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ylate coordination compounds are systematized. The methods of the syntheses are discussed, and the struc-

tures and magnetic properties are considered.

Keywords: carboxylate ligands, heterometallic complexes, cobalt(II), synthesis of coordination compounds,

magnetic properties
DOI: 10.1134/S1070328423600766

INTRODUCTION

Carboxylate ligands combined with transition
metal ions are convenient “building” materials for the
target assembling of mono- and polynuclear com-
plexes. Design of these compounds is performed by
changes in the synthesis conditions, variation of the
solvent nature and substituent at the carboxylate
group, and other factors. The extension of possibilities
of this system by donor ligands makes it possible to
tune their electronic characteristics, optical and mag-
netic properties, catalytic activity, and many other
parameters. The development of the chemistry of
heterometallic compounds favored the formation of
new unique compounds combining in one molecule
metal ions of different nature, whose synergy imparts
new functional properties to the compounds [1—4].

A particular field on the synthesis of the 3d—4f
complexes [5—10] combining ions with quite different
radii and degrees of shielding of partially filled external
d/f levels provides a rich structural chemistry of new
compounds with valuable physicochemical properties
[11, 12]. In particular, the complexes based on Co(1I)
and Ln(III) cations are promising as single-molecule
magnets [13], materials with a pronounced magneto-
caloric effect [14—16], materials for spintronics [17],
catalyst precursors [18], high-precision sensors to aro-
matic hydrocarbon vapors [19], luminescent ther-
mometers [20], magnetic luminescent materials [21,
22], and efficient agents for phototheranostics [23].

Other promising subjects of the chemistry of heter-
ometallic complexes are the compounds bearing d-
and s-metal ions. In the case of lithium cations, the
structure-forming role of lithium in molecular com-
plexes is accomplished and supplemented by other
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important functions. For instance, in the Co—Li com-
plexes, the lithium cations can stabilize uncommon
oxidation states of cobalt ions [24, 25] and modulate
their redox potential [26, 27]. Another important fea-
ture stimulating interest in studying the Co—Li heter-
ometallic complexes is the possibility of using these
compounds as precursors of redox-active materials
(particularly, LiCoO,) for batteries [28—30] and as
catalytically active nanoparticles [31]. The cobalt and
lithium heterometallic compounds are important
intermediates in many syntheses of organoelement
compounds along with significant practically useful
properties [32, 33].

The carboxylate heterometallic complexes
{Co"Ln""} and {Co'Li} form numerous structural
types. In the present review, we focused on the consid-
eration of relatively stable trinuclear {Co,Ln} (A) and
tetranuclear {Co,Li,} (B) heterometallic complexes
predominantly with anions of monocarboxylic acids
(Scheme 1) that can be used as platforms for the mod-
ification of the properties due to the substitution of the
carboxylate and terminal ligands and formation of new
oligomeric and polymer structures similar to the
known building blocks M,(u-0O,CR), (M = Cu, Zn),
M;0(u-0,CR), (M; = Fes, Fe,Co, Fe,Ni, Fe,Zn),
Zn,O(u-0,CR)4, and others [34—37]. The main
attention in the review is given to specific features of
the synthesis of these compounds and the existence of
properties of single-molecule magnets in them.
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Scheme 1.

CARBOXYLATE HETEROMETALLIC
COMPLEXES WITH {Co,Ln} METAL CORE

Depending on the nature of the ancillary ligand,
the presently known carboxylate heterometallic com-
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plexes with the {Co,Ln} metal core can be grouped as
follows:

(1) complexes with monodentate N-donor ligands,

(2) complexes with bidentate N-donor ligands,

(3) complexes with C-, O-, and P-donor ligands,

(4) complexes with polydentate ligands.

Monodentate N-donor ligands. An analysis of the
published data shows that the compounds bearing
monodentate N-donor ligands, such as acetonitrile,
pyridine (Py), 2-phenylpyridine (2Ph-Py), 2-ethyn-
ylpyridine (Et-Py), quinolone (Quin), and 2,4-luti-
dine (2,4-Lut), are most abundant among the com-
plexes with the {Co,Ln} metal core.

Six methods for the synthesis of the complexes with
the monodentate N-donor ligands were described and
are shown in Scheme 2.

Co(NO3), + Ln(NO3); + HPiv + Quin — s [Co,Ln(NO3)(Piv)s(Quin),] M
Co:Ln:HPiv:Quin=2:1:6:excess
Ln = Nd (1a), Gd (1b) e
[Co(Piv)a(2,4-Lut),] + [Smy(Piv)(HPiv)] - HPiv ———= [CopSm(Piv)7(2,4-Lut),] (2) (1)
Co:Sm=2:1

MeCN .
[Co(Piv),], + Gd(NO3); + Py [Co,Gd(NO3)(Piv)e(Py)s] (3) (I11)
Co:Gd:Py=3:1:excess
[Co(Piv),], + Ln(NO3); = [Co,Ln(NO3)(Piv)s(MeCN),] v
Co:Ln=3:1
Ln = Dy (4a), La (4b), Gd (4c)
[Co,Dy(NO3)(Piv)g(MeCN),] + 2Py ~—= [Co,Dy(NO3)(Piv)e(Py)s] (5) V)
[Co(Piv),l, + Ln(NO3); + L ———> [Co,Ln(NO3)(Piv)s(L),] (V1)

Co:Ln:L=3:1:2

Ln = Gd; L = 2,4-Lut (6), 2Ph-Py (7), Et-Py (8)

Ln = Eu; L = Et-Py (9)

Piv is pivalic acid anion.

