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Introduction
During the last decades, considerable interest has grown in the 
synthesis and characterization of new functional materials on 
the  basis of bistable molecular organic, organometallic and 
metal coordination compounds. This is due to the fact that the 
molecules and molecular systems existing in two stable (or 
metastable) electronic states under the control of an external 
stimulus can serve as the switching elements and key sub-struc
tures of dynamic nanoscale materials for future technologies. 
For an efficient molecular switch, a rearrangement between its 
distinct states should be accompanied by a measurable and well-
detected change of the properties. Among the bistable com
pounds,1 metal coordination complexes are distinguished with 
the ability of responding to an external stimulus (temperature, 
light or pressure) by changes in their magnetic properties caused 
by spin-state transitions. This property of metal complexes and 

the possibility of its proper modulation via a judicious choice of 
metal ions and ligands make these compounds especially pro
mising for applications in molecular electronics and spintronics, 
data storage and display devices.2 Another very exciting prospect 
in metal coordination chemistry is to manipulate electronic 
spins within magnetic complexes for performing quantum logic 
operations.

The most important mechanism that governs the magnetic 
bistability of transition metal complexes triggered by tempera
ture, light irradiation, pressure or electric field relates to a spin 
crossover (SCO) phenomenon and implies an electron spin flip 
between a low-spin ground state and a high-spin excited state in 
d4–d7 complexes of the first transition series.3–5 A number of 
ramifications of the intrinsic SCO mechanisms that include light-
induced excited state spin trapping (LIESST),6 ligand driven 
light-induced spin change (LD LISC)7 and ligand driven coor
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dination-induced spin state switching (LD CISSS)8 effects are 
known. Currently, more than a thousand metal complexes, par
ticularly prevalent in iron chemistry, have been reported to display 
a magnetic behaviour regulated by external stimuli. Spin crossover 
is essentially a vibronic and typically solid-state phenomenon 
brought about by cooperative intermolecular interaction between 
a large number of spins. Electron transfer within a molecule as 
a purely intramolecular process is in the root of another general 
mechanism of the bistability of transition metal coordination 
compounds – valence tautomerism.9–12 Valence tautomeric (VT) 
rearrangements occur between the isomers of complexes formed 
by redox-active [so-called non-innocent (ni)] ligands, and they are 
driven by electron transfer between a metal ion and the ligand. 
This process leads to cumulative changes in the spin state and the 
valence state (oxidation number) of the transition metal ions 
linked to the ligand, whereas in the course of SCO transforma
tions, the transition metal ions attain different spin states while 
keeping the same oxidation number. To display the VT behaviour, 
the energy levels of the frontier molecular orbitals of the ligand 
and metal valence electronic levels must be particularly close in 
energy (Figure 1). Such an arrangement is specifically favorable 
for cobalt complexes with o-quinone ligands, for which the equi
librium between two redox isomeric forms had been observed 
for the first time in solution and in  the solid state by Pierpont 
and  Buchanan13 and then studied in detail by Abakumov and 
Cherkasov with co-authors.14 For this complex, low-spin (LS) 
tautomer 1a favored at low temperature displays a thermally 
induced VT transition to the high-spin (HS) form with T1/2 values 
(temperature at which equal amounts of the two tautomers exist) 
of 275 K in solution and 325 K in the solid state. The effective 
magnetic moment of the complex, meff = 1.73mB (5 K) charac
teristic of the LS form increases up to 4.60mB when heating a 
solid sample to 400 K. The rearrangement in both directions can 
also be driven by illumination with visible light.15 

Apart from o-quinones and their imines, which remain the 
most frequently employed redox ligands, other organic, organo
metallic and even inorganic compounds are known to form 
redox-isomeric pairs of complexes with the appropriate metal 
ions, thus creating ambiguity as to the oxidation state descrip
tions. Some of the most actively employed redox-active organic 
ligands, for which the term ‘noninnocent’ as explained by way 
of contradiction has been coined by Jørgensen,16 are compounds 
2–6. In many biologically important systems, such as hemoglobin 
and nitric oxide synthase, the noninnocent ligands serve as the 
redox-active cofactors cooperating with metal centres in electron 
transfer and substrate activation processes.17–19

Note that the use of the term ‘valence tautomerism’ when 
applied to transition metal compounds is ambigous. According 
to the IUPAC Gold Book20 the term ‘valence tautomerism’ is 
reserved for organic chemistry and determined as ‘rapid and 
reversible isomerizations involving the formation and rupture 
of single and/or double bonds’. No making and breaking bonds 
take place in the fast and reversible rearrangements of VT 
transition metal complexes caused by intramolecular electron 
transfer (IET) between a metal centre and a ligand. The inter
converting species are, therefore, not classical constitutional, 
but electronic isomers for which case the terms electromers and 
electromerism have been recently proposed and already widely 
accepted.

