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Abstract—Published data on the electronic structures and magnetic behavior of the mononuclear cobalt and
iron o-benzoquinone complexes with tetradentate nitrogen-containing bases are reviewed. The chosen
objects are of significant interest due to their ability to manifest magnetic bistability, indicating wide prospects
of the practical use of compounds of this class in molecular electronics and spintronics. The influence of
structural features of the complexes on their magnetic properties is discussed on the basis of the quantum-
chemical calculation results.
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INTRODUCTION
In the recent years, transition metal complexes

with redox-active ligands became objects of intensive
studies [1–20]. Increased attention to these systems is
caused by their ability to demonstrate the mechanisms
of magnetic bistability (spin crossover (SCO)) [21–
24], valence tautomerism (VT) [25–27], and others
and, as a consequence, the possibility of their use as
molecular magnets, molecular switches, and spin
qubits [28–37]. The abundant structural motif of
magnetically active compounds is presented by the
cationic metal (M) complexes bearing one redox-
active ligand (Ln) and tetradentate nitrogen-contain-
ing macrocyclic base (TAMn, n = 1–5) (Scheme 1).

Thus constructed molecules can manifest spin transi-
tions due to VT [38] or SCO [39, 40], depending on
the nature of the tetraazamacrocycle and metal (iron
or cobalt), and can demonstrate the catalytic activity
and imitate catechol dioxygenase [41, 42]. The present
review is devoted to the systematic analysis of the elec-
tronic structures and magnetic properties of the com-
pounds of the indicated type. The first part of the
review contains the experimental data, and the results
of the quantum chemical studies of the earlier synthe-
sized and new cobalt and iron o-benzoquinone com-
plexes with tetraazamacrocyclic ligands are consid-
ered in the second part.
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Scheme 1. (Contd.).

STRUCTURES AND MAGNETIC BEHAVIOR 
OF THE COBALT 

AND IRON o-QUINONE COMPLEXES 
WITH TETRAAZAMACROCYCLIC LIGANDS

Pyridinophane derivatives. Tetraazamacrocyclic N,N'-
dialkyl-2,11-diaza[3.3]-(2,6)pyridinophanes (pyridino-

phanes) (TAM1-R2) are capable of coordinating to metal

centers remaining vacant two cis positions in the coordina-
tion sphere of the metal to form an octahedral environ-
ment [43]. For the cobalt compounds, the inclusion of
o-quinone (dioxolene) into these positions results in the
formation of the potential valence-tautomeric fragment

[27]. However, contrary to expectations, the [Co(TAM1-t-
Bu2)(L

1b)]B(p-C6H4Cl)4 complex demonstrates the high-

temperature (>400 K) SCO [40]. This compound is the
only example of the cobalt o-quinone complex manifest-
ing spin transitions via the SCO mechanism rather than
the VT mechanism.

According to the magnetochemical measurements,
ferromagnetic coupling is observed at room tempera-
ture between the low-spin cobalt(II) ion and the radi-
cal-anionic semiquinone (SQ) form of the redox-
active ligand, but the incompleteness of the spin tran-
sition did not allow the study of the exchange interac-
tions between the metal center and organic ligand
[40]. The study of this compound using femtosecond
electronic and IR vibrational nonstationary absorp-

tion spectroscopy showed that the selective photoexci-

tation of a solution of the complex at room tempera-

ture resulted in the superfast transformation of the

low-spin (LS) fraction into the high-spin (HS) frac-

tion [44]. On the contrary, the use of the macrocycle

with methyl substituents at the nitrogen atoms favors

the formation of the [Co(TAM1-Me2)(L1b)]+ complex

existing in the LSСoIIICat state (Cat is the dianionic

catecholate form of the ligand) and exhibits no spin

transitions.

For the purpose of fine tuning the ligand system of

magnetically active compounds of this type, a series of

complexes [Co(TAM1-R2)(L1b)]BPh4 (R = Me, Et,

i-Pr, t-Bu) was synthesized, and their detailed study

made it possible to establish the role of alkyl substitu-

ents of the pyridinophane ligand in the mechanism of

magnetic bistability and its nature (SCO or VT) [45].

The [Co(TAM1-i-Pr2)(L1b)]BPh4 derivative was shown

to undergo the thermally induced redox-isomeric

rearrangement [LSCoIIICat]+ ⇄ [HSCoIISQ]+, whereas

a similar complex with TAM1-Et2 exists predominantly

in the diamagnetic state. The results of the quantum

chemical simulation of these systems will be discussed

in the second part of the present review.

In a wide temperature range, the iron complex with

the iso-propyl pyridinophane derivative [Fe(TAM1-i-
Pr2)(L1b)]BPh4 is presented by the isomer containing

the high-spin trivalent metal ion [45]. Similar coordi-

nation compounds with the methyl-substituted pyrid-

inophane macrocycle [41, 42] exist either as a dication

with the [LSFeIII(TAM1-Me2)(SQ)]2+ structure ascribed

to the compound on the basis of the data of Mössbauer

spectroscopy, X-ray structure analysis, and magne-

tochemical measurements [42], or in the cationic form

[HSFeIII(TAM1-Me2)(Cat)]+ [41].
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MONONUCLEAR COBALT AND IRON o-QUINONE COMPLEXES 195
In the [LSFeIII(TAM1-Me2)(SQ)]2+ compound,

unpaired electrons of the low-spin metal ion and
semiquinone are characterized by a strong antiferro-
magnetic coupling leading to diamagnetism. This
compound is the first example of the isolated and
structurally characterized complex bearing the low-
spin trivalent iron ion and the SQ radical anion. The
catalytic activity of the synthesized systems and their
mimicry to dioxygenase are discussed [41, 42].

The SCO was observed in the iron(II) and iron(III)

complexes with TAM1-Me2 and in the iron(II) and

cobalt(II) compounds with the tert-butyl derivative of

pyridinophane TAM1-t-Bu2 bearing the N-donor auxil-

iary ligands (bipyridyl (Вipy), 1,10-phenanthroline
(Рhen), and bipyrimidine (Вpym)) [46].

Cyclam derivatives. Another well-known class of
tetraazamacrocycles is presented by the cyclam deriv-
atives: 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacy-

clotetradecane (TAM2), 1,4,8,11-tetramethyl-1,4,8,11-

tetraazacyclotetradecane (TAM3), and 1,4,8,11-

tetraazacyclotetradecane (TAM4).

The iron(III) 3,5-di-tert-butyl catecholate com-

plexes with TAM2, TAM4, and triazacyclononane were
described [47]. The magnetic and EPR measurements
indicate the presence of the trivalent metal ion in all
compounds. The cobalt(II) and cobalt(III) semiqui-

none and catecholate complexes with TAM2 were syn-
thesized and characterized in order to reveal condi-
tions under which various oxidation states of the met-
als and ligands are stabilized [48].

