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Abstract—The reaction of triphenylcyclopentadienyl potassium and bipyridine with lanthanum, praseodym-
ium, erbium, lutetium, and scandium chloride tetrahydrofuranates results in the formation of binuclear
[CpPh3Ln(Bipy)Cl(μ2-Cl)]2 (Ln = La (I), Pr (II)) and mononuclear [CpPh3Ln(Bipy)Cl2(THF)] (Ln = Er
(III), Lu (IV), [CpPh3Sc(Bipy)Cl2] (V) complexes (CpPh3 = 1,2,4-triphenylcyclopentadienyl, Bipy = bipyri-
dine). The decrease in the REE radius in the series La…Sc results in the formation of mononuclear instead
of binuclear complexes and in a decrease in the coordination number of the central ion. The coplanar
arrangement of two different π-systems gives rise to stacking interactions between the triphenylcyclopentadi-
enyl ligand and bipyridine. The molecular structure of complexes I–V was established by X-ray diffraction
analysis (CCDC nos. 2308609 (I), 2308608 (II), 2308610 (III), 2308611 (IV), 2308607 (V)).
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INTRODUCTION

Aryl-substituted cyclopentadienyl ligands play an
important role in the design of new types of organo-
metallic compounds of 4f elements [1–6].

Previously, we showed that the combination of a
polyphenyl-substituted cyclopentadienyl ligand and a
polydentate N-heterocyclic ligand in the same coordi-
nation sphere of a rare earth element (REE) makes it
possible to obtain mononuclear monocyclopentadie-
nyl complexes based on tri- and tetraphenyl-substi-
tuted cyclopentadienyl ligands, which cannot be
achieved otherwise [7–9]. We reported the synthesis
and structural study of the triphenylcyclopentadienyl
and tetraphenylcyclopentadienyl complexes of ele-
ments of the middle of 4f-series, particularly, Nd, Tb,
and Gd complexes with a bipyridine ligand [8]. The
structure of type [(C5H5 – nPhn)LnCl2(Bipy)(THF)n]
complexes, which is relatively simpler than that of
polynuclear structures, usually formed by monocyclo-
pentadienyl compounds with polyaryl-substituted
cyclopentadienyl ligands, enables more detailed anal-
ysis of the molecular structure and packing in the crys-
tal lattice for this type of complexes.

The purpose of the present study is to synthesize
REE cyclopentadienyl bipyridine complexes:
[CpPh3Ln(Bipy)Cl(μ2-Cl)]2 (Ln = La (I), Pr (II)),
[CpPh3Ln(Bipy)Cl2(THF)] (Ln = Er (III), Lu (IV)),
and [CpPh3Sc(Bipy)Cl2] (V) (CpPh3 = 1,2,4-triphenyl-
cyclopentadienyl, Bipy = bipyridine) and to identify
the differences between their structures depending on
the ionic radius of the complex-forming metal.

EXPERIMENTAL
Compounds I–V were synthesized in the atmo-

sphere of purified argon in anhydrous solvents using a
SPECS-GB2 glove box. Tetrahydrofuran was pre-
dried over NaOH and distilled from potassium/ben-
zophenone. Hexane was distilled from sodium–potas-
sium eutectic/benzophenone. Toluene was distilled
from sodium/benzophenone. LnCl3(THF)n (Ln = La,
Pr, Er, Lu, Sc) were synthesized by a reported proce-
dure [10]. Benzyl potassium was prepared by a modi-
fied published procedure [11]. 1,2,4-Triphenylcyclo-
pentadiene was obtained by a known procedure [12],
recrystallized from absolute ethanol, and dried under
dynamic vacuum; and bipyridine was sublimed in
334



STRUCTURAL DIVERSITY OF HETEROLEPTIC 335
vacuo prior to use. The elemental analysis of com-
plexes I and III was performed on a Thermo Scientific
FLASH 2000 CHNS/O analyzer with addition of
Co3O4 to ensure complete combustion. The elemental
analysis of complexes II, IV, and V was carried out on
a Leco TruSpec Micro CHNS analyzer.