As associated with large variations in the optical and mag
netic properties of bistable metal complexes, the VT phenomenon 
has attracted considerable interest as a potential basis for mole
cular electronic and spintronic21 devices, because of which the 
synthesis and VT behaviour of complexes with transition metals 
(V, Mn, Fe, Co, Ni, Cu, Ru and Yb) and redox-active ligands 
were extensively studied and amply reviewed.9–12,22 The general 
and most usable way of the construction of VT complexes consists 
in the coordination of a transition metal ion to two bidentate 
redox-active ligands. It is realized in the 1:2 structures of cobalt 
complexes 1, in which the bipyridine molecules serve as ancillary 
ligands completing the coordination sites of the central atoms 
to an octahedral environment. Another less common approach to 
the VT systems implies the preparation of 1:1 complexes as 
stable adducts of a paramagnetic tetracoordinate transition metal 
complex with a sterically suitable electrically neutral bidentate 
redox-active ligand. Whereas the VT behaviour of 1:2 complexes 
with bidentate ligands is due to electronic transfers between the 
catecholate (Cat) and semiquinonate (SQ) forms of the ligands, 
in the mixed-ligand adducts, the electron transfer occurs between 
the semiquinonate and the electrically neutral quinonate (Q) 
isomeric forms. The two versions of the structural design of VT 
complexes are shown in Figure 2. This review systematizes the 
results of our computational studies of the structures, rearrange
ments and possible applications of 1:1 mixed-ligand cobalt com
plexes with various redox-active ligands aimed at finding novel 
VT systems and elucidation of the electronic and structural factors 
responsible for their VT behaviour.
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As distinct from a broad variety of 1:2 VT complexes, the 
assortment of 1:1 complexes is mostly confined to the ionic 
[Co(N4L)(diox)]+ compounds, in which diox is an o-quinone 
derivative and N4L is a tetradentate ancillary ligand.23 A pos
sibility of the practically unlimited expansion of the array of 
potentially VT 1:1 complexes consists in the preparation of the 
adducts of redox-active ligands and tetracoordinate bis-chelate 
complexes of d4–d7 metals. The first examples of such struc
tures, whose important advantage is their electric neutrality, were 
given by the adducts of Coii and Feii salicylalethylenediaminates 
with o-benzoquinone, 1,2-naphthoquinone and 9,10-phenanthro
quinone.24 The formation of these and later studied associates of 
the square-planar Coii complexes with o-quinones25 is accom
panied by intramolecular electron transfer from the metal ion to 
the redox-active ligand yielding LSCoiii-SQ structures. The IET 
reactions determine the formation of adducts of Ruii diketonates 
with o-quinones, their imines and thioimines26–28 and with 
1,4-diazabuta-1,3-diene.29 The structures of the prepared mixed-
ligand complexes were thoroughly studied in a solid state and 
solution by X-ray diffraction, ESR and magnetic measurements. 
In no case the coexistence of another electromeric form con
jugated with the ground state low-spin form was observed and 
valence tautomerism was reported for none of the synthesized 
adducts. 