Scheme 2.

The heterometallic pivalate complexes were syn-
thesized by the reaction of cobalt nitrate, lanthanide
nitrate, pivalic acid, and quinolone in ethanol [38, 39].
The stoichiometric ratio Co : Ln: HPiv=2:1:6
(method I, Scheme 2) is demanded for the formation
of the trinuclear complexes. The complexes with neo-
dymium and gadolinium were synthesized using this
procedure. Note that the reaction involving erbium
nitrate conducted in the same ratio of reagents led to
the formation of a principally different product: tetra-
nuclear complex [Co,Er,(NOj;),(Piv)4(Quin),].

The heterometallic compound with the {Co,Sm}

metal core was synthesized [40] by the reaction of
complex [Co,(Piv),(2,4-Lut),| and samarium pivalate

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

in a ratio of 2 : 1 (method II, Scheme 2). Complex
[Co,(Piv)4(2,4-Lut),] was synthesized by analogy to
compound [Co,(Piv),(2-NH,-5-Me-Py),], the syn-
thesis of which was described [41].

The reaction of cobalt pivalate, gadolinium nitrate,
and pyridine excess in acetonitrile afforded complex
[Co,Gd(NO;)(Piv)4(Py),] 3) (method  III,
Scheme 2) [42]. When this complex is heated with
terephthalic acid in N, N-dimethylacetamide (DMA)
at 110°C, the coordination polymer [{CoGd-
(DMA),},(Bdc)s]-4DMA with the 3D core is formed
having channels of two types filled with the coordi-
nated DMA guest molecules.

No. 11 2023
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Fig. 1. Structure of complex [Co,Dy(NO3)(Piv)s(MeCN),] (4a) (hereinafter in the figures hydrogen atoms are omitted for clar-

ity).

A series of heterometallic compounds with the
{Co,Ln} metal core was synthesized [43] by the reac-
tions of cobalt pivalate and lanthanide nitrates in a
ratio of 3 : 1 in acetonitrile (method IV, Scheme 2).

The reaction of complex [Co,Dy(NO;)-
(Piv)¢(MeCN),] (4a) (Fig. 1) with the stoichiometric
amount of pyridine in acetonitrile was shown to afford
complex [Co,Dy(NO;)(Piv)s(Py),] (5) (method V,
Scheme 2) [43]. Since this reaction contains no pyri-
dine excess, the possibility of this substitution of the
ligand can be explained by a higher donor ability of
pyridine compared to that of MeCN. Compound 5
can also be synthesized by the reaction of
[Co,(Piv),(Py),], which is formed in situ in the reac-
tion of cobalt pivalate and pyridine in acetonitrile,
with Dy(NO;);:5H,0 at the ratio Co: Dy=3: 1. The
order of mixing of the reagents and/or isolation of
intermediates exerts no effect on the composition of
the final product.

New complexes [Co,Ln(NO;)(Piv)¢(L),] (Ln =
Gd, L=2,4-Lut (6), 2Ph-Py (7), Et-Py (8); Ln = Eu,
L = Et-Py (9)) were synthesized using method VI
(Scheme 2) [44]. The key feature of method VI is that
the procedure makes it possible to conduct the reac-
tions in acetonitrile using metal pivalates without sig-
nificant excess of N-donor ligands. Two last factors
provide a distinct stoichiometry of the reaction. An
acetonitrile medium is preferable over ethanol, since
the final trinuclear compounds [Co,L.n(NO;)-
(Piv)4(L),] were found [43] to be products of the ther-
modynamically controlled self-assembling and com-
plex [Co,Ln(NO;)(Piv)s(MeCN),] can be considered
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as the key intermediate leading to the formation of the
target compound bearing terminal N-donor ligands L.

An information about the reagents and products in
the synthesis of the heterometallic complexes with the
{Co,Ln} metal core and monodentate N-donor
ligands is given in Table 1.

The molecular structures of compounds 1-9 are
built of the trinuclear metal core with the central lan-
thanide atom and peripheral cobalt atoms, each of
which is linked with the central atom via three carbox-
ylate bridges. In all cases, the lanthanide atoms are in
the octacoordination environment built of six oxygen
atoms of the monodentate pivalate anions and two
oxygen atoms of the chelating nitrate anion. Seven piv-
alate anions compose the structure only in the case of
complex [Co,Sm(Piv),(2,4-Lut),] (2), since this com-
pound was synthesized in the absence of nitrate
anions. In all cases, the cobalt atoms have a coordina-
tion number of 4 due to three oxygen atoms of the piv-
alate anions and the nitrogen atom of the coordinated
ligand molecule.

