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INTRODUCTION
Many recent publications in chemical literature are

concerned with the synthesis and study of polynuclear
heterometallic carboxylates combining 3d-metal ions
and other metal centers (e.g., the atoms of alkali, alka-
line-earth, and posttransition metals or lanthanides
[1–15]). No wonder that such molecular systems are
of interest because their molecules combine metal ions
having different electronic and spatial characteristics,
which often gives rise to unique molecular entities
exhibiting unexpected physical and chemical proper-
ties. By developing the chemistry of such compounds,
researchers try not only to devise a unified method of
controlling the molecular properties via combination
of dissimilar metal ions in the same structure (which
enables designed variation of the properties of the final
molecular structure), but also to control the properties
of 3D materials: crystals, films, coatings, etc. In
essence, this is a jump from nanochemical to molecu-
lar materials science, when the properties of a sub-
stance are “embedded” at an appreciably smaller level,
depending on the size of its molecules. Formally, it is
not surprising that the mechanisms of catalytic reac-
tions are known to have long been associated with the
properties of metal-containing catalyst molecules [16,
17], and that the bioactivity of some coordination
compounds containing metal ions depends on both
the metal centers and the organic component of the
complexes [18, 19].

From this standpoint, carboxylate molecules enjoy
some advantages because carboxylate anions can
function as ligands with very different ways of coordi-
nation (from monodentate to μ4-bridging [20]), which
can be expected to enable the formation of a very wide
set of molecular architectures with considerably dif-
ferent properties. Certain problems arising in the syn-
thesis of carboxylates are due, first of all, to the fact
that the same starting materials yield different prod-
ucts, depending on the reaction conditions. Undoubt-
edly, this necessitates the development of new syn-
thetic approaches.

Here we discuss some of the promising routes to
heterometallic carboxylate complexes that seem to be
suitable for the targeted synthesis of systems combin-
ing 3d-metal ions (Co(II), Ni(II), Cu(II), and Zn)
with alkali (Li+), alkaline-earth (Mg2+), and Ln3+ ions
(Ln = Nd, Pr, Sm, Eu, and Gd).

MOLECULAR COMPLEXES AND POLYMERS 
CONTAINING LITHIUM AND TRANSITION 

METAL IONS (M = Cu, Co, AND Ni). 
A NEW REACTION FOR INSERTION 

OF LiPiv INTO THE PIVALATE MATRICES 
OF 3d ELEMENTS

Polymeric carboxylates combining 3d-metal and
lithium ions have been described in [21]; their dimen-
sionality depends on the basicity of the carboxylic
acid and the Li : M ratio. Structurally, they are
similar in many respects to homometallic coordina-† Deceased.
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tion polymers of 3d metals. Despite this similarity, no
attempts have been made earlier to obtain, as in the
case of 3d-metal carboxylates, molecular complexes
that would combine lithium(I) and 3d-metal atoms.
Note that the Li(I) ion is characterized by a tetrahedral
coordination geometry with only slightly different Li–
O bond lengths. In addition, the lithium ion is the
“softest” one among all alkali metal ions, which are
the hardest Lewis acids (according to Pearson) [22–
25]. Since an approach involving stabilization of poly-
nuclear molecular structures by neutral O- and N-
donating ligands is well known for homometallic com-
plexes [26–37], it would be reasonable to use the same
approach for the synthesis of Li-M(3d) molecular
complexes. Such molecular systems are of particular
interest among heterometallic carboxylate complexes
because they can serve as molecular precursors to
cathodic materials for lithium cells [1, 6, 38] or to new
catalysts suitable for electrochemical synthesis [39–
46]. In addition, unusual effects may be revealed in the
study of the magnetic properties of such molecules;
adsorption promoting the catalytic transformations of
substrates is possible as well.

Since reactions of pyridine and its α-derivatives (L)
with cobalt pivalate [Co(Piv)2]n, which has a 1D-poly-
mer architecture (X-ray powder diffraction data [47,
48]), are known to produce stable dinuclear complexes
[Co2(μ-Piv)4(L)2] (Piv is the trimethylacetate anion),
the starting complex [Co2(Piv)4(2,4-Lut)2] (2,4-Lut is
2,4-lutidine) was obtained in situ and used in a reac-
tion with lithium pivalate to give the heterometallic
complex [Co2Li2(Piv)6(2,4-Lut)2] (I) [38]. The center
of symmetry of structure I is at an intersection point of
the diagonals of the nearly square unit O2Li2. The
metal core is a CoLiLiCo zigzag chain, with all the
atoms being coplanar. Structure I consists of two iden-
tical moieties LiCo(O2CR)3(2,4-Lut) (Fig. 1а), in
which the Co atoms are coordinated through the N
atom of 2,4-Lut. The Co and Li atoms are linked by
three carboxylate bridges. Not all bridging anions are
equivalent: two are bidentate bridges, while the third
one is a tridentate ligand bridging two Li atoms by the
same O atom. This ensures the linkage of two {Li-Co}
units by two Li–O bonds. The tetrahedral geometry of
either Co atom is completed with a weak contact with
the O atom of one bridging group (Co(1)···O(6),
2.634 Å), which thus can formally be considered both
chelating and bridging. The participation of one bridg-
ing group in the chelate ring rigidly secures the adja-
cent Co and Li atoms. The conformational f lexibility
of one bridging anion is additionally hindered by its
coordination to the second Li atom, which also stabi-
lizes the zigzag geometry of the CoLiLiCo chain.