Mixed-ligand adducts of tetracoordinate transition  
metal complexes with redox-active ligands. Design 
of valence tautomeric 1:1 systems
The inability of the above adducts to exhibit VT properties is 
explained by the excessive stabilization of their low-spin SQ 
electromeric forms with respect to their partnership high-spin 
forms. Therefore, we have formulated the task of a search for the 
mixed-ligand transition metal complexes with the energy close 
low-spin and high-spin electromeric forms divided by thermally 
surmountable energy barriers. To evaluate these parameters 
determining the possible VT behaviour of complexes, systematic 
density functional theory (DFT) calculations of the critical parts 
of the potential energy surfaces (PESs) of the ground and lowest 
excited electronic states were performed for a series of adducts 
7–12 formed by cobalt diketonates, bis(aminovinylketonates) and 
bis(salicylaldiminates) with the following redox-active ligands: 
o-benzoquinones and their imines, a-diimines and phenox
azinone.30–34 Based on the predictions made on the properties 
of these compounds and their other metal analogues, systematic 
studies have been commenced on the preparation and investiga
tion into their possible and dynamic behaviour.35–37 

The interaction of Coii bis(salicylaldiminates) with redox-
active 2,4,6,8-tetra(tert-butyl)phenoxazin-1-one gives rise to well 
crystallized adducts 7 which are stable in air; low-spin radical-
anions 7a were characterized using X-ray crystallography and 
magnetic measurements.36,37 In the solid state, the effective mag

netic moment of 7a is 1.93mB, and it remains almost unchanged 
in the temperature range of 77–298 K. In a toluene-d6 solution, 
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raising the temperature from 263 to 333 K leads to reversible 
changes in the magnetic moment from 1.89mB to 2.67mB, which 
is indicative of the formation of ~20% high-spin electromeric form 
7b at the elevated temperature. This tendency is also reflected by 
the temperature-variable ESR spectrum of the complex (Figure 3), 
which exhibits a gradual decrease in the concentration of radical 
anion 7a with temperature.37 The qualitative interpretation of the 
dynamic processes is complicated by the occurrence of an inter
fering reaction of adduct dissociation to the starting components 
at higher temperatures, detected by the appearance of the charac
teristic bands of phenoxazinone in the electronic absorption 
spectrum (Figure 4).37 To eliminate this undesired reaction, it is 
necessary to substantially increase the stabilization energy of the 
adduct. Since the VT rearrangements belong to spin-forbidden 
reactions, their kinetics is evaluated on the basis of the energy 
and position of minimum energy crossing points (MECPs), 
which are the lowest energy points on the seam of two intersecting 
PESs of differing multiplicity. MECP values should be considered 
as the nonadiabatic equivalents of energy barriers, for which 
these are the upper limit values.38 The DFT calculations performed 
for the 7a  7b rearrangement resulted in the structure of MECP 
lying by 12.4 kcal mol–1 higher than the ground state low-spin 
structure of 7a. This value nearly matches the range of the 
experimentally determined values for the VT rearrangement of 
cobalt complexes,23,39–41 but in the case of 7a   7b rearrange
ment the corresponding thermal energy barrier cannot be attained 
because the stabilization energy of an electromeric form of adduct 

7 is much lower than the value needed for its overcoming. This 
situation is illustrated in Figure 5.37 

The results of the experimental and computational study of 
the 7a  7b rearrangement clarify a necessary condition for the 
mixed-ligand complexes with the expected VT behaviour: they 
should be stable with respect to dissociation into the components. 
This and other requirements, which define the extreme values of 
the thermally attainable energy barrier and energy gap between 
the interconverting electromers and should be met by the adducts 
of tetracoordinate transition metal complexes with redox-active 
ligands possessing the properties of molecular switches with 
changeable magnetic properties in various media environments, 
are given by the relationships

Estab > MECP;

MECP £ 10–12 kcal mol–1;	 (1)

DEHS-LS –~ kBT.

With the goal of the molecular modeling of mixed-ligand 
complexes meeting conditions (1) and having, thus, a potential 
to exhibit VT behaviour, we studied the adducts formed by cobalt 
diketonates with typical noninnocent ligands, o-benzoquinone 
and its mono- and diimines 932 (Tables 1–3).