The switching of the electronic states LSСoIIICat

and HSCoIISQ of the quinone compounds with the

general formula [Co(TAM2)(L2)]Y (Y = PF6, BPh4, I)

was studied [49]. These complexes undergo the VT

transitions [LSCoIII(TAM2)(Cat)]+ ⇄ [HSCoII(TAM2)-

(SQ)]+, whose temperature varies depending on the

counterions. An increase in the pressure results in the

shift of the equilibrium toward the low-spin structure

of a smaller volume.

The study of the [Co(TAM2)(L2)]PF6 complex [49]

was continued later [50]. The solvates considered [50]

demonstrate the photoinduced VT.
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196 STARIKOVA et al.
The cobalt compounds [Сo(TAM3)(L1b)]PF6 and

[Сo(TAM3)(L2)]PF6 were synthesized [51] continuing the

studies of the complexes with the cyclame derivatives.
Both complexes exist in the form containing the high-spin

cobalt(II) ion and SQ, unlike the derivative with ТАМ2 con-
sidered above. The ground triplet state of these com-
pounds is formed due to the strong antiferromagnetic

exchange between HSСoII and SQ caused by the nonor-

thogonality of the magnetic orbitals.

The photoinduced transformations of the

[Сo(TAM3)(L1b)]PF6 cobalt complex were character-

ized in the experiments using time-resolved spectros-
copy [52]. It is shown that at least three different states

(HSCoIISQ, LSCoIIICat, and LSCoIISQ/ISCoIIICat,

where IS denotes the intermediate state) are involved

in the HSCoIISQ → LSCoIIICat transition.

The earlier obtained data on the cobalt o-benzo-
quinone and 9,10-phenanthrenequinone complexes

with the ТАМ2–4 derivatives undergoing the VT transi-
tions (where counterions are PF6, I, and BPh4; and

solvents are H2O, CH2Cl2, and C6H5CH3) were gener-

alized [53]. The dependences of the transition tem-
perature on the counterion nature and the presence of
the solvent molecules in the crystal were observed.

The LSCoIISQ electromer (along with the LSCoIIICat

and HSCoIISQ isomers) is an important participant of

the photocontrolled spin rearrangement. Antiferro-
magnetic exchange interactions were revealed between
the paramagnetic centers. It was found later by the
same group of authors that the replacement of
dichloromethane by its deuterated analog in the

[Co(TAM2)(L2)]+ compound was accompanied by a
sharp change in the properties of the solvates and
resulted in hysteresis [54]. A similar complex contain-
ing the tropolone anion was further synthesized and
structurally characterized [55].

Tris(2-pyridylmethyl)amine derivatives. Tris(2-pyr-

idylmethyl)amine (TAM5) formally has no macrocycle,
but its behavior as a component of the coordination
compounds with transition metals is close to that of
the discussed class of organic N-donor ligands, and
many cobalt and iron complexes demonstrating mag-
netically active properties with this were obtained
ligand.

Cobalt complexes. The photoinduced (and thermally
controlled) intramolecular electron transfer in the cobalt
dioxolene complexes based on bis(6-methyl-(2-pyridyl-

methyl))(2-pyridylmethyl)amine (TAM5-Me2) character-

ized by a long lifetime of the metastable electronic states

was described [56]. As shown later [57], the [Co(TAM5-
Me2)(L1b)]PF6 compound undergoes the VT with a crit-

ical temperature of 370 K.

The study of a series of the cobalt o-quinone com-
plexes based on the tris(2-pyridylmethyl)amine

ligands [Co(TAM5-Men)(L1b)]PF6 · Solv (n = 0–3)

shows that the steric hindrances created by the methyl
substituents control the redox properties of the metal

determining the charge distribution in the Со–L1b

fragment at room temperature [57]. The complexes in
the solid state with n = 0, 1 represent the diamagnetic

LSCoIIIСat derivatives, whereas the electronic struc-

ture [HSCoII(TAM5-Me3)(SQ)]+ was ascribed to the

system containing three methyl groups in the tetraa-

zamacrocycle. Compound [Co(TAM5-Me2)(L1b)]PF6 ·

С2H5OH experiences the entropy-controlled VT rear-

rangement at room temperature. The photoinduced
VT in the complexes with n = 0–2 was observed on
cooling. The obtained results demonstrate the effi-
ciency of molecular design for the control of the relax-
ation properties of the photoinduced metastable
states.

In continuation of the published works [56, 57], a
similar cobalt complex with tetrachlorinated o-benzo-

quinone L1c and TAM5-Me3 was synthesized and stud-
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MONONUCLEAR COBALT AND IRON o-QUINONE COMPLEXES 197
ied using X-ray structure analysis, magnetic measure-
ments, and electronic spectroscopy [58]. This system
in the crystalline state was shown to undergo the VT at

300 K (СoIIICat → CoIISQ), and the process in a solu-
tion is observed at 250 K. The thermodynamic param-
eters of the VT in the cationic cobalt dioxolene com-
plexes (1 : 1) were determined for the first time and
confirmed the entropy-controlled character of this
process.

The high sensitivity of the VT process to the crys-
talline lattice energy was demonstrated [56–58]. Vari-
ous solvates (ethanol, toluene) of the earlier synthe-

sized VT complex [Co(TAM5-Men)(L1b)]PF6 were

obtained to study this effect [59]. The influence of the
solvent from which recrystallization is conducted on
the thermally induced and photocontrolled VT was
found. The role of the cobalt ion in the entropy- and
photoinduced rearrangement of the VT exhibited by

[Co(TAM5-Me2)(L1b)](PF6) · C6H5CH3 was evaluated

using the X-ray absorption spectra [60]. The high sta-
bility and photostability make this compound to be a
good candidate for the application in molecular

devices. The influence of doping of [Co(TAM5-

Me2)(L1b)]+ by the isomorphic zinc complex

[Zn(TAM5-Me2)(L1b)](PF6) ∙ C6H5CH3 on the

entropy- and photoinduced VT transitions was studied
[61]. The dilution by the diamagnetic metal complex
was shown to exert almost no effect on the relaxation
rate of the optically induced metastable high-spin
state.

The data on the cobalt dioxolene complexes with
the tetraazamacrocyclic ligands demonstrating
valence tautomerism were generalized in the review
[29]. It is shown that the relative stability of the redox
isomers is determined by the temperature and irradia-
tion with the light of the corresponding wavelength
favors the transformation of the stable isomer into the
metastable state.

The effect of the electrostatic field on the critical
temperature of the VT rearrangement in the

[Co(TAM5-Me2)(L1b)]PF6 complex was studied [62].