Synthesis of [CpPh3LaCl2(Bipy)]2 (I). A solution of
benzyl potassium (0.034 g, 0.26 mmol) in THF
(5 mL) was slowly added with stirring to a solution of
CpPh3H (0.074 g, 0.25 mmol) in THF (10 mL). The
reaction mixture was stirred for 15 min, and the result-
ing solution of 1,2,4-triphenylcyclopentadienyl potas-
sium was slowly added to a stirred suspension of
LaCl3(THF)2 (0.097 g, 0.25 mmol) in THF (15 mL).
The reaction mixture was stirred for 12 h, then a solu-
tion of Bipy (0.039 g, 0.25 mmol) in THF (2 mL) was
added. The reaction mixture was stirred for 12 h, and
the precipitate that formed was separated by centrifu-
gation (4000 rpm, 10 min). The precipitate was
extracted with THF (2 × 5 mL) to dissolve the remain-
der of the complex and centrifuged again. Hexane
(40 mL) was carefully added to the combined solu-
tions, so as to avoid mixing of the layers. After 3 days,
the crystals of complex I formed. The crystals
were dried under dynamic vacuum. The yield of com-
pound I, as an orange crystalline powder, was 0.098 g
(0.074 mmol, 59%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
I in THF. According to X-ray diffraction data, the unit
cell of complex I contained one THF molecule. This
molecule was lost during vacuum drying.

The synthesis of [CpPh3PrCl2(Bipy)]2 (II) was per-
formed by the procedure described above starting from
PhCH2K (0.068 g, 0.52 mmol), CpPh3H (0.147 g,
0.5 mmol), PrCl3(THF)2 (0.196 g, 0.5 mmol), and
Bipy (0.078 g, 0.5 mmol). The combined solution of
the complex in THF obtained after centrifugation of
the reaction mixture was concentrated to 10 mL. Hex-
ane (20 mL) was carefully added to the concentrated
solution. The yellow-green powder precipitated after
2 days was dissolved in THF (50 mL), and hexane
(50 mL) was carefully added to the solution. After
4 days, the crystals of complex II formed. The crystals
were dried under dynamic vacuum. The yield of com-

For C66H50N4Cl4La2

Anal. calcd., % C, 60.11 H, 3.83 N, 4.25
Found, % C, 59.66 H, 4.23 N, 4.16
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
pound II, as a yellow-green crystalline powder, was
0.172 g (0.130 mmol, 52%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
II in THF. According to X-ray diffraction data, the
unit cell of complex II contained one THF molecule.
This molecule was lost during vacuum drying.

The synthesis of [CpPh3ErCl2(Bipy)(THF)] (III) was
performed by the procedure described above for I
starting from PhCH2K (0.034 g, 0.26 mmol), CpPh3H
(0.074 g, 0.25 mmol), ErCl3(THF)3 (0.122 g,
0.25 mmol), and Bipy (0.039 g, 0.25 mmol). The yield
of compound III, formed as an orange crystalline
powder, was 0.114 g (0.150 mmol, 60%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
III in THF.

The synthesis of [CpPh3LuCl2(Bipy)(THF)] (IV) was
performed by the procedure described above for I
starting from PhCH2K (0.034 g, 0.26 mmol), CpPh3H
(0.074 g, 0.25 mmol), LuCl3(THF)3 (0.124 g,
0.25 mmol), and Bipy (0.039 g, 0.25 mmol); the pre-
cipitate obtained by centrifugation of the reaction
mixture was extracted with THF (4 × 15 mL). The
yield of compound IV, formed as an orange crystalline
powder, was 0.078 g (0.102 mmol, 41%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
IV in THF.

The synthesis of [CpPh3ScCl2(Bipy)] (V) was per-
formed by the procedure described above for I starting
from PhCH2K (0.034 g, 0.26 mmol), CpPh3H (0.074 g,
0.25 mmol), ScCl3(THF)3 (0.092 g, 0.25 mmol), and
Bipy (0.039 g, 0.25 mmol). The combined solution of
the complex in THF obtained after centrifugation of
the reaction mixture was concentrated to dryness. The
resulting dark powder was washed with toluene
(10 mL) and dissolved again in THF (7 mL). Hexane

For C66H50N4Cl4Pr2

Anal. calcd., % C, 59.93 H, 3.81 N, 4.24
Found, % C, 59.53 H, 4.10 N, 4.25

For C37H33N2OCl2Er
Anal. calcd., % C, 58.49 H, 4.38 N, 3.69
Found, % C, 58.60 H, 4.39 N, 3.76

For C37H33N2OCl2Lu
Anal. calcd., % C, 57.90 H, 4.34 N, 3.65
Found, % C, 57.67 H, 4.27 N, 3.53
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(20 mL) was carefully added to the solution. After sev-
eral days, the crystals of complex V formed. The crys-
tals were dried under dynamic vacuum. The yield of
compound V, formed as a yellow crystalline powder,
was 0.117 g (0.207 mmol, 83%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
V in THF. According to X-ray diffraction data, the
unit cell of complex V contained one THF molecule.
This molecule was lost during vacuum drying.