Table 1 shows that the stabilization energies of the adducts 
of Coii bis(malonate) (R = H) and bis(acetylacetonate) (R = Me) 
are too small, whereas the energy gaps between the low- and 
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high-spin forms are too large. The excessive stabilization of the 
low-spin electromeric forms and the low stability of high-spin 
forms with respect to the thermally induced splitting of the redox-
active ligand eliminated these adducts as candidates for the VT 
compounds. At the same time, the energy gap between the 
ground state low-spin and high-spin forms may be substantially 
narrowed by the introduction of electron-accepting trifluoro
methyl groups capable of withdrawing a part of the electron 
density from the radical-anion semiquinonate form of the coor
dinated redox-ligand into the diketonate moieties. The relative 
energy (10.8 kcal mol–1) calculated for the MECP structure of 
the adduct of bis(hexafluoroacetylacetonate) Coii/Coiii with 
o-benzoquinone is very close to the activation energies reported 
for VT cobalt complexes23,39–41 and matches conditions (1). The 
further optimization of the energy parameters of adducts 9 in 
the  direction dictated by relationships (1) is achieved via the 
replacement of ligating oxygen centers in the redox-active ligand 
by more electron donor nitrogen centres. Table 2 illustrates a 
drastic increase in the stabilization energy of the adducts and 
a sharp decrease in the energy gap between the low- and high-spin 
forms due to the relative stabilization of the latter in the mixed-
ligand complexes formed by bis(hexafluoroacetylacetonate) Coii 
with o-benzoquinone mono- and diimines. The values of Estab 
calculated for these adducts are much greater than energy barriers 
(MECP) against their thermal rearrangements. Therefore, mixed-
ligand adducts 9 (R = CF3, X and/or Y = O, NH) may possess the 
properties inherent in thermally driven valence tautomeric systems 
including (i) stability against thermal dissociation, (ii) energy 
preference of the low-spin electromer and (iii) thermally attainable 
energy barrier to intramolecular electron transfer between the 
electromeric forms, which determines the mechanism of valence 
tautomeric rearrangements. The energy profile and geometries 
of the structures involved into the VT rearrangement of one of 
these systems are pictured in Figure 6.32

Table 3 indicates that even subtle structural modifications in 
the ancillary ligands may perceptibly affect the energy parameters 
of VT rearrangements in mixed-ligand adducts 9. From a com
parison with the data of Table 2, it follows that the bulky alkyl 
groups in the quinone fragments of the adducts may lower the 
energy level of the high-spin forms with respect to the low-spin 
ones by ~3 kcal mol–1, which is sufficient for the inversion of 
their relative stability.

Other examples of the extreme sensitivity of the relative 
stability and magnetic properties of the electromeric forms of 
potentially VT systems have been found within the family of 
adducts 8 (Figure 7). The substituents in the aryl rings of the 
ancillary ligand, although far distant from the coordination site, 

notably affect the energy gap between the electromers of the 
complexes. 

By the introduction of electron-donor substituents R1 and R2 
into the aryl rings, it becomes possible to notably vary the energy 
gap between the low- and high-spin states of the complexes. 
Much sharper is the effect of stripping two arene rings annulated 
to aminovinylketonate fragments in 8 when passing from adducts 
8 to 10. The DFT calculations performed for compounds 1033 
have shown that, regardless of the ligating centres (O, NH) and 
substituents R, the ground state of the complexes is represented 
by their low-spin radical-anion forms separated from the corre
sponding high-spin forms by the energy gaps significantly greater 
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the bulky substituents R' = 3,5-But
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than the critical value of DEHS-LS (Figure 8).33 It may be concluded 
that 1:1 mixed-ligand complexes 10 have no prospect as the VT 
systems. This conclusion is consistent with the results of an 
experimental study25 of the structurally similar adducts of cyclic 
Coii bis(aminovinylketonates) and o-quinones that occur only as 
low-spin electromeric forms.

A redox-active ligand serves as the principal component of 
the mixed-ligand adducts and is the main structural factor that 
determines the capability of an adduct to display the VT behaviour. 
By a judicious choice of redox-active and ancillary ligands, one 
can deliberately tune up the electronic configuration of the 
mixed-ligand complex to either low- or high-spin state structure. 
An illustrative example can be found within the series of adducts 
11. Whereas the complexes formed by cobalt diketonates with 
quinones 9 generally strongly prefer the low-spin structures with 
SQ ligands, phenoxazinone having a more negative reduction 
potential and Coii bis(hexafluoroacetylacetonates) 11 (R = CF3) 
form the high-spin adducts. The X-ray determined and DFT cal
culated structures of such an adduct are shown in Figure 9. In 11 
(R = Me), the replacement of electron-withdrawing trifluoromethyl 
groups in the diketonate moiety by electron-releasing methyl groups 
inverts the energy levels of the low-spin and high-spin electro
mers: the calculated energy gap is DELS-HS = –6.0 kcal mol–1.