The obtained results demonstrate a new method for
controlling the magnetism of the molecules and pro-
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vide prospects for using the compounds with valence
tautomerism for the development of molecular spin-
tronic devices. The photoinduced VT in the

[Co(TAM5-Men)(L1b)]+ complexes was studied by tran-

sient IR spectroscopy [63].

The [Co(TAM5-Me3)(L1d)]+ complex capable of

demonstrating the equilibrium [LSCoIIICat]+ ⇄
[HSCoIISQ]+ was revealed by the quantum chemical

simulation of a series of compounds [Co(TAM5-

Me3)(L1a–d)]+ [38]. The assumption made on the basis

of the calculations was confirmed by the subsequent
synthesis and experimental studies (electronic spec-
troscopy, studies of magnetic susceptibility in the solid

state and in a solution) of compounds [Co(TAM5-
Me3)(L1d)]PF6 and [Co(TAM5-Me3)(L1d)]BPh4. The

[Co(TAM5-Me3)(L1d)]+ complex in a solution was

found to undergo the thermally controlled VT with the
critical temperatures in a range of 291–359 K depend-

ing on the solvent. The [Co(TAM5-Me3)(L1d)]PF6 and

[Co(TAM5-Me3)(L1d)]BPh4 complexes in the solid

state exhibit unfinished VT transitions.

The cationic cobalt complexes (counterions 

and ) with 2,3-dihydroxynaphthalene (L3) were

synthesized on the basis of TAM5 [64, 65]. The studies
showed that the discussed systems contained the low-
spin trivalent cobalt ion and the catecholate form of
the redox ligand: the complexes are diamagnetic in a
range of 2–380 K [66].
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198 STARIKOVA et al.
Three cobalt 3,5-di-tert-butyl-o-quinone com-

plexes were synthesized [67] with pyrazolyl-substi-

tuted tris(2-pyridylmethyl)amines: TAM6 (PzPy2 is

(3,5-dimethyl-1H-pyrazolyl)-N,N-bis(2-pyridylme-

thyl)amine), TAM7 (Pz2Py is N,N-bis((3,5-dimethyl-

1H-pyrazolyl)methyl)-N-(2-pyridylme-thyl)amine),

and TAM8 (Pz3 is tris((3,5-dimethyl-1H-pyrazo-

lyl)methyl)amine). Compound [Co(TAM6)-(L1b)]PF6

is diamagnetic, whereas the complexes with TAM7 and

TAM8 are characterized by the ground high-spin state

[HSCoII(TAM7, 8)(SQ)]PF6.

The syntheses, crystal structures, and electro-

chemical behavior of nine new cobalt(III) complexes

with tetrabromocatechol L1d were reported [68]. Vari-

ous bidentate bases (ethylenediamine, propylenedi-

amine, 2-aminomethylpyridine, 8-aminoquinoline,

and others), as well as the structural analog of TAM5

tris(2-aminoethyl)amine (TAM9), were used as nitro-

gen-containing ligands. All compounds in the ground

state are diamagnetic, except for the derivative with

8-aminoquinoline capable of undergoing in a solution

the thermally induced VT accompanied by a sharp

change in the electronic spectra.

Iron complexes. The first works in the iron o-qui-

none derivatives with the TAM5 ligand appeared in the

early 1990s [69, 70]. Compounds [Fe(TAM5)-

(L1b)]BPh4 [69] and [Fe(TAM5-Me)(L1b)]СlO4 [70], as

the majority of the complexes of this metal containing

the redox ligands (L1, L4) and various tetraazamacro-

cycles (TAM5-R (R = H, Men, Br, ((4-MeO)2, 4-Cl)2,

(4-NO2), (4-NO2)2), TAM10–17) (Scheme 2), are con-

sidered as a functional model of the catechol dioxy-

genase enzyme [71–78].
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Scheme 2.

The synthesis of [Fe(TAM5)(L1a)]BPh4, which is a

close analog of the previously described compound
[69], was reported [79]. The SCO of trivalent iron ions
S = 1/2 ⇌ S = 5/2 was found when studying the mag-
netic susceptibility in the solid state. This complex was
studied in detail later [39]. The possibility of an equi-

valent mixture of the FeIISQ and FeIIICat configura-
tions to exist in the ground and excited states is dis-
cussed taking into account the obtained experimental
and theoretical data.

A series of compounds of the general formula

[Fe(TAM5)(L1-R)]X (R = 4,5-(NO2)2, 3,4,5,6-Cl4,

3-OMe, and 4-Me; X =    and )
was obtained in the same research group [80]. Their

magnetic behavior in the solid state shows the com-
mon features: the thermally controlled SCO occurs on
the trivalent iron ion. The electronic configurations of
the low-spin states are mainly determined by the
chemical pressure experience by the complex under

the lattice effect, which favors the mixing of LSFeIIICat

and LSFeIISQ and allows one to expect both SCO

and VT.

The photophysical properties of the previously syn-
thesized [39, 80] catecholate iron(III) complexes in
the solid state were studied [81]. The photoexcitation
processes initiating the LS → HS transition at low
temperatures was examined. Later the electronic
structures of these compounds were studied by the
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200 STARIKOVA et al.
EPR method [82]. The introduction of more electron-

withdrawing substituents into the quinone ligand was

found to enhance the g-tensor anisotropy due to an

increase in the contribution of the Fe-Cat form [83].

Two polymorphs of the complex with tetrachloro-

catechol [Fe(TAM5)(L1c)]PF6 were identified: mono-

clinic and orthorhombic [84]. Both polymorphs

undergo the spin transition between the HS and LS

states with a decrease in the temperature to 210 K.

The dynamics of spin state photoswitching in the

[Fe(TAM5)(L1c)]+ cation with the  and 

anions was studied later using femtosecond optical

spectroscopy in the pump-probe mode and picosec-

ond X-ray diffraction [85, 86]. In both cases, three

steps of the SCO are observed: at first excitation

occurs to the state with the ligand–metal charge trans-

fer and then relaxation to the metastable high-spin

state occurs within 300 ns. This process is accompa-

nied by an increase in the sizes of molecules resulting

in an impact wave through the crystal due to which the

crystal is extended within 10–10000 ns. Finally, the

optical energy converts to the thermal energy favoring

the conversion to the HS state within 50 μs. The

[Fe(TAM5)(L1c)]SbF6 complex exhibits the incomplete

thermal SCO S = 1/2 ⇌ S = 5/2 at 250 K [87]. The

transition temperature increases by nearly 50 K upon

the pressure application. The isolated iron tetrachlo-

rocatecholate complexes with the diazepane deriva-

tives were characterized by the spectral methods and

electrochemistry, and their ability to imitate catechol

dioxygenase was studied as for many complexes of

those considered above [88].