Complex 2 (Fig. 2) was structurally characterized
at 293 and 160 K. At 160 K the space group changes
from C2/c to P2,/c, the Co...Sm distances and bond
lengths between the metal ions and the nitrogen and
oxygen atoms become shorter, and all ferf-butyl groups
are ordered. According to the XRD data and the
results of measuring the heat capacity of complex 2,
the complex was found to undergo the phase transition
in the 210—260 K temperature range.

A set of the following thermodynamic functions
was determined for complex 2: heat capacity (C,),

enthalpy (H- ? — Hl()go), entropy (51), and parameters of

No. 11 2023
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Table 1. Reagents and products in the syntheses of the complexes with the monodentate N-donor ligands

Compound Source of Co Source of Ln Acid | Ligand Product

1a,b [38, 39] | Co(NO3),:6H,0 Ln(NO3);:6H,0 Ln = Nd, Gd | HPiv Quin [Co,Ln(NO3)(Piv)¢(Quin),]

2 [40] [Co,y(Piv)4(2,4-Lut),] | [Sm,(Piv)s(HPiv)¢]-HPiv [Co,Sm(Piv)4(2,4-Lut),]

3[42] [Co(Piv),], Gd(NO;)y6H,0 Py  |[Co,GA(NOs)(Piv)e(Py),]

da—c [43] [Co(Piv),], Ln(NO;);xH,0 MeCN [[Co,Ln(NO;)(Piv)s(MeCN),]|
Ln = Dy, La, Gd

5143] [Co,Dy(NO;)(Piv)g(MeCN),] Py [Co,Dy(NO3)(Piv)s(Py),]

5 [43] [Co(Piv),, Dy(NO3);5H,0 Py |[Co,Dy(NO;)(Piv)(Py),]

6 [44] [Co(Piv),], Gd(NO;);6H,0 2,4-Lut | [Co,Gd(NO3)(Piv)e(2,4-Lut),]

7 [44] [Co(Piv),], Gd(NO3);6H,0 2Ph-Py | [Co,Gd(NO;)(Piv)s(2Ph-Py),]

8 [44] [Co(Piv),], Gd(NO;);6H,0 Et-Py |[Co0,Gd(NO;)(Piv)e(Et-Py),]

9 [44] [Co(Piv),], Eu(NO3);6H,0 Et-Py |[Co,Eu(NO;)(Piv)¢(Et-Py),]

the solid-phase thermolysis that affords samarium
cobaltate SmCoO;.

The complexes with the {Co,Ln} metal core are of
interest from the viewpoint of their magnetic proper-
ties. Such anisotropic ions as cobalt(Il) can demon-
strate a slow magnetization relaxation, which is a
property characteristic of a single-molecule magnet
(SMM). Therefore, the magnetic behavior of the syn-
thesized compounds was studied in many works
(Table 2).

As can be seen from Table 2, the gadolinium-con-
taining compounds are characterized by ferromag-
netic exchange interactions. None of the complexes
exhibits SMM properties. A slow magnetization relax-
ation was observed for compound 9. The t(1/7)
dependence of complex [Co,Eu(NO;)(Piv)4(Et-Py),]

Lny(CO3)3xH,0 + H,C=C—COOH

CH;
Ln = Gd (10), Ce (11), Tb (12)

Ln(C4H50,)3xH,0 + Co(NO3),-6H,O + Bpy

(9) is well described by the Orbach relaxation mecha-
nism in the whole temperature range. An analysis of
the experimental data gave the following values of
operational parameters: magnetization reversal barrier
AE/ky = 4 K and relaxation time T, = 4.7 X 10 s.
Thus, this compound is a single-molecule magnet.

Bidentate N-donor ligands. Such bidentate ligands
as 2,2'-bipyridine (Bpy) and 1,10-phenanthroline
(Phen) are used along with the monodentate N-donor
ligands for the synthesis of trinuclear complexes with
the {Co,Ln} metal core.

The  trinuclear  heterometallic ~ complexes
[Co,Ln(NO;3)(C,H;50,)4(Bpy),] with methacrylic acid
anions and Bpy as an ancillary N-donor ligand were

prepared [45—47] by the two-step syntheses:
(Scheme 3).

Ln(C4H502)3 'XHzo

CH,C(CH3)COOH

pH=4
- [Co,Ln(NO3)(C4H50,)6(Bpy),]

Scheme 3.

Lanthanide carbonate and methacrylic acid
reacted in the first step of the synthesis according to a
published procedure [48]. In the second step, the syn-
thesized lanthanide methacrylate and cobalt nitrate
were dissolved in water and methacrylic acid was

Na,CO;
DyCl; + CoCl, + RCOOH + Phen

added to attain pH 4. Then a solution of Bpy in etha-
nol was added.
The trinuclear complexes based on anions of ben-

zoic and 3-nitrobenzoic acids with Phen were synthe-
sized (Scheme 4) [49].