Formally, heterometallic complex I may probably
be regarded as a product of insertion of the lithium ion
(or LiPiv) into the dinuclear structure {Co(μ-
O2CR)4Co}. This is not surprising because this struc-

ture contains many O atoms (hard Lewis bases [21])
eager to bind to the lithium ion (a hard Lewis acid).

Interestingly, heteronuclear complex I can easily be
prepared in nearly quantitative yield by a reaction of
2,4-Lut with a mixture of the coordination polymers
[Co2Li7(Piv)11(HPiv)2]n and [Co2Li13(Piv)17(H2O)2] ⋅
2THF synthesized in [21]. This fact may be considered
evidence for the stability of the tetranuclear structure
of heterometallic {Li-Co} complexes containing pyri-
dine derivatives (relatively soft Lewis bases [22]) coor-
dinated to the Co atoms.

Taking into account that such heterometallic
{Li-M} tetranuclear structures are stable if N-donat-
ing ligands are coordinated to 3d-metal ions, we
obtained the heterometallic complex [Co2Li2-
(Piv)6(NEt3)2] (II) [37] by an immediate reaction of
LiPiv, the polymer [Co(Piv)2]n, and NEt3 in THF at
60°C. Complex II was isolated as violet crystals; its
structure (Fig. 1b) is similar to structure I, with some
distinctions due to the individual geometrical param-
eters of the N-donating ligand.

Using monodentate N-donating ligands, we failed
to obtain copper or nickel analogs of complexes I and
II in a similar way. The destabilization of a heteronu-
clear complex combining the Li(I) and Cu(II) or
Ni(II) atoms is probably due, among other factors, to
the coordination geometry of the 3d-metal ion.
Indeed, the coordination polyhedra of the Co atoms in
complexes I and II are distorted tetrahedra, which are
not always favorable in carboxylate complexes for the
nickel (normally, its preferential polyhedron is an
octahedron) and copper atoms (these are known to
adopt an octahedral, tetragonal pyramidal, or square
planar coordination geometry [28, 49–54]. To over-
come this difficulty, bidentate N- or О-donating api-
cal ligands such as dimethoxyethane (DME) or 2,2'-
bipyridyl (2,2'-Bipy) could be employed since they
increase the coordination number (C.N.) of the tran-
sition metal in the complex. This assumption was con-
firmed by the synthesis of the heterometallic com-
plexes [Li2Ni2(Piv)6(DME)2] (III) and
[Li2M2(Piv)6(2,2'-Bipy)2] (M = Ni (IV) and Cu (V)).
Complex III was obtained by a reaction of
[Ni9(ОH)6(Piv)12(HPiv)4] [28] with excess LiPiv in
DME. Addition of 2,2'-Bipy to a solution of complex
III yielded its analog IV. Complex IV was also synthe-
sized in a new reaction of insertion of LiPiv into the
dinuclear nickel complex [Ni2(Piv)4(2,2'-Bipy)2(μ-
H2O)]. Here the starting nickel complex has a three-
bridge structure, in contrast to the aforementioned
four-bridge cobalt complex [Co2(Piv)4(2,4-Lut)2]
used as a starting material for the synthesis of
complex I. This suggests that the number and even
geometry of carboxylate bridges between two 3d-metal
ions are of minor importance for the insertion of
LiPiv, whereas the presence of the donating O atoms
(which the lithium ion tends to coordinate with) is
crucial. Copper-containing complex V is formed by
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self-assembly from LiPiv (2 mol), [Cu2(Piv)4(HPiv)2]
(1 mol), and 2,2'-Bipy (2 mol) in MeCN [55, 56].
Apparently, the reaction proceeds through the inter-
mediate {Li2Cu2(Piv)6(HPiv)2}, from which the coor-
dinated HPiv molecules are then displaced by the
bipyridyl ligand.

Both complexes III and IV have similar structures
(X-ray diffraction data). The metal core of the nickel-
containing complexes {Li2Ni2(Piv)6} is much the same
as that in the cobalt-containing units {Li2-
Co2(O2CR)6} of tetranuclear complexes I and II
(Fig. 2). The chelating-bridging coordination of two
carboxylate groups is the only distinction. The chela-
tion produced by the neutral ligands (DME and 2,2'-
Bipy) gives rise to a distorted octahedron around the
Ni atoms. In the crystal of complex IV, the 2,2'-Bipy
ligands of the adjacent molecules of the complex show
weak π-stacking interactions (d ≈ 3.5 Å).