The mononuclear iron(III) catecholate complex

[Fe(TAM17)(L1а)]PF6 undergoing the incomplete SCO

was synthesized and structurally characterized [89].

The mononuclear Fe(II) and Co(II) complexes
with the redox-active ligand based on chloranilic acid
also demonstrate the magnetically active properties
[90]. It was shown that the spin state of the iron(II)
complex can be controlled by the variation of the tem-
perature (SCO at 251 K), pressure, and photoirradia-
tion (LIESST at 42 K), whereas the cobalt(II) com-
plex undergoes the redox-induced switching of the

spin state to form the LSCoIII complex with the

unchanged oxidation state of the redox-active ligand.

Metal o-quinone complexes functionalized by radical
fragments. Presently, this type of metal complexes
attracts special attention due to three spin carriers in
them: metal ion, semiquinone, and paramagnetic sub-
stituent. The cycle of the works [91–96] is devoted to
the synthesis and study of the complexes of the first
transition series with o-quinone ligands containing the
nitronylnitroxyl (NN) radical linked to the o-benzo-
quinone ring directly or through the bridging groups.
The most part of these compounds applied as auxiliary
ligands contains hydro(tris(3-cumenyl-5-methylpyra-
zolyl)borate) [92, 94–96].

It was found that the cobalt bis-o-NN-semiqui-

none complex [Co(L1b-Ph-NN)2(Bipy)], whose coor-

dination sphere is built up to an octahedron by bipyr-
idyl, can undergo VT [93].

The cobalt(III) compounds Co(L1b-NN)2(Py)2 and Co(L1b-Ph-NN)2(Py)2 were studied [94]. The authors

emphasize that strong ferromagnetic exchange interactions are observed in the SQ–NN pair of all studied sys-
tems [91–96].
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The iron(III) complex with NN-catechol contain-

ing the tert-butyl substituent in position 3 and tetraa-

zamacrocycle TAM5 was reported in 2015 [97]. Com-

pound [FeIII(TAM5)(L1b-NN)]BPh4, whose structure

was determined by X-ray diffraction analysis and

Mössbauer spectroscopy, exhibits weak the ferromag-

netic exchange interactions Fe(III)–NN and under-

goes SCO.

The cobalt complexes with quinones functiona-

lized by anthracene and tris(2-pyridylmethyl)amine

derivatives [CoTAM5-Men)(L1-Ac)]PF6 (n = 0–3) were

synthesized [98]. Compound [Co(TAM5)(L1-Ac)]PF6

in the solid state exists in the diamagnetic form

(LSCoIIICat), whereas the [Co(TAM5-Men)(L1-

Ac)]PF6 (n = 3) complex bearing three methyl groups

at the nitrogen atoms of the tetraazamacrocyclic

ligand contains the high-spin cobalt(II) ion and the

semiquinone form of the redox-active ligand

(HSCoIISQ). The systems with n = 1, 2 demonstrate the

VT, including the photoinduced VT (at 5 K). In con-

tinuation of this trend, similar complexes [Co(TAM5-
Men)(L1-Ac-BODIPY)]PF6 (n = 0, 3) containing

borodipyrromethane (BODIPY) in the redox-active

ligand were synthesized [99]. It was shown that

BODIPY exerted no effect on the spin state of the

complex.

Thus, the o-quinone metal complexes with the
tetraazamacrocyclic ligands are objects of many-sided
experimental studies. At the same time, methods of
quantum chemistry should be used because of diffi-
culties appeared in determining the electronic and
spin states of the isomers and revealing “structure–
properties” regularities.

THEORETICAL SIMULATION 
OF THE ELECTRONIC STRUCTURES 

AND MAGNETIC PROPERTIES 
OF THE COBALT AND IRON 

o-BENZOQUINONE COMPLEXES 
WITH TETRAAZAMACROCYCLIC LIGANDS

The quantum chemical simulation of the mononu-
clear cobalt and iron o-quinone complexes with tetra-
dentate macrocyclic nitrogen-containing bases was
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Fig. 1. Calculated spin density distribution in the

LSCoIISQ and HSCoIISQ electromers of the [Co(TAM1-t-
Bu2)(L1a)]+ complex. Here and in Figs. 3–7, hydrogen
atoms are omitted for clarity.

HSCoIISQ

LSCoIISQ
performed in order to study the magnetic behavior of

the earlier synthesized compounds [40, 45, 49, 53–59]

and to reveal the structural parameters responsible for

the possibility of occurring the mechanisms of spin

state switching in the systems considered. All calcula-

tions were performed using the Gaussian 09 program

[100] by the density functional theory (DFT) method

with the UTPSSh functional [101, 102] and extended

6-311++G(d,p) basis set, a combination of which cor-

rectly reproduces the energy and magnetic character-

istics of the cationic complexes exhibiting the mag-

netic bistability mechanisms [12, 45, 103–108].

According to the calculation results obtained in this

approximation for the experimentally studied systems,
RUSSIAN JOURNAL OF C
the SCO on the iron ion occurs at ΔEHS-LS <

11 kcal/mol [103, 104], the SCO on the cobalt ion
occurs at ΔEHS-LS < 5 kcal/mol, and the VT in the

complexes with the cobalt ion is observed at ΔEHS-LS <

10 kcal/mol [109, 110]. The stationary points were
localized on the potential energy surface (PES) by the
full optimization of the molecular structure geometry
with checking the DFT stability of the wave function
and calculating the force constants. Since neither the
Mulliken, nor NBO charges give a valid representation
about the oxidation state of the central ion in the com-
plexes with the redox-active ligands, it seems reason-
able to estimate this parameter by the number of
unpaired electrons on the metal atom and characteris-
tic bond lengths of the ligands. The exchange interac-

tion parameters (J, cm–1) were calculated in terms of
the broken symmetry (BS) formalism [111] using the
method of the generalized spin projection proposed by
Yamaguchi [112]. The detailed information about the
procedure of DFT studies of the transition metal com-
plexes with redox-active ligands was presented [113].

Cobalt complexes with the pyridinophane deriva-
tives. According to the calculations, the ground state

of the cationic [Co(TAM1-t-Bu2)(L1a)]+ complex based

on o-benzoquinone and the di-tert-butyl derivative of
pyridinophane is the electronic isomer (electromer

[114]) LSCoIISQ on the triplet PES [109].

The spin density is observed on the metal and on
the oxygen atoms and adjacent carbon atoms (Fig. 1),
indicating the low-spin state of the two-charge cobalt
ion and semiquinone form of the ligand. The geomet-

ric characteristics of the LSCoIISQ structure [109] are

well consistent with the X-ray structure analysis data
for the complex at 200 K [40, 44]. The ferromagnetic

coupling of unpaired electrons (J = 579 cm–1) was pre-

dicted in the LSCoIISQ isomer [109], which confirms

the assumption [40, 44] about strong exchange inter-
actions of the ferromagnetic type in this form of the
complex.