As found by the DFT/B3LYP*/6-311++G(d,p) calculations, 
a combination appropriate for the formation of the mixed-ligand 
cobalt complexes with VT properties can be constructed based 
on Coii diketonates and the redox-active diimines of glyoxal31 
and diiminosuccinonitriles.34 The low- and high-spin electromers 
of stable adduct 12 (R = R' = R'' = H) are nearly energy equivalent 
(DEHS-LS = –0.3 kcal mol–1) and the value of MECP is as low as 
6.0 kcal mol–1. Conditions (1) are totally satisfied; thus, it would 
be expected that this complex is prone to thermally driven VT 
rearrangements. Figure 10 shows the computed energy profile 
of  this rearrangement.31 The necessary energy balance is very 
squeamish, and it can be easily affected by the effects of sub
stitution. The results of the calculations for adducts 12 containing 
electron-withdrawing substituents in both redox-active ligand and 
diketonate showed that the low-spin structure of 12 (R = CF3, 
R' = H and R'' = CN) is by 2 kcal mol–1 energy favorable compared 
with the high-spin electromeric form, but the replacement of NH 
hydrogens in the diimine by methyl groups (R = CF3, R' = Me 
and R'' = CN) leads to a 5.7 kcal mol–1 energy preference of the 
corresponding high-spin form. The steric hindrances induced by 
the alkyl groups destabilize the low-spin state forms and obstruct 
VT processes in the adducts.

The central element of the mixed-ligand adducts is, certainly, 
the metal ion and, not surprisingly, the properties of these com
plexes most drastically depend on the metal. In this regard, 
especially promising switching properties might be expected in 
the Feii analogues of the above cobalt adducts. The reason for 
this is that Feii-based compounds have six d-electrons and one of 
the electromeric forms in the possible equilibrium has a closed 
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electronic shell and is diamagnetic. It is well known that SCO 
transitions in Feii complexes are especially pronounced, abrupt 
and beneficial for robust and prompt switching.42,43 Therefore, 
Feii VT systems 13 may serve as molecular switches with a very 
sharp contrast of the magnetic parameters (Figure 11). However, 
the currently available information on the thermally induced VT 
rearrangements of Feii complexes is limited by a few cases of 
specific molecular systems comprised of ferrocene moieties and 
the perchlorotriphenylmethyl radical.44 The calculations carried 
out for the iron analogues of cobalt complexes 9 demonstrated 
that the low-spin Feii form of the adducts is strongly destabilized 
with respect to the Feiii-SQ form (Figure 12). The calculated 
energy gaps with low-spin forms 13a leave no chance to observe 
the VT behaviour of iron(ii) complexes 13.

In contrast with the iron analogues, mixed-ligand ruthenium 
complexes formed as the adducts of o-quinones with ruthe
nium  bis(acetylacetonates) were synthesized and studied in 
detail.26–28,45–48 Adducts 14 and 15 (Figure 13) occur in the SQ 
electromeric trivalent ruthenium form with an electron transferred 
from the metal centre to the noninnocent ligand. Note that the 
essential values for this assignment were not magnetic, but the 
geometry parameters of the complexes including the charac

teristic bond alternancy within the nonaromatic six-membered 
rings and C–O bond lengths in the quinone moieties (~1.28 Å). 
In general, the combination of Ruiii with semiquinone-type radical 
ligands results in almost maximal spin-pairing and antiferro
magnetic coupling, that is, to a singlet as the ground state.27,46 
At the same time, the diminished propensity of NH-containing 
systems for reduction results in the preference for the LSRuii-Q0 
configuration of complexes 15 relative to LSRuiii-SQ. 

We concluded that the preparation of the deliberately selected 
mixed-ligand 1:1 complexes of tetracoordinate transition metal 
with proper bidentate redox-active ligands may be regarded as a 
promising way to a new broad series of compounds with VT 
behaviour. To prepare such mixed-ligand complexes, one must 
carefully choose all the components to adjust (as in the jigsaw 
puzzle in Figure 14) the properties of the system to the narrow 
range of the energy parameters given by equations (1).