X-ray diffraction analysis of complexes I–V was
carried out on a Bruker Quest D8 diffractometer
(Photon-III detector, MoKα radiation, ω-scan mode).
The reflection intensities were determined using the
SAINT program [13]. The absorption corrections
were applied semiempirically based on equivalent
reflections using the SADABS software [14]. The
structures were solved by the direct method using the
SHELXT program [15] and refined with the least-
squares method in the full-matrix anisotropic approx-
imation on  with the SHELXL-2018 software [16].
The disordered moieties were refined by applying con-
straints for atomic displacement parameters and posi-
tional parameters (DFIX and EADP). Analysis of the
difference electron density maps and atomic displace-
ment parameters revealed a pronounced disorder of
the solvent (apparently, mainly THF) in the crystals of
I, II, and V. The contribution of these disordered mol-
ecules was eliminated from the structural factors using
the SQUEEZE program [17]. The hydrogen atoms in

all structures were calculated using the riding model
(C–H distances of 0.980 Å for methyl, 0.990 Å for
methylene, and 1.000 Å for cyclopentadienyl hydrogen
atoms) and refined in the relative isotropic approxi-
mation Uiso(H) = 1.2Ueq(C). The main crystallo-
graphic data and refinement parameters for com-
pounds I–V are summarized in Table 1.

The atom coordinates and other parameters of the
structures of I–V were deposited with the Cambridge
Crystallographic Data Centre (CCDC nos. 2308607–
2308611) deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

The reactions of REE chloride tetrahydrofuranates
LnCl3(THF)x (Ln = La, Pr, Er, Lu, Sc; THF = tetra-
hydrofuran) with triphenylcyclopentadienyl potas-
sium and then with bipyridine in tetrahydrofuran
affords heteroleptic complexes containing triphenyl-
cyclopentadienyl and bipyridine ligands in the metal
coordination sphere.

It is of interest that this type of ligand environment
of REE ions, that is, triphenylcyclopentadienyl and
bipyridine ligands in combination with two chloride
ligands, gives rise to quite diverse geometry of the
metal coordination sphere and, consequently, broad
variety of structures of complexes with the same set of
the ligands. In the case of lanthanum and praseodym-
ium, binuclear complexes [CpPh3Ln(Bipy)Cl(μ2-Cl)]2
are formed (Ln = La (I), Pr(II); Scheme 1). Com-
plexes I and II were obtained by recrystallization from
1 : 1 THF–hexane mixtures as orange-yellow (I) and
yellow-green (II) crystals sparingly soluble in THF
and insoluble in toluene.

Scheme 1. Synthesis of lanthanum and praseodymium triphenylcyclopentadienyl-bipyridine complexes.

The structures of I and II were determined by
X-ray diffraction analysis (Fig. 1, Tables 1, 2). In the
binuclear isostructural complexes I and II, the mole-
cules of which are arranged on the inversion centers,
the [CpPh3Ln(Bipy)Cl] moieties are connected by two
bridging chloride ligands. Thus, each of the Ln3+ cat-
ions is coordinated to the triphenylcyclopentadienyl
anion, two bridging and one terminal chloride ligands,
and two bipyridine nitrogen atoms (the metal coordi-
nation number is 8). The ligands form a pseudo-octa-
hedral environment around the metal, if the cyclopen-

tadienyl ligand is considered to occupy one vertex of
the octahedron. The Ln–Clterm distances are much
shorter than the Ln–Clbridge distances (see Table 2),
and the CpcentroidLnClterm angles in I and II are 105.4°
and 104.7°, respectively.

Similar reactions of erbium, lutetium, and scan-
dium tetrahydrofuranates with triphenylcyclopentadi-
enyl potassium and bipyridine lead to the formation of
mononuclear complexes [CpPh3Ln(Bipy)Cl2(THF)]
(Ln = Er (III), Lu (IV)) and [CpPh3Sc(Bipy)Cl2] (V)
(Scheme 2).