[Co,Dy(RCOO0);(Phen)s]

Dy:Co:RCOOH:Phen=1:2:7:2 RCOOH = PhCOOH (13), NO,PhCOOH (14)
Scheme 4.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49
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Fig. 2. Structure of complex [Co,Sm(Piv);(2,4-Lut),] (2).

Aqueous solutions of DyCl;, CoCl,, benzoic or
3-nitrobenzoic acid, 1,10-phenanthroline, and
Na,CO; were mixed when synthesizing complexes
[Co,Dy(RCOOQO),(Phen),]. The resulting solution in a
sealed reactor was heated to 210°C for 5 days and then
cooled to room temperature (3°C/h). The following
factors are significant for the synthesis of these com-
pounds:

— reaction temperature (the lowest admissible tem-
perature is 180°C, but the pure phase can be obtained
only at 210°C);

Table 2. Magnetic properties of complexes 1—9

— necessary presence of such a weak base as
Na,CO; or K,CO; (the pure phase is formed only in
the presence of Na,CO;);

— stoichiometry (the formation of the trinuclear
complexes requires the 1 : 2 ratio of dysprosium chlo-
ride and cobalt chloride and seven equivalents of the
acid).

An information about the reagents and products in
the synthesis of the heterometallic complexes with the
{Co,LLn} metal core and bidentate N-donor ligands is
summarized in Table 3.

Compound Complex Exchange interactions (Co—Ln) SMM behavior
1a [38] [Co,Nd(NOj3)(Piv)e(Quin),] Antiferromagnetic Was not studied
1b [39] [Co,Gd(NO3)(Piv)4(Quin),] Ferromagnetic Is not SMM

2 [40] [Co,Sm(Piv),(2,4-Lut),] Antiferromagnetic Was not studied
3 [42] [Co,Gd(NO3)(Piv)4(Py),] Ferromagnetic Is not SMM

4a [43] [Co,Dy(NO;3)(Piv)s(MeCN),] Ferromagnetic Is not SMM

4b [43] [Co,La(NO;3)(Piv)(MeCN),]| Absent Was not studied
4c [43] [Co,Gd(NOj3)(Piv)s(MeCN),] Ferromagnetic Is not SMM
5[43] [Co,Dy(NO3)(Piv)¢(Py),] Ferromagnetic Was not studied
6 [44] [Co,Gd(NO3)(Piv)4(2,4-Lut),] Ferromagnetic Is not SMM

7 [44] [Co,Gd(NO3)(Piv)4(2Ph-Py),] Ferromagnetic Is not SMM

8 [44] [Co,Gd(NO3)(Piv)4(Et-Py),] Ferromagnetic Is not SMM

9 [44] [Co,Eu(NO3)(Piv)¢(Et-Py),] Absent SMM

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.49 No. 11 2023
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Table 3. Reagents and products in the syntheses of the complexes with the bidentate N-donor ligands

Compound Source of Co Source of Ln Acid Ligand Product

10 [45] Co(NO3),6H,0 Gd(C4H;50,)3H,0 Bpy [Co,Gd(NO3)(C4H;50,)6(Bpy),l
11 [46] Co(NO3)y6H,O | Ce(C4H;0,)32H,0 Bpy [Co,Ce(NO;)(C4H50,)6(Bpy),l
12 [47] Co(NO;3),6H,0 Tb(C4H;50,)3-H,0 Bpy [Co, Tb(NO3)(C4H50,)6(Bpy),l
13 [49] CoCl, DyCl, PhCOOH Phen [Co,Dy(PhCOO),(Phen),]

14 [49] CoCl, DyCl; NO,-PhCOOH | Phen [Co,Dy(NO,-PhCOO),(Phen),]

The molecular structures of compounds 10—14 are
based on the trinuclear metal core with the central lan-
thanide atom and peripheral cobalt atoms each of
which is linked with the central atom via three carbox-
ylate bridges. The cobalt atoms are characterized by a
coordination number of 5 due to three oxygen atoms of
the carboxylate groups and two nitrogen atoms of the
chelating ligand molecule. The lanthanide atoms exist
in the octacoordination environment LnQOg, which is
formed of six oxygen atoms of the monodentate meth-
acrylate anions and two oxygen atoms of the chelating
nitrate anion for compounds 10—12, whereas for com-
pounds 13 and 14 the environment is built due to the
coordination of seven carboxylic acid anions: six
monodentate anions and one chelating anion.