The high-spin isomer HSCoIISQ on the quintet

PES is destabilized over LSCoIISQ by 6.2 kcal/mol

[109], which makes it possible to expect the incom-

plete transition of [Co(TAM1-t-Bu2)(L1a)]+ to the high-

spin state. This conclusion is consistent with the

[Co(TAM1-R2)(L1a−c)]+

R = Me, Et, i-Pr, t-Bu
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results of the magnetochemical measurements of the
complex [40, 44]. The calculation of the BS state indi-

cates the antiferromagnetic exchange (J = –46 cm–1)
[109] between unpaired electrons of semiquinone and
the high-spin cobalt ion. The results are consistent
with the moderate antiferromagnetic interactions
obtained in the complexes of high-spin Co(II) with
the semiquinone ligands [51].

The destabilization of the LSCoIIICat structure over

LSCoIISQ, which is the ground state of the complex,

does not allow the thermally initiated intramolecular
redox process to occur.

The inclusion of the tetra(p-chlorophenyl)borate
counterion into the calculation scheme led to a
decrease in the difference in energies between the low-

spin isomers LSCoIIICat and LSCoIISQ. The latter, as in

the considered above cationic complex, is the ground
state and characterized by strong ferromagnetic inter-
actions of spins of unpaired electrons [110]. The opti-

mum difference in energies between the LSCoIISQ and

HSCoIISQ structures provides the possibility of switch-

ing of the magnetic properties of the [Co(TAM1-t-
Bu2)(L1a)]B(p-C6H4Cl)4 compound via spin cross-

over. The isomers containing the three-charge cobalt
ion and catecholate form of o-quinone is destabilized,
because short Со–N coordination bonds cannot be
formed due to steric hindrances created by the tert-
butyl groups of the nitrogen-containing macrocyclic
ligand.

The replacement of bulky substituents in the pyrid-
inophane ligands by methyl groups with accounting

for the counterion stabilizes the LSCoIIICat isomer on

the singlet PES [109]. Therefore, the [Co(TAM1-

Me2)(L1a)]BF4 complex is diamagnetic, which is com-

pletely consistent with experiment [40, 44].

The compounds bearing ethyl and isopropyl groups
were studied by the DFT method to elucidate the
influence of alkyl substituents on the magnetic prop-
erties of the complexes of the considered type [45].

The calculations of the [Co(TAM1-Et2)(L1b)]BPh4

complex indicate that the low-spin form LSCoIIICat is

energetically preferable. The HSCoIISQ electromer is

destabilized over the ground state by 10.9 kcal/mol
suggesting the incomplete VT transition. This conclu-
sion is confirmed by an increase in the effective mag-
netic moment in the discussed compound at the tem-
perature higher than 340 K [45]. As in the above con-

sidered complexes with TAM1-t-Bu2 and TAM1-Me2, the

high-spin electromer is characterized by the antiferro-
magnetic coupling of spins of unpaired electrons of the
metal ion and SQ.

A different result is predicted for the [Co(TAM1-i-
Pr2)(L1b)]BPh4 complex. The difference in energies

between the ground state LSCoIIICat and the high-spin
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
isomer HSCoIISQ (4.6 kcal/mol) favors the VT to

occur, which is observed experimentally [45].

A comparison of the energy characteristics of the
electromers of the cobalt complexes considered above
showed (Fig. 2) that an increase in the size of the alkyl
substituent in the tetraazamacrocycle (Me → Et →
i-Pr) favored bringing together the energies of the

HSCoIISQ and LSCoIIICat isomers and resulted in

favorable conditions for the VT rearrangements to

occur in the [Co(TAM1-i-Pr2)(L1b)]BPh4 complex. The

inversion of the relative energies is observed with the
further increase in the substituent bulkiness (com-

pound [Co(TAM1-t-Bu2)(L1f)]B(p-C6H4Cl)4): the

LSCoIISQ electromer is stabilized over LSCoIIICat by

4.7 kcal/mol thus providing conditions for the SCO
transition rather than VT. Thus, the variation of alkyl

substituents in TAM1 allows one to control the relative
stability of the electromeric forms of the complexes
and, as a consequence, the type of the mechanism of
spin state switching.

According to the calculation results, the electron-
withdrawing substituents in o-benzoquinone enhance

the stability of the LSCoIIICat state, favoring the facili-

tation of the intramolecular electron transfer: the
energy characteristics of the electromers of the com-

plex with tetrachloro-o-benzoquinone [Co(TAM1-

Me2)(L1c)]+ allow one to expect the VT rearrangement

[110]. As in the compounds considered above, the
exchange between spins of unpaired electrons of the
semiquinone radical and high-spin metal ion of the

HSCoIISQ isomer is antiferromagnetic (J = –62 cm–1)

[110].

The LSCoIISQ electromer containing the ligand in

the SQ form and low-spin divalent cobalt ion is the

most stable form of [Co(TAM1-t-Bu)(L1c)]+. Strong
ferromagnetic interactions were predicted between
unpaired electrons of the SQ form and cobalt ion. The

high-spin structure HSCoIISQ is destabilized over the

ground state by 5.8 kcal/mol, which allows one to
expect the thermally controlled SCO complicated by
the antiferromagnetic exchange in the high-spin iso-

mer (J = –22 cm–1) in this complex [110].

Thus, the character of exchange interactions in the
considered cobalt o-benzoquinone complexes with

the TAM1 derivatives is determined by the electronic
configuration of the metal atom and is independent of
substituents in the ligands: a strong ferromagnetic
exchange was predicted for the isomers with low-spin
Co(II), whereas a moderate antiferromagnetic
exchange was predicted for the structures with high-
spin Co(II).

Cobalt complexes with tris(2-pyridylmethyl)amines.
The difference in energies between the LSCoIIICat and

HSCoIISQ isomers of the cationic cobalt complex

[Co(TAM5)(L1a)]+ makes it possible to predict the
  Vol. 46  No. 3  2020
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Fig. 2. Plot of the relative energies of the electromers of the cobalt o-quinone complexes with N-dialkyl derivatives TAM1. 
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redox-isomeric rearrangement, which does not agree

with the experimental data [57] indicating that the dia-

magnetic state prevails in a wide temperature range.

The inclusion of the hexafluorophosphate anion into

the calculation scheme results in the destabilization of

the high-spin electromer HSCoIISQ and blocking the

VT in the [Co(TAM5)(L1a)]PF6 compound [110, 113].

The exchange between SQ and the cobalt ion is

strongly ferromagnetic in character regardless of the

spin state of the metal (LSCoIISQ and HSCoIISQ) and

the presence of a counterion.

