states S equal to 1/2 (n = 2), 1
(n=13), and 3/2 (n = 4). The retention of the possibly
maximum total spin S is expected in the high-spin
structures owing to the ferromagnetic exchange inter-

actions (Table 3). Therefore, the predicted VT rear-
rangements would be accompanied by a change in the
magnetic properties and, hence, compounds IV (n =
2—4) can be considered as a basis for molecular
switches.

Thus, the molecules capable of manifesting the
spin state switching mechanisms (spin-crossover and
valence tautomerism) were revealed by the quantum-
chemical study of the cobalt complexes designed from
o-benzoquinones bearing triangulene organosilicon
substituents and ancillary N-donor ligands. The poly-
cyclic radical and strong ferromagnetic interactions
provide paramagnetism of all studied molecules. It is
shown that the energy characteristics of the elec-
tromers of compounds I-1IV (n = 2—4) are indepen-
dent of the size of the organosilicon fragment and con-
trolled by structural features of the tetradentate nitro-
gen-containing bases. An advantage of the proposed
systems over the earlier studied compounds with the
acene fragments [82—84] is paramagnetism of all elec-
tromeric forms due to the presence of ferromagneti-
cally bound electrons in the triangulene radical. In
addition, complexes I—IV have a higher total spin that
can be additionally increased due to the expansion of
the polycyclic moiety, which would enrich functional
possibilities of similar systems.
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