Dinuclear valence tautomeric adducts of Coii diketonates 
with redox-active diquinones for the design of spin qubits
A challenging extension of the structural design of the mixed-
ligand adducts with switchable magnetic properties is associated 
with an idea to employ the mechanism of intramolecular electron 
transfer between metal and ligand centres in the VT complexes 
formed as the electrically neutral 2:1 adducts of Coii diketonates 
and redox-active tetradentate di-o-quinones for quantum informa
tion processing. The search for metal coordination compounds 
and their clusters containing weakly coupled (entangled) open-
shell metal centres has currently drawn significant attention due 
to the attractive properties of electronic spins as quantum bits 
(qubits), primarily such as the true scalability guaranteed by the 
identity of molecular structures and possibilities of fine tuning 
spin coupling through the implication of suitable ligands.5,49 With 
regard to metal coordination compounds, the basic conditions 
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that a spin-based quantum gate system should fulfil known as 
the Di Vincenzo criteria50 contain the following requirements: 
(i) the clear definition of spin states of a molecule; (ii) the rapid 
initialization of qubits by irradiation or cooling in an external 
magnetic field to convert a molecule into its ground state; (iii) a 
much longer decoherence time than the time needed for switching 
magnetic properties, whereas the coherence time should be longer 
than the time of switching logic gates; and (iv) the readability of 
spin states of each magnetic fragment of the molecule. These 
conditions can be met by molecular magnets formed by linking 
two units of transition metal cluster complexes or heterometallic 
rings together by proper organic or organometallic bridges.51–58 
Such molecular assemblies contain a pair of well-defined para
magnetic metal units which can serve as prospective 2-qubit 
quantum gates on condition of generating weak coupling (a pre
requisite for quantum entanglement) between their states.

We have suggested to consider another approach to the con
struction of spin qubits on the basis of multinuclear transition 
metal complexes, whose spin states and coupling between their 
paramagnetic centers can be varied in a wide range due to the 
externally controlled intramolecular electron transfer rearrange
ments of their electromeric forms. For this purpose, we computa
tionally studied a series of dinuclear 2:1 adducts of diketonates 
with the derivatives of tetradentate di-o-quinones 17 as viable 
candidates for physical systems suitable for quantum computing.59 
It is desired to find the electrically neutral mixed-ligand com
plexes with the diminished exchange coupling to conduce to 
increase in the time of spin state coherence.

The most stable isomeric form of the 2:1 adducts is represented 
by the structures corresponding to minima on a triplet potential 
energy surface. Such a structure of the adduct of Coii bis(malonate) 
with diphenyl-3,3',4,4'-diquinone 17 (X = none, R1 = R2 = H) is 
shown in Figure 15. The absence of spin densities at the metal 
atoms clearly points to the LSCoiii-(SQ-SQ)-LSCoiii electromeric 
form of the adduct. The exchange coupling between the two 
unpaired electrons localized at the distant parts of the tetradentate 
ligand, J = –1050 cm–1, is indicative of a strong antiferromagnetic 
interaction that should lead to the diamagnetic character of this 
complex. On the quintet PES, the calculations reveal a minimum 
corresponding to the LSCoiii-(SQ-Q)-HSCoii structure with dif
fering geometries of its one-half fractions of the diquinone ligand 

(Figure 15).59 Spin density is distributed over only one of the metal 
centres and the adjoined part of the ligand. The exchange coupling 
between the paramagnetic centres is of a ferromagnetic character 
(J = 230 cm–1). The energy difference (9.3 kcal mol–1) between 
the two electronic isomers falls into the range of values typical of 
dynamic VT complexes.23,39–41 The highest-spin HSCoii-(Q-Q)-HSCoii 
electromer represents the most energy disfavored form of 17 
(X = none, R1 = R2 = H), which is destabilized, as compared to 
the ground state, by 24.2 kcal mol–1. This energy gap is too large 
for the systems susceptible to the VT transformations. As shown 
above, it can be diminished by the introduction of electron-
withdrawing trifluoromethyl groups into the ancillary diketonate 
ligands. Another problem is the strong antiferromagnetic exchange 
coupling of unpaired electrons in the ground state isomers and 
ferromagnetic coupling in the nearest excited states predicted for 
adducts 17 (X = none or CH=CH, R1 = R2 = H) that should lead 
to a very short time of coherence of the system. The reason is 
favorable conditions for the intermolecular communication of 
spin via p-conjugated molecular bridges in these compounds.