Centrosymmetric complex V is structurally similar
to complex IV (Fig. 2c). It is worth noting that the
Cu(1) atom is surrounded by two N atoms of 2,2'-Bipy
and three O atoms of three bridging carboxylate
groups; the resulting coordination geometry corre-
sponds to a distorted trigonal bipyramid (τ = 0.05)
[57]. One Piv group uses only one O atom to bridge the
Li(1) and Cu(1) atoms, while its other O atom is above
the Cu atom and seems to interact very weakly with it
(2.668 Å). As in complex IV, the 2,2'-Bipy ligands of
the adjacent molecules of complex V in the crystal are
linked by π-stacking (d ≈ 3.44 Å).

Addition of LiPiv to a homometallic coordination
polymer already precipitated from a solution proved to
yield the heterometallic unit {Li2Co2} as well. In this
case, we also used a reaction of insertion of LiPiv into
a prepared metal carboxylate matrix. A polymeric
cobalt complex with pyrimidine (Рym),
[Co2(Piv)4(OH2)(Рym)2]n (VI), obtained by us earlier

Fig. 1. Molecular structures of complexes I (a) and II (b) (only one crystallographically independent molecule is shown; the
H atoms are omitted from Figs. 1–10). 
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was employed as such a matrix. The polymer structure
of complex VI is built from the dinuclear moieties
{Co2(μ-OH2)(μ-Piv)2(Piv)2}, in which the cobalt(II)
ions (Co···Co, 3.630 Å) are bridged by a water mole-
cule and two pivalate groups [58], as in the aforemen-
tioned starting dinuclear Ni(II) complex successfully
used in the reaction with LiPiv. It turned out that

cobalt polymer VI also reacts with LiPiv (Li : Co =
1 : 1) in MeCN to form the coordination 1D-polymer
[Co2Li2(Piv)6(Рym)]n (VII) in high yield [59]. The
repeating unit of complex VII consists of two symmet-
rical moieties {Li2Co2(Piv)6}, which are identical in
composition but different in structure and are linked
by pyrimidine bridges (Fig. 3). Although the general

Fig. 2. Molecular structures of complexes III (a), IV (b), and V (c). 
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core architecture of the two moieties {Li2Co2(Piv)6} is
formally similar to that found in complexes I and II,
the Co atoms in these moieties have different coordi-
nation geometries. In one {Li2Co2} unit, the coordina-
tion polyhedron of the Co atom is a distorted tetrahe-
dron made up of three O atoms of one η2,μ2-bridging
and two μ2-bridging pivalate anions and the N atom of
the Рym bridge, while in the other unit, one carboxyl-
ate group bridging the cobalt and lithium atoms acts
as a chelating-bridging ligand forming a lengthened
Co–O bond (2.308 Å) (Fig. 3). As a result, the coordi-
nation polyhedron of the Co(2) atom is a trigonal
bipyramid (τ = 0.08).

Note, however, that the reaction of
complex VI with LiPiv produces not only the major
product VII but also small amounts (~10%) of the
polymer [Co2Li2(Piv)6(Рym)4]n (VIII) with a layered

2D-architecture. Apparently, the formation of com-
plex VIII is preferred when the reaction mixture con-
tains excess pyrimidine. The centrosymmetric repeat-
ing unit {Li2Co2(Piv)6(Рym)4} in polymer VIII is sim-
ilar to that found in complex VII: the Co and Li atoms
are linked by the μ2-, η2,μ2-, and μ3-bridging carbox-
ylate groups (Fig. 4). Either Co atom also coordinates
two pyrimidine molecules. The latter link the tetranu-
clear unit with its four neighbors to form a layered
structure.

The use of 2-amino-5-methylpyridine (Аmpy) as a
“unit-linking” bridging ligand yielded an unexpected
outcome. The coordination polymer [Co2Li2(Piv)6(μ-
Аmpy)2]n (IX) was obtained in a reaction
between [Со(Piv)2]n, LiPiv, and Аmpy (Li : Co :
Аmpy = 2 : 2 : 2) in THF, though this method can
rather be called “hybrid” (self-assembly + insertion).

Fig. 3. Fragment of the polymer chain of complex VII.
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Complex IX is a chain polymer in which the tetranu-
clear units {Li2Co2} are linked by the Ampy molecules.
Either Co atom is coordinated by one bridging Ampy
ligand through the pyridine N atom and by the bridg-
ing Аmpy ligand of the adjacent moiety through the
N atom of the amino group (Fig. 5). The coordinated
amino group is hydrogen-bonded to the O atoms of
the bridging and chelating-bridging carboxylate
groups (H(N2)···O(1), 2.38 Å; N(2)H(2A)O(1),
113.7°; H(N2)···O(3), 1.96 Å; N(2)H(2B)O(3),
158.3°) (Fig. 5). The geometrical parameters of the
tetranuclear unit {Li2Co2} are close to those found in
such Co complexes that one chelating-bridging and
two bridging carboxylate groups form distorted octa-
hedra around the Co atoms.