The results of the calculation of the electromers of

the cobalt complex [Co(TAM5-Me2)(L1a)]PF6 with the

tris(2-pyridylmethyl)amine ligand containing two

methyl groups in position 6 of the pyridine rings well

reproduce the experimental data [57], indicating that

the VT rearrangement LSCoIIICat ⇄ HSCoIISQ occurs

at room temperature. The substituents in the nitrogen-

containing ligand exert no substantial effect on the
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strength of the ferromagnetic exchange interactions
[110].

The introduction of an additional methyl group

favors the stabilization of the paramagnetic HSCoIISQ

form of the [Co(TAM5-Me3)(L1a)]PF6 complex con-

taining the high-spin cobalt ion and semiquinone, the
exchange between which is also ferromagnetic (J =

197 cm–1).

Different exchange interactions in the high-spin
states of the complexes with the pyridinophane and
tris(2-pyridylmethyl)amine ligands are due to the ori-
entation of the magnetic orbitals. As can be seen from
Fig. 3, a significant overlapping favoring the appear-
ance of the antiferromagnetic exchange channel is

observed in compound [Co(TAM1-Me2)(L1a)]+, and

the orthogonality of the magnetic orbitals of the

[Co(TAM5)(L1a)]+ complex results in the ferromagnetic
coupling of spins of unpaired electrons of the metal
and SQ radical anion.

Thus, in the studied cobalt o-benzoquinone com-

plexes with the TAM1 and TAM5 derivatives, the possibil-
ity of spin state switching, the type of the process
mechanism, and the character of exchange interac-
tions are determined by the nature of the tetraazamac-
rocyclic ligand and substituents in o-quinone. The
insertion of alkyl groups creating steric hindrances in
the coordination site makes it possible to control the
redox states of the complexes. Taking into account the
counterions in the calculations and the presence of
electron-withdrawing substituents enhance the stabil-
ity of the low-spin isomers bearing the three-charge
metal ion and the catecholate form of the ligand. The
considered systems demonstrate the importance of
OORDINATION CHEMISTRY  Vol. 46  No. 3  2020
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Fig. 3. Magnetic orbitals of the HSCoIISQ electromers of

the [Co(TAM1-Me2)(L1a)]+ and [Co(TAM5)(L1a)]+ com-

plexes.

[Co(TAM1-Me2)(L1a)]+

[Co(TAM5)(L1a)]+
including outer-sphere counterions into the calcula-
tion scheme when studying the coordination com-
pounds of transition metals with the redox-active
ligands.

Iron complexes with the pyridinophane derivatives.
The previous experimental studies of the iron o-qui-
none complexes with the pyridinophane macrocycle
are devoted to establishing their catalytic activity and
the ability to imitate the behavior of the dioxygenase
enzyme [41, 42]. The magnetic properties of these
compounds were not studied. In order to reveal the
possibility of the magnetic bistability mechanisms to
take place, the calculations of the monocationic iron
o-quinone complexes with N,N'-dimethyl-2,11-

diaza[3.3]-(2,6)pyridinophane [Fe(TAM1-Me2)(L1a)]+

were performed [115].

An analysis of the calculated geometric character-
istics and spin density distribution indicate the simul-

taneous presence of two low-spin forms LSFeIIICat and

LSFeIISQ. The presence of four unpaired electrons on

the metal and a significant amount of the spin density
on the oxygen and carbon atoms of o-benzoquinone

makes it possible to ascribe the HSFeIISQ state to the

electromer on the sextet PES. This state contains the
two-charge iron ion in the high-spin state and
semiquinone radical between which strong ferromag-
netic exchange interactions were predicted (J =

185 cm–1). The calculated difference in energies

between the isomers of the [Fe(TAM1-Me2)(L1а)]+

complex is 10.6 kcal/mol, which allows the thermally
initiated spin transition in the complex to occur [115].

The calculation of the neutral [Fe(TAM1-

Me2)(L1а)]PF6 complex indicates that the low- and

high-spin electromers contain the catecholate form of
the redox ligand and three-charge iron ions. Taking
into account the counterion is not accompanied by a

change in the energy characteristics of the LSFeIIICat

and HSFeIIICat isomers (ΔE = 10.6 kcal/mol), which

suggests that the thermally controlled spin crossover

into which the ISFeIIICat electromer with the interme-

diate spin state of the metal (ΔE = 8.5 kcal/mol) can
be involved [115]. Thus, the results of the quantum-

chemical calculations of the [Fe(TAM1-Me2)(L1а)]PF6

complex indicate that the complex manifests the mag-
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netically active properties, and this can stimulate
experimental investigations of this compound.

The dicationic iron o-benzoquinone complexes
with N-dialkylpyridinophane derivatives were consid-
ered further [116].

According to the calculations [116], the ground

state of [Fe(TAM1-Me2)(L1а)]2+ is the low-spin

LSFeIIISQ isomer on the triplet PES including the tri-

valent metal ion and SQ form of the redox-active
ligand (Fig. 4). The calculated bond lengths in the
coordination site and benzoquinone ring correlate

N

N

N
N

R1

R1

Fe

O

O

R2

R1 = Me, t-Bu; R2 = H, Cl

[Fe(TAM1-R1)(L1)]2+
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Fig. 4. Calculated spin density distribution in the electromers of the dicationic complexes [Fe(TAM1-Me2)(L1a)]2+, [Fe(TAM2-
Me2)(L1c)]2+, and [Fe(TAM1-t-Bu2)(L1a)]2+.

[Fe(TAM1-Me2)(L1a)]2+

LSFeIIISQ

HSFeIIISQ

[Fe(TAM1-Me2)(L1c)]2+

LSFeIIISQ

HSFeIIISQ

[Fe(TAM1-t-Bu2)(L1a)]2+

LSFeIIISQ

HSFeIIISQ
well with the values found by X-ray structure analysis
[42]. Strong exchange interactions of the antiferro-
magnetic character were predicted for the discussed
electromer [116], which is also consistent with the
experimental data indicating diamagnetism of the

complex [42]. The HSFeIIISQ isomer containing the

high-spin trivalent iron ion and semiquinone
(between which a strong antiferromagnetic coupling
was predicted) was localized on the septet PES.
The relative energy of the electromers (ΔE =
14.4 kcal/mol) does not allow one to expect that the
thermally initiated spin transition would occur in the

[Fe(TAM1-Me2)(L1а)]2+ complex.

Similar results were obtained for the [Fe(TAM1-

Me2)(L1c)]2+ derivatives. The calculations showed that

the chlorine substituents in the radical ligand exerted
no substantial effect on the energy and magnetic char-
acteristics of the electromers of this complex [116].