The study of the magnetic properties of the Co,La
complex (4b) shows that the paramagnetic cobalt(II)
ions in the molecule do not interact with each other
and the magnetic behavior of the sample is determined
by the orbital moment of the cobalt ions in the tetra-
hedral environment [43]. The positive value of param-
eter D, indicates the planar anisotropy of the ion,
and a similar electronic structure is observed for
cobalt(Il) ions in other complexes with analogous

0
N
[Co,Gd(NO3)(Piv)g(MeCN),] + _N7L

@\ O

o)
[\
[Co,La(NO3)(Piv)e(Py),] + %NVN%

[Co,La(NO3)(Piv)(MeCN),] + PhsP

geometry [43, 50]. The replacement of diamagnetic
lanthanum by isotropic paramagnetic gadolinium
resulted in the ferromagnetic exchange interactions,
but the J, g4 parameter does not exceed 1 cm™!,
which is consistent with the magnetic exchange pro-
ceeding via the bridging carboxylate ligands [43, 44].
The complexes with the anisotropic noninteracting
cobalt(II) ions supplemented by the ferromagnetically
coupled central anisotropic dysprosium(III) ion can
manifest a slow magnetization relaxation induced by
the magnetic field, which indicates the SMM proper-
ties in these complexes.

C-, O-, and P-donor ligands. In addition to the
complexes with the N-donor ligands, the trinuclear
complexes with the {Co,Ln} metal core containing
O-donor [51], C-donor [52], or P-donor ligands [53]
are also met. In all cases described, the target com-
pounds were synthesized by the substitution of the
ligands in the previously synthesized
[Co,Ln(NO;)(Piv)4(L),] complexes. The synthesis of
the complexes with the O-, C-, and P-donor ligands is
shown in Scheme 5.

[Co,Gd(NO3)(Piv)g(NIT-Me),] (15) (D)

Scheme 5.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

[Co,La(NO3)(Piv)(I'Bu),] (16)  (II)
[Co,La(NO3)(Piv)g(PhsP),] (17) (IID)
No. 11 2023
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Fig. 4. Structure of complex [CozLa(N03)(Piv)6(l’Bu)2] (16).

The reactions of complex [Co,Gd(NO;)-
(Piv)¢(MeCN),] with nitronyl nitroxide (NIT-Me) in
different solvents (Et,O, PhMe, CH,Cl,) (synthesis I,
Scheme 5) were conducted [51]. The
[Co,Gd(NO;)(Piv)4(NIT-Me),] complex (15) was
formed in all cases (Fig. 3).

According to the data of magnetic measurements of
this compound in the 2—300 K temperature range,
strong antiferromagnetic exchange interactions are
observed between unpaired electrons of the coordi-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

nated NIT-Me molecules and cobalt ions and result in
the nearly complete spin coupling of the coordinated
nitroxyl groups with one of unpaired electrons of each
Co(II) ion already at 200 K.

Simple synthetic protocol to obtain 3d—4f hetero-
metallic carboxylate complexes with N-heterocyclic
carbenes was developed [52]. The approach is based
on ligand substitution in the compounds with the sta-
ble polynuclear metal core. Complex
[Co,La(NO;)(Piv)¢(I'Bu),] (16) was synthesized

No. 11 2023
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using this procedure by the substitution of pyridine in
the previously synthesized [Co,La(NO;)(Piv)¢(Py),]
complex by 1,3-di-fert-butylimidazol-2-ylidene (I'Bu)
(synthesis II, Scheme 35, Fig. 4).

Compound [Co,La(NO;)(Piv)s(Ph;P),] (17) was
synthesized by the reaction of heterometallic complex
[Co,La(NO;)(Piv)s(MeCN),] with triphenylphos-
phine (synthesis I1I, Scheme 5, Fig. 5) [53]. A similar
reaction of pyridine substitution in complex
[Co,La(NO;)(Piv)4(Py),] by triphenylphosphine gave
no target product. This unsuccessful attempt can be
explained by the apparently higher stability constants
of the complexes with triphenylphosphine over the
analogous stability constant of the complex with ace-
tonitrile.

Complex [Co,La(NO;)(Piv)(Ph;P),] (17) is inte-
resting by its SMM properties in the nonzero field

RUBTSOVA et al.

(1 kOe) with the low magnetization reversal barrier
AE/ky = 5 K and relaxation time T, = 2.7 X 10s.

Polydentate ligands. The trinuclear complexes with
the {Co,LLn} metal core and polydentate ligands were
synthesized in a series of works.

A number of complexes with the {Co,LL.n} metal
core and 2,6-bis(acetobenzoyl)pyridine (H,L') was
synthesized [54]. Lanthanide chloride, H,L!, and
cobalt acetate reacted in a ratio of 1 : 2 : 2 afforded
complexes [Co,Ln(L'),(OAc);] (Ln = Gd (18a), Ce
(18b)). Similar reactions were carried out, where
cobalt chloride was used instead of cobalt acetate and
three equivalents of benzoic acid were added. All reac-
tions were conducted in the presence of triethylamine.
Asaresult, the [Co,Ln(L"),(O,CPh);] complexes with
2,6-bis(acetobenzoyl)pyridine (Ln = Gd (19a), Ce
(19b)) were obtained (Scheme 6).

O O

LnCl; + 2Co(OAc),
+5Et;N

O O

LnCl; + 2CoCl,
3PhCOOH + 7E;N

‘ Ln=Gd, Ce

Scheme 6.