Analysis of the synthetic routes to the complexes
described above shows that the order of addition of the
reactants ({M(Piv)2}x (M = Co, Ni, or Cu), LiPiv, and
an N-donating ligand) is of minor (if any) importance
for the final reaction product. This suggests that the
preliminary formation of a 3d-metal complex with a
N-donor is formally unnecessary: such a complex can
be prepared in situ because the Li(I) ions are inferior
to 3d-metal ions in coordination to, say, heterocyclic
N-donating ligands or triethylamine.

Note that the both molecular and polymeric {Li-
M} complexes (M = Co, Ni, and Cu) we obtained are
convenient molecular precursors for the targeted syn-
thesis of complex oxides (including thin films of
LiCoO2) carried out by Zh.V. Dobrokhotova (Kurna-
kov Institute of General and Inorganic Chemistry,

Russian Academy of Sciences) and her colleagues at
the Moscow State University [38].

MOLECULAR HETEROMETALLIC PIVALATES 
CONTAINING MAGNESIUM 

AND TRANSITION METAL IONS 
(M = Co OR Ni)

In their chemical properties (including the ability
to coordinate carboxylate anions and other organic
ligands), magnesium(II) ions can be classified among
“hard” Lewis acids (according to Pearson) [22].
Therefore, they are similar in this respect to the lith-
ium(I) ions (though they are differently charged) used
as pivalates in the synthesis of heteronuclear struc-
tures. Presumably, reactions of Mg(II) pivalates with
3d-metal carboxylate matrices could produce hetero-
metallic architectures with Mg : М(3d) = 1 : 2 instead
of Li : М(3d) = 1 : 1, as shown above. Indeed, the
nonanuclear Ni(II) complex
[Ni9(ОН)6(Piv)12(НPiv)4] [28] reacts with Mg(Piv)2
(prepared from Mg(NO3)2 and KPiv) in the presence
of 2,2'-Bipy to give the trinuclear complex
[MgNi2(Piv)6(2,2'-Bipy)2] (X) with Mg(II) : Ni(II) =
1 : 2 in high yield [60].

According to the X-ray diffraction data (Fig. 6a),
the metal core in complex X is a nearly linear
Ni···Mg···Ni chain (the angle NiMgNi is 165°;
Ni···Mg, 3.442 and 3.491 Å). The metal ions in com-
plex X are bridged by carboxylate groups (N–O,
1.987–2.107 Å; Mg–O, 2.071–2.191 Å). All the metal
centers have a distorted octahedral geometry made up

Fig. 5. Fragment of the polymer chain of complex IX (in the carboxylate ligands, the methyl substituents of the tert-butyl groups
are omitted).
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of six carboxylate O atoms (for Mg(II)) or four
O atoms of the carboxylate bridges and two N atoms of
2,2'-Bipy (for Ni(II)). Geometrically, the formation of
such an architecture can formally be represented as the
“approach and fusion” of two singly charged ions
(e.g., Li(I)) at an intersection point of the diagonals of
the rhombic unit M2O2 (e.g., Li2O2 in complex IV)
with allowance for the replacement of the two singly
charged ions by a Mg(II) ion. This results in the alka-
line-earth metal ion occupying a central position,
which actually establishes the composition of the het-
erotrinuclear metal core with a doubly charged “hard”
metal center.

While developing this approach, we obtained in a
similar way a heterometallic complex combining a
Mg atom and two Co atoms. In the resulting complex
[Co2Mg(Piv)6(2,4-Lut)2] (XI), the metal atoms are
collinear (the angle CoMgCo is 180°) (Fig. 6b) [61,
62]. The Mg atom has an octahedral coordination
geometry and is linked with two Co atoms by one che-

lating-bridging and two bridging pivalate anions. In
turn, the coordination polyhedron of either Co atom is
a strongly distorted trigonal bipyramid made up of
four pivalate O atoms and the N atom of 2,4-Lut.

Heteronuclear complexes X and XI can be used as
molecular precursors in the thermal in situ formation
of an efficient catalytic oxide system containing tran-
sition metal and magnesium atoms and suitable as a
catalyst for the synthesis of carbon nanotubes [60, 63].