The ways proposed to control the strength of the interaction 
between paramagnetic centres incorporated into a conjugated 
chain in order to achieve weak magnetic communication between 
the spins56–58,60–63 are mainly based on the attenuation of the 
extent of conjugation between aromatic rings bridging the para
magnetic centres. We found that linkers such as X = CH2–CH2 
and piperazindiyl, which move the spin centres apart, provide 
for  the necessary minimization of p-overlap between the two 
aromatic units of the diquinone ligands of complexes 17. The 
rupture of a p-conjugated chain by the insertion of a dimethylene 
bridge into the diquinone ligand results in the sharp weakening of 
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exchange coupling between the paramagnetic centres of adduct 17 
(X = CH2–CH2). The weak antiferromagnetic coupling of unpaired 
electrons (J = –30 cm–1) predicted for the ground state triplet 

LSCoiii-(SQ-SQ)-LSCoiii structure (Figure 16)59 should provide 
for the paramagnetic behaviour in a wide temperature range. 
Even weaker is the ferromagnetic character (J = 3 cm–1) between 
the spin centres in the quintet electromeric LSCoiii-(SQ-Q)-HSCoii 
structure. The low energy differences between the electromers 
of 17 (X = CH2–CH2, R1 = R2 = H, R = CF3) (Figure 16) and 
the relative energy of the MECPs (Figure 17) corresponding to 
the theoretically estimated energy barriers of rearrangements 
between the triplet and quintet, and quintet and septet (10.5 and 
17.3 kcal mol–1, respectively) electromers make it possible to 
detect interconversion processes of these forms. The energy 
diagram portraying the reaction path of the VT rearrangements 
of these electromeric forms is shown in Figure 17. 

Thus, the DFT calculations performed for the dinuclear adducts 
of Coii diketonates with redox-active diquinones revealed that, 
under the proper structural tuning of the ligands, these para
magnetic complexes possess the properties required in a 2-qubit 
molecular system. 

Conclusions
We demonstrated a rational molecular strategy for the structural 
engineering of VT spin state switchable systems, which is based 
on the DFT computational modeling of a series of mixed-ligand 
complexes – the adducts of paramagnetic tetracoordinate metal 
complexes and redox-active ligands. By adjusting structural 
and energy parameters of the three-component (a metal ion and 
ancillary and redox-active ligands) system to the electronic and 
steric requirements of the intrinsic IET mechanism, it becomes 

possible to find out the adducts with the targeted dynamic 
properties. The principal conditions to be met by the mixed-
ligand complexes capable of thermal VT rearrangements include: 
(i) a sufficient stability of the adduct with respect to dissociation 
into the components, (ii) the energy preference of the low-spin 
electronic state over the high-spin state and (iii) a thermally 
achievable energy barrier to VT rearrangements. The calcula
tions performed for a series of the adducts of Coii diketonates, 
bis(aminovinylketonates) and bis(salicylaldiminates) with o-benzo
quinones, their mono- and diimines and other redox-active ligands 
(phenoxazinone and a-diimine derivatives) showed that all con
ditions for the VT behaviour could be met by mixed-ligand 
complexes of Coii bis(hexafluoroacetylacetonate).

Electrically neutral dinuclear cobalt complexes 17, whose 
spins states and intramolecular migration of paramagnetic centres 
are controlled by the mechanism of valence tautomerism, were 
designed, and their properties as possible candidates for 2-qubit 
quantum gates were evaluated. The most promising thermodynamic, 
kinetic and magnetic properties are exhibited by adducts 17 
containing electron-withdrawing trifluoromethyl groups in the 
diketonate fragments and nonconjugated dimethylene linker groups 
bridging the quinone rings in the redox-active diquinone ligand. 
The computational results give promise that, by the judicious 
choice of the components of dinuclear adducts 17, the com
pounds possessing the properties of 2-qubit gates can be found 
out within this structural family. 
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