A series of the {Co,L.n} complexes (Ln = La, Ce,
Nd, Sm, Gd, Dy, Er, and Yb) with 2,6-dipicoli-
noylbis- N, N-diethylthiourea (H,L?) was synthe-
sized [55]. The reaction of H,L?, cobalt acetate, and
lanthanide chloride in a ratio of 2 : 2 : 1 in methanol
in the presence of triethylamine was carried out.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

Depending on the lanthanide, the products of two
types were obtained: [Co,Ln(L?),(OAc),Cl] in the
case of Ln = Ce (20a), Nd (20b), Sm (20c), Dy
(20d), Er (20e), and Yb (20f) and
[Co,Ln(L?),(0OAc);] for Ln = La (21a) and Gd
(21b) (Scheme 7).

No. 11 2023
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NEt, + 2Co(OAc),-4H,0 + LnCls

MeOH, 40°C
Et;N

Ln = Ce (20a), Nd (20b), Sm (20c), Dy (20d),
Er (20e), Yb (20f)

O
NN

C 10 N3

Ln = La (21a), Gd (21b)

Scheme 7.

The summarized information about details of the
described syntheses [54, 55] are given in Table 4.

The molecular structures of compounds 18—21 are
based on the trinuclear metal core with the central lan-
thanide atom and peripheral cobalt atoms each of
which is linked with the central atom via one carbox-
ylate bridge and two oxygen atoms of coordinated
ligand L' or L2. In all cases, the cobalt atoms are char-
acterized by the coordination number 5 and their envi-
ronment is formed by one oxygen atom of the bridging
carboxylate group and four oxygen atoms of ligand L!
(complexes 18—19) or two oxygen atoms and two sul-
fur atoms of ligand L? (complexes 20 and 21). In com-

0(2) ¢

IS |
La(1) Y co2)

plexes 18 and 20, the lanthanide atoms have a coordi-
nation number of 9 due to the tridentate coordination
of two molecules of ligand L! or L2 and the monoden-
tate coordination of three acetate anions in the case of
complexes 18a,b or the monodentate coordination of
two acetate anions and one chlorine atom in the case
of complexes 20a—f. In complexes 19 and 21, the lan-
thanide atoms have a coordination number of 10 due
to the tridentate coordination of two molecules of
ligand L' or L? and one chelating and two monoden-
tate benzoate anions (19a,b) or acetate anions (21a,b).

The temperature dependence of the magnetic sus-
ceptibility was measured for a series of complexes

0@3)

LNy

» O(1) ye

.
0(10) .
VW

» O(11) /
N /

Fig. 5. Structure of complex [Co,La(NO3)(Piv)¢(Ph;P),] (17).
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Table 4. Reagents and products in the published syntheses [54, 55]
Compound Source of Co Source of Ln Acid Ligand Product

18a,b [54] Co(OAc),4H,0 |LnCl5:xH,0 H,L! [Co,Ln(L"),(0Ac);]
Ln=Gd, Ce

19a,b [54] | CoCl,6H,0 LnCl;xH,O PhCOOH H,L! [Co,Ln(L"),(0,CPh);]
Ln=Gd, Ce

20a—f [55] |Co(OAc),4H,0O |LnCl,4 H,L? [Co,Ln(L?),(0Ac),Cl]
Ln = Ce, Nd, Sm, Dy, Er, Yb

21a,b [55] Co(OAc),4H,0 | LnCly H,L? [Co,Ln(L?),(0Ac);]
Ln=Laand Gd

(compounds 20 and 21). The antiferromagnetic
exchange interactions were found to occur between
the Co(Il) and Ln(III) metal ions in the case of the
complex with Dy**, and the ferromagnetic exchange
interactions were observed for the complexes with
Ce3*, Nd**, Sm?**, Gd**, and Er**.

Hexanuclear complexes [CosLn,(LH,; 5),-
(H2O)4](CIO4)6NO3I’1H20 (Ln = Dy, n = 12 (22),
Ln= Yb, n = 9 (23)) were synthesized [56] by the

reactions of 1,3,5-tris((4,7-bis(2-carboxyethyl)-1,4,7-
triazacyclonon-1-yl)methylbenzene (H¢L,
Scheme 8), Co(ClO,),6H,0, and Ln(NO,);-6H,0
(Ln = Dy, Yb) in a ratio of 1 : 3 : 1. The synthesized
compounds are isostructural and differ only by the
number of water molecules existing in the crystalline
lattice. The structure of these complexes is shown in
Fig. 6.

LA

Scheme 8.

In the synthesized complexes, two individual trinu-
clear fragments with the {Co,Ln} metal core are linked
with each other via two tris(triaza)macrocyclic
ligands. One tricyclic ligand can act as a potential tri-
nuclear framework, but only two of three its substi-
tuted macrocycles coordinate to the cobalt atoms by
three nitrogen atoms and two oxygen atoms. Each
peripheral cobalt atom is bound to the central lantha-
nide atom via the bridging carboxylate fragment and
the oxygen atom of the carboxylate group of the coor-
dinated macrocycle of the ligand.

These complexes being heterometallic 3d—4f cores
can be used as fluorescent chemosensors for nitroaro-
matic compounds owing to these luminescence emis-
sion properties and framework structures resistant to
the action of nitroaromatic compounds, including
those of the acidic nature.