THE FORMATION OF POLYNUCLEAR 
CARBOXYLATES COMBINING 3d-METAL 

(Co(II), Ni(II), OR Cu(II)) 
AND LANTHANIDE(III) IONS

Lanthanide(III) ions are known to have large ionic
radii (1.06–1.20 Å) and many vacant orbitals, which is
largely responsible for their higher coordination num-
bers (C.N. 8–10) in various mono- and polynuclear
complexes [64]. When discussing the synthetic ways to

Fig. 6. Molecular structures of complexes X (a) and XI (b). 
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Ln(III)-containing complexes, one should keep in
mind that lanthanide ions may be regarded as hard
Lewis acids (like the aforementioned Li(I) and Mg
(II) ions), though many lanthanide complexes with
N-donating organic ligands are known (e.g., dinuclear
carboxylates with pyridine, 2,2'-bipyridyl, 1,10-
phenanthroline (Рhen) derivatives, etc. [65–67]).
With all these specific characteristics of the Ln(III)
centers taken into account, it is difficult to imagine
a priori what polynuclear molecules will form in reac-
tions of lanthanide carboxylates with 3d-metal car-
boxylates. One can only assume that the moiety
LM(OOCR)2 (М is a 3d-metal ion, L is an organic or
inorganic donating ligand) can potentially act as a sort
of metal-containing ligand donating a necessary num-
ber of electrons to the vacant orbitals of the lanthanide

ion from the carboxylate O atoms coordinated to the
3d-metal center. The number of such metal-contain-
ing ligands to the lanthanide ion can probably vary
with the solvent (e.g., its donating activity) and the
reaction temperature; i.e., this formally depends on
the competition in reactivity between the metal-con-
taining ligand and other electron donors (molecules or
ions) present in the reaction mixture.

A reaction between the dinuclear Со(II) and
Sm(III) complexes [Co2(Piv)4(2,2'-Bipy)2(H2O)] [68]
and [Sm2(Piv)6(HPiv)6] [69] yields the heterometallic
dinuclear complex [CoSm(Piv)5(2,2'-Bipy)(H2O)]
(XII) containing only two dissimilar metal atoms
(Scheme 1) [70]:

 Scheme.

In complex XII, the Sm and Co atoms are linked by
three pivalate bridges (Co···Sm, 3.900 Å; Co–O,
2.009–2.048 Å; Sm–O, 2.321–2.350 Å) (Fig. 7a).
The Sm atom in structure XII has a distorted dodeca-
hedral geometry (monocapped pentagonal bipyra-
mid) because of its additional coordination with two
chelating pivalate anions and a water molecule (Sm–
O(Piv), 2.418–2.544 Å; Sm–O(H2O), 2.471 Å). The
coordination polyhedron of the Co atom is completed
with two N atoms of 2,2'-Bipy (Co–N, 2.088(6) and
2.171(6) Å) to form a distorted trigonal bipyramid. In
the crystal, two adjacent molecules of the complex are
symmetrically linked by hydrogen bonds between
water molecules and pivalate groups (Fig. 7а).

Under similar conditions, a reaction between
[Sm2(Piv)6(HPiv)6] and [Ni2(Piv)4(2,2'-Bipy)2(H2O)]
[49] yields the dinuclear complex [NiSm(Piv)5(2,2'-
Bipy)(H2O)] (XIII) (Scheme 1) crystallizing as a sol-
vate with two molecules of pivalic acid (XIII ⋅ 2HPiv).
The Sm and Ni atoms in complex XIII are linked by
three pivalate bridges, one acting as a chelating ligand
(Ni···Sm, 3.753 Å; Ni–O, 2.016–2.342 Å; Sm–O,
2.326–2.383 Å). The Sm atom is additionally coordi-
nated by two chelating pivalate groups and a water

molecule (Sm–O(Piv), 2.445–2.501 Å; Sm–O(H2O),
2.433 Å). The Ni atom is coordinated by a 2,2'-Bipy
molecule (Co–N, 2.035 and 2.062 Å) (Fig. 7b). This
gives rise to an octahedral geometry of the Ni(II) ion
in structure XIII (in contrast to XII). Hydrogen bond-
ing between dinuclear molecules like that in XII is
impossible in complex XIII because the coordinated
water molecule is blocked by the solvate molecules of
pivalic acid. In the crystal of complex XIII, the pyridyl
rings of its adjacent molecules show stacking interac-
tions (d ≈ 3.2 Å) (Fig. 7b).

The composition of the final product does not vary
with lanthanide ion. The complexes
[CoGd(Piv)5(2,2'-Bipy)(H2O)] (XIV) and
[GdNi(Piv)5(2,2'-Bipy)(H2O)] ⋅ 2HPiv (XV ⋅ 2HPiv)
were obtained according to a similar procedure
employing Gd(III) pivalate instead of Sm(III) piva-
late.