The destabilization of the HSFeIIISQ isomer over the

low-spin structure of LSFeIIISQ by 14.1 kcal/mol indi-

cates that the high-spin state is thermally unattainable.
In the electromer on the doublet PES, strong antifer-
romagnetic exchange interactions would favor dia-
RUSSIAN JOURNAL OF C
magnetism of the complex in a wide temperature

range.

As can be shown earlier [40, 45, 109, 110], the

bulky substituents at the donor atoms of the tetraa-

zamacrocyclic ligands impede the formation of the

low-spin isomer, which shortens the difference in

energies between the electromers to the values favor-

ing the occurrence of the thermally controlled SCO.

The calculations of the [Fe(TAM1-t-Bu2)(L1а)]2+ com-

plex showed that the replacement of the methyl sub-

stituents at the nitrogen atoms of the pyridinophane

ligand by tert-butyl groups was accompanied by

changes in the geometric and energy characteristics of

the electromers [116]. The predicted narrowing of the

energy gap between the LSFeIIISQ and HSFeIIISQ elec-

tromers to 7.7 kcal/mol allows the spin transition on

the iron ion to occur. Thus, the quantum chemical

simulation of the dicationic iron o-semiquinone com-

plexes with the pyridinophane derivatives showed that

the electron-withdrawing groups in the radical ligand

exerted no significant effect on the magnetic proper-

ties of the considered coordination compounds,

whereas the variation of the substituents at the nitro-
OORDINATION CHEMISTRY  Vol. 46  No. 3  2020
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Fig. 5. Calculated spin density distribution in the low-spin electromers of the [Fe(TAM5)(L1e,a,c,f)]+ complexes.
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gen atoms of the tetradentate base is accompanied by a
change in the geometric and energy characteristics of
the isomers. This allows one to expect the thermally
initiated SCO in the dicationic iron o-benzoquinone
complex with N,N'-di-tert-butyl-2,11-diaza[3.3]-
(2,6)pyridinophane.

Iron complexes with tris(2-pyridylmethyl)amines.
According to the calculations of the cationic and elec-
troneutral iron complexes with tris(2-pyridyl-

methyl)amine [Fe(TAM5)(L1а)]+ and [Fe(TAM5)-

(L1а)]PF6, the ground state is presented by the struc-

tures on the doublet PES in which a mixture of the

configurations LSFeIIICat + LSFeIISQ including the

low-spin metal ions in various oxidation states is
expected [115], which agrees with the previous
assumptions [39]. The minima on the sextet PES cor-

respond to the HSFeIISQ electromers containing the

two-charge iron ion in the high-spin state and the
semiquinone radical between which strong ferromag-
netic exchange interactions were predicted. The
energy characteristics of the isomers of the

[Fe(TAM5)(L1а)]+ and [Fe(TAM5)(L1а)]PF6 complexes

allow one to expect the thermally initiated spin transi-
tion.

The consideration of the [Fe(TAM5)(L1c)]PF6 com-

plex with o-chloranil showed that the presence of the
chlorine substituents resulted in the stabilization of the
structures bearing the catecholate form of the redox-
active ligand and three-charge iron ion [115]. The cal-
culated difference in energies between the low- and
high-spin isomers agrees with the SCO that occurs in
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this compound [80]. Therefore, the presence of halo-
gens in o-benzoquinone does not affect the occur-

rence of spin transitions of the [Fe(TAM5)(L1c)]+ and

[Fe(TAM5)(L1c)]PF6 complexes.

The spin density distribution in the low-spin iso-

mers of the Fe(TAM5) complexes with o-benzoqui-
nones containing the electron-active substituents is
presented in Fig. 5. Two powerful electron-donating

OMe groups (complex [Fe(TAM5)(L1e)]+) stabilize the
divalent state of iron, which is indicated by the almost
complete absence of the spin density on the metal ion.
By contrast, four electron-withdrawing cyano groups

(compound [Fe(TAM5)(L1f)]+) transform iron into the
oxidation state +3. The spin density delocalization
predicted by the calculations for the experimentally

studied systems [Fe(TAM5)(L1a)]+ and [Fe(TAM5)-

(L1c)]+ is intermediate between the cases considered
above. On the one hand, this result is completely con-
sistent with the data of magnetochemical and Möss-
bauer studies indicating a high lability of electronic
states of this type of the complexes. On the other hand,
this result demonstrates the influence of the modifica-
tion of the o-benzoquinone ligand on the occurrence
of the VT or SCO.

Thus, the quantum chemical study of the iron
dioxolene complexes with the tris(2-pyridyl-
methyl)amine ligands showed the ability of these
compounds to demonstrate spin crossover. The sub-
stituents in o-benzoquinone were found to exert no
substantial effect on the difference in energies between
the low- and high-spin states of the complex, but the
substituents play the determining role in the stabiliza-
tion of the electronic configurations. The substituents
with the pronounced electron-withdrawing properties
in the benzoquinone ring favor the shift of the electron
density from the iron ion and an increase in the stabil-
ity of the structures containing the three-charge metal
ion and the dianionic form of the redox-active ligand.
At the same time, the electron-donating groups in o-
quinone stabilize the FeIISQ electromers.

Cobalt and iron o-quinone complexes functionalized
by radical fragments. The mutual influence of acene
  Vol. 46  No. 3  2020
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and o-benzoquinone groups was studied in the work
[99] devoted to the synthesis and investigation of the
mononuclear cobalt complexes with the anthracene
fragment. The polycyclic group in the discussed sys-
tems is diamagnetic due to a short lifetime of the
excited triplet state. An increase in the number of con-
jugated rings to five facilitates the transformation of
acenes into the paramagnetic form.

The computer simulation of the [M(TAM1-t-
Bu2)(L5)]+ and [M(TAM1-t-Bu2)(L6)]+ (M = Co, Fe)

compounds was performed to combine in one mole-
cule of the metal-containing center, which is poten-
tially capable of undergoing the thermally initiated
spin transition, and the polyacene linker group, whose
singlet–triplet transitions are controlled by photoirra-

diation. The coordination sphere of the metal in these
complexes is built up by N,N'-di-tert-butyl-2,11-
diaza[3.3]-(2,6)pyridinophane. The radical group in

the [M(TAM1-t-Bu2)(L5)]+ compounds is presented by

linear heptacene. As follows from the earlier obtained
calculation results [117], the energy gap between the
singlet (biradical) and triplet forms of heptacene does
not exceed 7 kcal/mol, which favors heptacene transi-
tion to the high-spin state under irradiation. A specific

feature of the [M(TAM1-t-Bu2)(L6)]+ compounds is the

presence in polycyclic hydrocarbon of the terminal
five-membered rings favoring, according to the exper-
imental and theoretical data [117–119], the stabiliza-
tion of the triplet state of this acene already for five
condensed cycles.