Complex [Co,Gd(NO;)(Piv)¢((TACH),] (24) was
synthesized (Scheme 9) [57] by the substitution of the
acetonitrile molecules in the previously prepared
[Co,Gd(NO;)(Piv)s(MeCN),] complex by hexahy-
dro-1,3,5-trimethyl-1,3,5-triazine (TACH).

N N

N

[Co,GA(NO)(Piv)g(MeCN)] +2 | |
N

MeCN

[Co,Gd(NO3)(Piv)s(TACH),]

Scheme 9.
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Fig. 6. Structure of complexes [Co4Ln,(LH; 5),(H,0)4]:(ClO4)¢'NO5-nH,0 (Ln = Dy (22), and Yb (23)).

In the synthesized complex, the central gadolinium
atom is linked with the terminal cobalt atoms via three
bridging pivalate anions. The cobalt atoms coordinate
the TACH molecules via the tridentate mode and have
a coordination number of 6. The coordination of the
TACH molecules to the cobalt(IT) ions leads to a sig-
nificant distortion of the coordination environment

and conformational changes in 1,3,5-trimethyl-1,3,5-
triazacyclohexane.

COMPLEXES WITH {Co,Li,} METAL CORE

Seven methods for the synthesis of the complexes
with the {Co,Li,} metal core were described and are
shown in Scheme 10.

[Co(Piv),], + Li(Piv) + L —= [Co,Lix(Piv)e(L)] )

Co:Li:L=1:1:1

L= Et;N (25), L’= N\

s’ (26), Py (27), 2Ph-Py (28), Ph3P (29)

[Co(Piv),], + Li(Piv) + HFur + Py —— [Co,Liy(Fur)g(Py),] (30) (D

Co:Li:HFur:Py=1:1:3:1

[CoyLis(Piv)g(Py)s] + 2IMes — [Co,Lir(Piv)s(IMes),] (31)

[Coy(Piv)4(2,4-Lut),] + 2Li(Piv) —= [Co,Liy(Piv)s(2,4-Lut),] (32)

(111)

(Iv)

CoCly'6H,0 + Li('BuCH,COO) + 2,4-Lut —> [Co,Liy(‘BuCH,COO0)4(2,4-Lut),] (33) (V)

Co(NO3)y'6H,0 + Bpy + KNaph + HNaph + LiOH — [CosLix(Naph)e(Bpy)>] (34)

[Co3(Myr)e(2,4-Lut),] + LIOH + HMyr —— [Co,Li;(Myr)e(2,4-Lut),] (35)

(VD

(VD)

Scheme 10.
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Fig. 7. Structure of complex [Co,Li,(Piv)s(Ph3P),] (29).

The target compounds were obtained [50, 58—61]
by the reaction of cobalt pivalate, lithium pivalate, and
the corresponding ligand (triethylamine, 4-[2,2']-
bithiophen-5-yl-pyrimidine (L?), pyridine, 2-phen-
ylpyridine, or triphenylphosphine) inaratioof 1:1: 1
(method I, Scheme 10).

In addition to compound [Co,Li,(Piv)4(Ph;P),]
(29) (Fig. 7), complexes [Co,Li,(Fur)4(Py),] (30) and
[Co,Liy(Piv)¢(IMes),] (IMes is 1,3-bis(2,4,6-trimeth-
ylphenyl)imidazol-2-ylidene) (31) (Figs. 8, 9) were
synthesized [50]. The complex based on 2-furancar-
boxylic acid anions was synthesized by the reaction of
cobalt pivalate, lithium pivalate, 2-furancarboxylic
acid, and pyridine in a ratioof 1 : 1 : 3 : 1 (method II,
Scheme 10). The pivalate complex with IMes was syn-
thesized by pyridine substitution in the previously pre-
pared [Co,Li,(Piv)4(Py),] complex (27) by IMes mol-
ecules (method III, Scheme 10).

Two complexes with the {Co,Li,} metal core were
synthesized [62]. The reaction of the previously syn-
thesized compound [Co,(Piv),(2,4-Lut),] and two
equivalents of lithium pivalates afforded complex
[Co,Li,(Piv)4(2,4-Lut),] 32) (method v,
Scheme 10). Complex [Co,Li,('BuCH,COQ)4(2,4-
Lut),] (33) was synthesized by the reaction of cobalt
chloride, tert-butylacetic acid lithium salt, and 2,4-
lutidine (method V, Scheme 10).

2,2'-Bipyridine and 2-naphthoic acid potassium
salt were added to cobalt nitrate [63], and the reaction
mixture was stirred for 30 min after which 2-naphthoic
acid and lithium hydroxide were added. The reaction
mixture was stirred for 1 h to obtain complex
[Co,Li,(Naph)(Bpy),] (34) (Naph is 2-naphthoate
anion) (method VI, Scheme 10).