In contrast to the methods used to obtain heterodi-
nuclear Co(II)-Ni(II) complexes XII–XV, the synthe-
sis of heterometallic {Cu-Ln} complexes involved the
complex [Cu2(Piv)4(HPiv)2] containing no N-donat-
ing apical ligands; the dinuclear lanthanide pivalates
[Ln2(Piv)6(HPiv)6] (Ln = Sm or Gd) were separately
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added to 2,2'-Bipy. The reactions yielded crystalline
dinuclear complexes [CuLn(Piv)5(2,2'-Bipy)(HPiv)]
(Ln = Sm (XVI) and Gd (XVII)) [70].

The metal atoms in complex XVII (Cu(1)···Gd(1),
3.819 Å) are linked by one chelating-bridging and two
bridging pivalate groups. The coordination polyhe-
dron of the Cu atom is a distorted trigonal bipyramid
made up of three carboxylate O atoms (Cu–O, 1.915,
1.958, and 2.303 Å) and two N atoms of 2,2'-Bipy
(Cu–N, 1.972 and 2.051 Å). The Gd atom is coordi-
nated by four O atoms of one chelating-bridging and
two bridging pivalate groups (Gd–O, 2.247–2.479 Å),
three O atoms of the chelating and monodentate piva-
late anions (Gd–O, 2.303–2.447 Å), and the O atom
of HPiv (Gd–O, 2.329 Å); its resulting coordination
polyhedron is a distorted dodecahedron (square anti-
prism). It should be noted that the Gd atom in struc-
ture XVII is chelated by the chelating-bridging pivalate
anion, as distinct from {Co-Gd} complex XIV showing
only μ-O,O'-bridging. Hydrogen bonds in complex
XVII are formed between the H atom of the HPiv
ligand and the O atom of the Piv– anion coordinated
in a monodentate fashion (O(12)–H, 0.82 Å;
O(12)···O(10), 2.43 Å; H···O(10), 1.64 Å;
O(12)HO(10), 159.2°).

The synthesis of such heterodinuclear complexes
with Рhen afforded the complexes [EuM(Piv)5(Phen)]
(M = Zn(II) (XVIII) and Co(II) (XIX)) [71]. In their
crystal structures, as in complex XV, the aromatic rings
of the Рhen ligands of adjacent molecules (related by a
center of inversion) show π-stacking interactions. The
planes of the Рhen molecules are parallel; the shortest
distances between the planes are 3.34 (M = Zn) and
3.40 Å (M = Co). The coordination number of Eu in
complexes XVIII and XIX is eight, although they do
not contain (in contrast to complexes with 2,2'-Bipy)
a water molecule coordinated to the lanthanide ion.
This C.N. is achieved by coordination of the chelat-
ing-bridging pivalate anion through two O atoms to
the lanthanide rather than 3d-metal ion. The follow-
ing coordination polyhedra are characteristic of the 3d
metals in dinuclear complexes: a tetragonal pyramid
(Co, L = Bipy), a trigonal bipyramid (Co, L = Phen),
an octahedron (Ni), and a trigonal bipyramid (Cu and
Zn). Note that similar dinuclear complexes with quin-
oline, [CoLn(Piv)5(C9H7N)(H2O)] (Ln = Gd or Dy),
are known; the coordination numbers of Ln and Co in
these complexes are eight and four (tetrahedral geom-
etry), respectively [72].

Fig. 7. Fragment of the packing pattern for complexes XII (a) and XIII (b) (the methyl substituents at the carboxylate groups are
omitted). 

(а)

(b)

O(1w)

O(1wA)

Sm(1A)Sm(1)
Co(1)

Co(1A)

O(7A)

O(10)

O(7)

Sm(1A)
Sm(1)

Ni(1) Ni(1A)



630

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 42  No. 10  2016

SIDOROV et al.

Thermogravimetric measurements of heterodinu-
clear {3d–4f} complexes show that their molecules at
50–95°С sequentially eliminate neutral ligands
(water, coordinated acid, and, finally, the N-donating
ligand) [70]. Of course, reactions between transition
metal and lanthanide carboxylates (e.g., pivalates),
which usually involve gentle heating, can be accompa-
nied by dimerization or even polymerization of the
initially formed heterodinuclear architectures. It
should be taken into consideration that the large ionic
radii of lanthanides allow the formation of tetranu-
clear structures featuring a dilanthanide unit (via
dimerization of the dinuclear moieties containing
coordinatively unsaturated lanthanide ions). Hetero-
metallic moieties tend to dimerize even during the
crystallization from solutions because of an increased
ionic radius of lanthanide. For instance, the attempted
synthesis of heterodinuclear structures from La(III)
pivalate (r(La3+) = 1.20 Å) yielded the tetranuclear
complex [La2Zn2(Piv)10(Рhen)2] (XX) composed of
two moieties {(Рhen)ZnLa(Piv)3} linked by four piva-
late bridges (Fig. 8a). Note that a similar reaction with

Eu(III) pivalate (r(Eu3+) = 1.18 Å < r(La3+)) produces
no tetranuclear structure [73]. This suggests the
importance of steric effects in the formation of heter-
ometallic 3d–4f carboxylate complexes. The metal
atoms in complex XX are arranged in a nearly linear
pattern (the angle ZnLaLa is 165.59°; La···Zn,
3.674 Å; La···La, 4.157 Å). The structure of
[La2Zn2(Piv)10(Рhen)2] can formally be regarded as a
dimerization product of [LaZn(Piv)5(Рhen)], which is
similar to the dinuclear {3d–4f} complexes discussed
above.