According to the obtained results regardless of the
type of terminal rings and metal ion, the acene linker
is stabilized as a singlet biradical characterized by the
strong antiferromagnetic coupling [120]. The spin

density in heptacene (compounds [M(TAM1-t-
Bu2)(L5)]+ (M = Co, Fe)) is concentrated in the cen-

tral part of the linker on the opposite carbon atoms of
the polyaromatic chain (Figs. 6, 7). A different spin

density distribution was found in the [Co(TAM1-t-
Bu2)(L6)]+ and [Fe(TAM1-t-Bu2)(L6)]+ complexes: the

paramagnetic centers of the polycyclic fragment of
these compounds are located on the carbon atoms of
the terminal five-membered cycles.

The ground state in the cobalt complexes is the

LSCoIISQ–[С]n–[С]n electromer containing the low-

spin two-charge metal ion and semiquinone, which
agrees with the earlier studies of the mononuclear

cobalt o-benzoquinone compounds with TAM1-t-Bu2

[40, 45, 110]. The high-spin isomers with the elec-

tronic configuration HSCoIISQ–[С]n–[С]n are local-

ized on the septet PES. The energy gap between the

low- and high-spin states of the [Co(TAM1-t-

Bu2)(L5)]+ and [Co(TAM1-t-Bu2)(L6)]+ complexes is

6.3 and 6.2 kcal/mol, respectively, indicating that the
thermally initiated SCO can occur [120]. The
exchange interactions between unpaired electrons of
semiquinones and metal ions are of the same character
as those in the previously considered mononuclear
compounds with pyridinophane ligands [40, 45, 110]:
the strong ferromagnetic coupling was predicted for

the low-spin LSCoII–SQ fragment, whereas the spins

of unpaired electrons in the HSCoII–SQ pair interact

antiferromagnetically.

The data obtained suggest that the length and

structure of the acene fragment in the [Co(TAM1-t-
Bu2)(L5)]+ and [Co(TAM1-t-Bu2)(L6)]+ complexes

exert no substantial effect on the possibility of mani-
festing the rearrangements accompanied by spin state
switching. At the same time, the biradical linker favors
the formation of additional exchange channels

LSCoII–[С]n, HSCoII–[С]n, and SQ–[C]n [120], whose

characteristics can be controlled by the variation of the
rotation angle of the quinone ring over the polycyclic
chain [121].
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Fig. 6. Calculated spin density distribution in the electromers of the [Co(TAM1-t-Bu2)(L5)]+ and [Co(TAM1-t-Bu2)(L6)]+ com-
plexes.

[Co(TAM1-t-Bu2)(L5)]+

LSCoIISQ–[C]n–[C]n

HSCoIISQ–[C]n–[C]n

[Co(TAM1-t-Bu2)(L6)]+

LSCoIISQ–[C]n–[C]n

HSCoIISQ–[C]n–[C]n
In the similarly built up iron complexes [Fe(TAM1-

t-Bu2)(L5)]+ and [Fe(TAM1-t-Bu2)(L6)]+, the elec-

tromers found on the quartet and octet PES contain

the trivalent metal ions and catecholate form of the

redox-active ligand (Fig. 7). As in the dicationic deriv-

ative [Fe(TAM1-t-Bu2)(L1a)]2+ considered above [116],

the tert-butyl groups at the nitrogen atoms of the tetra-

dentate macrocycle create optimum conditions for the

stabilization of both electromeric forms. The differ-

ences in energies between the LSFeIIICat–[С]n–[C]n

and HSFeIIICat–[С]n–[C]n states do not exceed
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
5 kcal/mol, which allows one to expect that the SCO

would occur in the [Fe(TAM1-t-Bu2)(L5)]+ and

[Fe(TAM1-t-Bu2)(L6)]+ complexes. The replacement of

the tert-butyl substituents by methyl groups results in
the stabilization of the low-spin state and blocking the
spin transition. The obtained result confirms the sub-
stantial influence of the alkyl groups at the nitrogen
atoms of the tetraazamacrocyclic ligand on the energy
characteristics of these systems.

According to the calculated exchange parameters,
antiferromagnetic interactions of a moderate strenght
are expected between the paramagnetic centers local-
  Vol. 46  No. 3  2020
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Fig. 7. Calculated spin density distribution in the electromers of the [Fe(TAM1-t-Bu2)(L5)]+ and [Fe(TAM1-t-Bu2)(L6)]+ com-
plexes.

[Fe(TAM1-t-Bu2)(L5)]+

LSFeIIICat–[C]n–[C]n

HSFeIIICat–[C]n–[C]n

[Fe(TAM1-t-Bu2)(L6)]+

LSFeIIICat–[C]n–[C]n

HSFeIIICat–[C]n–[C]n
ized on the iron ions (both in the low- and high-spin
states) and polyaromatic hydrocarbon.

Thus, the quantum chemical calculations showed
that the complex formation of cobalt and iron ions
with o-benzoquinone ligands containing acene groups
can lead to the system manifesting the thermally
switchable spin states of the metal-centered fragments
and photocontrolled singlet–triplet transitions of the
polycyclic radical. The magnetic bistability mecha-
nism of these complexes is determined by the nature of
the tetraazamacrocyclic ligand, whereas the presence
of additional exchange channels depends on the struc-
ture of the acene chain.
RUSSIAN JOURNAL OF C
To conclude, the reviewed results of the experi-

mental and theoretical studies of the metal o-quinone

complexes with the tetraazamacrocyclic ligands indi-

cate wide prospects of the practical application of this

class of magnetically active compounds in molecular

electronics and spintronics. The magnetic behavior of

the experimentally studied systems was explained by

the quantum chemical calculations performed by us,

since it is difficult to unambiguously interpret the data

of their magnetochemical studies because of a combi-

nation of spin transitions and exchange interactions.

The dependences of the spin transitions, type of the

mechanisms of these rearrangements, and character of
OORDINATION CHEMISTRY  Vol. 46  No. 3  2020
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exchange interactions on the nature of the tetradentate
nitrogen-containing bases and substituents in the
redox-active fragment were found in the studied series
of the cobalt and iron o-quinone complexes with the
tetraazamacrocyclic ligands. The functionalization of

the structural motif [M(TAMn)(Ln)]+/2+, for example,
by the introduction of radical groups into the o-qui-
none fragment or the construction of binuclear struc-
tures provides broad prospects for the preparation of
new magnetically active systems. The systematic com-
puter simulation of the electronic structures and mag-
netic properties of the compounds of the type consid-
ered allowed new complexes potentially capable of
exhibiting magnetic bistability mechanisms to be pro-
posed. The use of the known compounds as building
blocks in the design of new molecules makes it possi-
ble to expect the successful synthesis of the predicted
systems.
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