Complex [Co,Li,(Myr)(2,4-Lut),] (35) was pre-
pared [64] by the two-step synthesis. Potassium

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

hydroxide, myrtenic acid, cobalt chloride, and 2,4-
lutidine reacted in the first step to form the
[Co;(Myr)4(2,4-Lut),] complex (Myr is myrtenic acid
anion). Then lithium hydroxide and myrtenic acid
were added to the formed product to afford complex
[Co,Li,(Myr)e(2,4-Lut),] (35) (method  VII,
Scheme 10).

The generalized information about the synthesis of
the complexes with the {Co,Li,} metal core is given in
Table 5.

Complexes 25—35 are heterometallic tetranuclear
compounds. The cobalt and lithium atoms are linked
with each other via three carboxylate bridges, and the
lithium atoms are bound to each other via the oxygen
atom of the acid anions. Each cobalt atom coordinates
one ligand molecule and is characterized by a coordi-
nation number of 4 in the cases of complexes 25—33
and 35, and complex 34 is characterized by the coor-
dination number 6.

Only specific structural features were studied for
complexes 28, 34, and 35.

The thermal properties of compounds 25, 32, and
33 were studied. The solid-state thermolysis experi-
ments showed that these complexes can be considered
as potential precursors in the synthesis of lithium
cobaltate thin films.

Metal-organic frameworks (MOFs) [LiCo(Btc)-
(DMA),]-2DMA, [LiCo(Btb)(DMF),]-2DMF, and
[LiCo(Btb)(DMA),|-2DMA [60] were synthesized
from complex [Co,Li,(Piv)¢(Py),] (27) and such
organic tricarboxylate ligands as trimesate (Btc™) and
1,3,5-benzenetribenzoate (Btb3™).

Complexes [Co,Li,(Piv)4(Ph;P),] (29), [Co,Li,-
(Fur)¢(Py),] (30), and [Co,Li,(Piv)s,(IMes),] (31)
were shown to be single-molecule magnets in an alter-
nating magnetic field. The ab initio calculations
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Fig. 9. Structure of complex [Co,Li,(Piv)g(IMes),] (31).

showed the easy-plane magnetic anisotropy of the
cobalt(Il) ions in these compounds, which induces
relaxation accomplished by the sum of the Raman and
direct mechanisms.

CONCLUSIONS

An analysis of the published data shows that the
carboxylate complexes with the {Co,Ln} and {Co,Li,}

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 49

metal cores are presented by a relatively small number
of structurally characterized compounds, and the
magnetic properties (including those in alternating
magnetic fields) of the majority of these compounds
were not studied systematically. At the same time,
since the Co?' ion has the intrinsic unquenched
orbital momentum and the total spin of the system and
the character and strength of spin—spin exchange
interactions can be tuned due to the variation of Ln**

No. 11 2023
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Table 5. Reagents and products in the syntheses of the complexes with the {Co,Li,} metal core

Compound Source of Co Source of Li Acid Ligand Product
25 [58] [Co(Piv),], Li(Piv) Et;N [Co,Liy(Piv)s(Et;N)5]
26 [59] [Co(Piv),], Li(Piv) L3 [Co,Liy(Piv)e(L3),]
27 [60] [Co(Piv),], Li(Piv) Py [Co,Lis(Piv)e(Py),]
28 [61] [Co(Piv),], Li(Piv) 2Ph-Py [Co,Liy(Piv)s(2Ph-Py),]
29 [50] [Co(Piv),], Li(Piv) Ph;P [Co,Liy(Piv)¢(PhsP),]
30 [50] [Co(Piv),], Li(Piv) HFur Py [Co,Liy(Fur)4(Py),]
31[50] [Co,Liy(Piv)e(Py),] IMes [Co,Lis(Piv)s(IMes),]
32 [62] [Co,(Piv)4(2,4-Lut),] Li(Piv) [Co,Li,(Piv)(2,4-Lut),]
33[62] CoCly6H,0 Li('BuCH,COO0) 2,4-Lut | [Co,Li,("BuCH,CO0)4(2,4-Lut),]
34 [63] Co(NO3),:6H,0 LiOH HNaph Bpy [Co,Liy(Naph)y(Bpy),]
35 [64] [Cosz(Myr)4(2,4-Lut),] |LiOH HMyr [Co,Liy(Myr)4(2,4-Lut),]
ions, the complexes of the {Co,Ln} type are promising 4. Shen, J.-Q., Liao, P.-Q., Zhou, D.-D, et al., J. Am.

systems for the search for new single-molecule mag-
nets. The tetranuclear {Co,Li,} systems in which the
lithium atoms separating the cobalt(II) atoms in space
generate magnetic dilution at the molecular level are
also promising in this respect, which should favor the
suppression of undesirable intramolecular exchange
interactions and relaxation processes decreasing the
efficiency of single-molecule magnets. Available start-
ing reagents, a relative simplicity of the synthesis of the
compounds with the {Co,Li,} and {Co,L.n} metal
cores, and a high resistance of heterometallic com-
plexes of this type to air oxygen and moisture would
provide further prolong interest of researchers in the
development of this field of coordination chemistry.
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