The architecture of {3d–4f} complexes appreciably
depends on the structure of substituents in the carbox-
ylate anion. When the bulky tert-butyl 3D-groups in
the pivalate anions are replaced by naphthoate 2D-
substituents, the aforementioned heteronuclear
assembly results only in tetranuclear structures.
For instance, we obtained several types of
tetranuclear complexes with the anions of 2-naph-
thoic acid (2-NaphH). A reaction of cobalt nitrate
with a stoichiometric amount of potassium 2-naph-
thoate followed by addition of Eu(NO3)3 ⋅ 6H2O

Fig. 8. Molecular structures of complexes XX (a) and XXI (b) (the naphthyl substituents of the 2-naphthoate anions are omitted). 

La(1)

La(1a)
Zn(1a)

Zn(1)
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(Co : Eu = 3 : 1) gave the complex [Co2Eu2(2-
Naph)10(2,2'-Bipy)2(EtOH)2] (XXI) [74]. The above
Co : Eu ratio is explained by partial consumption of
cobalt(II) in binding nitrate anions to form the target
product and Co(NO3)2, which is more soluble in
MeCN and thus remains in solution. In tetranuclear
complex XXI, the center of inversion is between the
central Eu(1) and Eu(1A) atoms (Co···Eu, 3.940 Å;
Eu···Eu, 4.807 Å) (Fig. 8b). The metal atoms show
somewhat worse collinearity than those in tetranu-
clear complex XX (the angle СоEuEu is 158.9°). The
coordination number of the Eu atom is eight (mono-
capped pentagonal bipyramid) because of its addi-
tional coordination with two O atoms of the chelating
2-naphthoate group and the O atom of EtOH. The
coordination polyhedron of either Co atom is a dis-
torted square pyramid.

Interestingly, reactions between ZnCl2 (or
Zn(NO3)2), Eu(NO3)3, and 1-naphthoic acid (1-
NaphH) derivatives in EtOH–MeCN also yield tetra-
nuclear complexes yet containing no coordinated
EtOH molecule. Using appropriate zinc salts, one can
obtain naphthoate (from ZnCl2) or nitrate-naphtho-
ate complexes (from Zn(NO3)2): [Eu2Zn2(1-
Naph)10(2,2'-Bipy)2] (XXII), [Eu2Zn2(1-
Naph)8(NO3)2(2,2'-Bipy)2] (XXIII), and [Eu2Zn2(1-
Naph)8(NO3)2(1,10-Phen)2] (XXIV) [75].

The metal core of the {Zn2Eu2} complexes has the
same local geometry: the central unit ({Eu2(Naph)6}
or {Eu2(Naph)4(NO3)2} consists of two Eu(III) atoms
bridged by four naphthoate anions (Fig. 9a). The cen-
tral unit is linked with the Zn atoms by naphthoate
bridges to form the zigzag tetranuclear core
{ZnEuEuZn} (Zn···Eu, 3.735–3.890 Å; Eu···Eu,
4.084–4.389 Å; the angles ZnEuEu are 103.6°–
115.5°). Either terminal Zn atom is chelated by the
N-donating ligand (2,2'-Bipy or Phen). The ligands to
either Zn atom make up a distorted trigonal bipyramid
(ZnO3N2). The coordination polyhedron of either
Eu(III) ion can be described as a monocapped pen-
tagonal bipyramid (C.N. 8). The difference in compo-
sition between the complexes with the 1- and 2-Naph
anions gives rise to some structural (for their metal
cores) and functional differences (for their bridging
groups). For instance, all three carboxylate groups in
the moieties {CoEu(2-Naph)3} of the {Co2Eu2} com-
plex act as bridging ligands, while the {Zn2Eu2} com-
plexes feature a μ3-bridging carboxylate group, which
strengthens the linkage between the metal ions.

Particular attention should be given to the packing
pattern for naphthoate complexes in the crystal. For
instance, the {Co2Eu2} complex with 2-naphthoate is
composed of discrete molecules showing no intermo-
lecular stacking between the aromatic rings,
whereas the {Zn2Eu2} complexes form supramolecular
2D- and 3D-polymers, depending on the chelating

ligand (2,2'-Bipy or 1,10-Phen) and on the number of
1-Naph anions in the complex [75].

Trinuclear {3d–4f–3d} complexes, whose metal
core is formally similar to that in magnesium com-
plexes X and XI (as regards the proportion and
arrangement of the metal centers), can be obtained
from [Co(Piv)2]n, [Sm2(Piv)6(HPiv)6], and 2,4-Lut
used in stoichiometric amounts. For instance, the
complex [Co2Sm(Piv)7(2,4-Lut)2] (XXV) was
obtained in nearly quantitative yield (with respect to
Sm) [76]. Unlike the Li-M(3d) and Mg-M(3d) com-
plexes described above, heterometallic complex XXV
contains a pivalate anion coordinated (via chelation)
only by the Sm atom (Fig. 9b). The composition and
structure of this complex are due to the necessity of
compensating for the charge on the Sm ion as well as
to its high coordination number. The metal atoms are
not collinear (the angle CoSmCo is 138.14°); their
coordination polyhedra are a tetrahedron (for Co) and
a square antiprism (for Sm).

The trinuclear nitrate-pivalate complexes
[Co2Ln(NO3)(Piv)6L2(MeCN)2] (L = MeCN
(XXVI), L = Me-Nit (Me-Nit = 2,4,4,5,5-pentam-
ethyl-2-imidazoline-3-oxide-1-oxyl) (XXVII)),
[LnNi2(NO3)(Piv)6(HPiv)2(MeCN)2] (XXVIII),
[LnNi2(NO3)(Piv)6(2,2'-Bipy)2] (XXIX),
[Cu2Ln(NO3)(Piv)6(2,2'-Bipy)2] (XXX), and
[LnZn2(NO3)(Piv)6L2] (L = MeCN (XXXI), 2,4-Lut
(XXXII), and 2,2'-Bipy (XXXIII)) can be obtained
from appropriate 3d-metal pivalates, N-donating
ligands, and lanthanide nitrates [55, 77–79]. For
instance, the yields of complexes XXX and XXXI are
nearly quantitative.

The metal core of such complexes is similar to that
in complex XXV, except that the central lanthanide
atom is chelated by the NO3 rather than Piv anion and
that the coordination geometries of the transition
metal ions vary from tetrahedral (for Co and Zn) to
octahedral (for Ni) [78, 79].

Interestingly, dinuclear Cu(II) and Ni(II) com-
plexes with four pivalate bridges and strongly bound
apical N-donating ligands (e.g., pyridine derivatives),
which stabilize such an architecture, proved to be inef-
fective in the synthesis of {3d–Ln–3d} structures,
probably because of their high chemical stability. For
the formation of trinuclear structures, 3d-metal piva-
lates containing no coordinated pyridines were always
used. Alternatively, trinuclear structures can be
obtained, for example, from the highly labile complex
[Ni9(ОН)6(Piv)12(НPiv)4] or [Cu2(Piv)4(HPiv)2]. The
use of the former, as already mentioned, affords com-
plex XXVIII; the synthesis from [Cu2(Piv)4(HPiv)2] in
the presence of NBu4OH gives the heterometallic tri-
nuclear anionic Cu(II) complexes
(NBu4)[Cu2Ln(Piv)8] (Ln = Eu (XXXIV) or Gd
(XXXV)) [78] (Fig. 10). The complex anion
[Cu2Ln(Piv)8]– is built from two moieties
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Fig. 9. Molecular structures of complexes XXIV (a) (the aromatic rings involved in intramolecular stacking are circumscribed with
dashed lines) and XXV (b). 
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made up of four O atoms (the deviation of the Cu(II)
ions from the О4 plane is ~0.11 Å). Because the metal
ions are linked in pairs by four carboxylate bridges (as
in the dinuclear transition metal complexes LM(μ2-
O2CR)4ML, where R = Me, tBu, Ph, etc.), the
Cu…Ln distance is considerably shorter (3.35 Å) than
that in neutral dinuclear {3d–4f} complexes. In the
crystal, the N atom of the tetrabutylammonium cation
comes very close to an imaginary line passing through
the nearby copper(II) ions (Cu···Cu, 8.062 Å) of two
adjacent anions [Cu2Ln(Piv)8]–.

To sum up, the formation of various {3d–4f}
monocarboxylate architectures largely depends, first
of all, on the specific characteristics of lanthanide(III)
ions such as large ionic radii (including some differ-
ence between them), the composition of the starting
lanthanide reactant, the tendency toward high coordi-
nation numbers, and finally the “hardness” of the ion.
In all tri- and tetranuclear structures, the lanthanide
ions occupy a central position, as in the complexes
containing the hard Li and Mg ions. However, in con-
trast to the latter, the use of lanthanide ions enables
structural diversification of the target architectures
(from dinuclear to tetranuclear). Finally, the periph-
eral substituent in lanthanide-containing systems dis-
tinctly affects the resulting heteronuclear structure,
and the presence of the nitrate anion bound to the
Ln(III) atom (as in the starting lanthanide nitrates)
makes it possible to obtain both carboxylate and
nitrate-carboxylate complexes.
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