For C33H25N2Cl2Sc
Anal. calcd., % C, 70.11 H, 4.46 N, 4.96
Found, % C, 69.77 H, 5.09 N, 4.44

2
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Fig. 1. Structure of complex I with atoms represented by thermal ellipsoids (ρ = 50%). Hereinafter, hydrogen atoms and phenyl
substituents are not shown for the sake of simplicity.

La(1A)

La(1)

N(1)

N(1A) Cl(1A)

Cl(2A)

Cl(2)

Cl(1)

N(2)

N(2A)
Scheme 2. Synthesis of complexes III–V.

Unlike lanthanum and praseodymium, the ions of
which have relatively large ionic radii, the other 4f ele-
ments give mononuclear complexes [CpPh3Ln(Bipy)-
Cl2(THF)] (III, IV) (C.N. = 8) (Ln = Er, Lu), which
we described previously [8], similar to Nd, Gd, and Tb
tri- and tetraphenylcyclopentadienyl complexes which
we described previously [8]. In the case of scandium,

which has the smallest ionic radius among REEs, the
complex [CpPh3Ln(Bipy)Cl2] (V) is formed (C.N. = 7).
Like the previously described complexes, the obtained
compounds have stacking interactions between the
phenyl substituents of the cyclopentadienyl rings and
bipyridine ligands. Characteristic features of these
interactions are discussed below.

N N
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LnCl3(THF)x
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PhPh

Ph
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Ph Ph
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Table 2. Selected structural parameters of the triphenylcyclopentadienyl-bipyridine complexes

Complex Ln–Cl bond 
lengths, Å

Ln–N bond 
lengths, Å

Ln–O 
bond 

length, Å

Ln–Cpcentroid 
distance, Å

Rotation 
angles

of the phenyl 
ring 

in position 4, 
deg

Rotation angles 
of the phenyl rings

in positions 1 
and 2, deg

NLnN
angle, deg

I 2.739(3) (term.); 
2.928(2), 
2.830(2) (bridge)

2.59(1)–2.69(1) 2.60 5.9 41.4, 34.0 58.6(4)–
62.3(4)

II 2.689(3) (term.); 
2.793(3),
2.886(3) (bridge)

2.59(1) 2.542 12.0 34.0, 38.1 62.6(3)

III 2.5715(9), 
2.5774(9)

2.451(3)–456(3) 2.452(2) 2.409 7.2 22.1, 50.5 66.8(1)

IV 2.539(1),
2.546(1)

2.411–2.412 (5) 2.437(4) 2.384 6.3 21.8, 51.5 67.92(15)

V 2.315(1),
2.324 (1)

2.315(3)–
2.324(2)

2.209 6.8 43.3, 39.9 69.7(1)
Complexes III and IV are isostructural, the lantha-
nide cation in them being coordinated to the cyclo-
pentadienyl anion, two chloride ligands, two bipyri-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 2. Structure of complex IV with atoms r

Lu(1)

Cl(2)

Cl(1)
dine nitrogen atoms, and the THF oxygen atom
(Fig. 2). The primary difference between III or IV and
the complexes of lighter lanthanides is the geometry of
  Vol. 50  No. 5  2024

epresented by thermal ellipsoids (ρ = 50%).
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N(1)

N(2)



340 BARDONOV et al.

Fig. 3. Structure of complex V with atoms represented by thermal ellipsoids (ρ = 50%).

Sc(1)

N(1)

Cl(2)

Cl(1)

N(2)

Fig. 4. Centrosymmetric stacking dimers in the crystal structure of V.

Sc(1)

Sc(1A)

N(1)

N(1A)

Cl(1A)

Cl(2A)

Cl(2)

Cl(1)
N(2)

N(2A)
the bipyridine ligand: the lanthanide atom almost
does not deviate from the bipyridine ligand plane.

Complex V differs from complexes III and IV by
the absence of the metal-coordinated tetrahydrofuran
molecule, the Sc C.N. being 7 (Fig. 3). The metal
coordination polyhedron can be described as a dis-
torted tetragonal pyramid with the cyclopentadienyl
ligand at a vertex. The distance from scandium to the
ClClNN plane is 0.896 Å. The absence of a solvated
THF molecule in the coordination sphere, which
shields the bipyridine π-system, leads to a somewhat
different intermolecular packing. Whereas in all com-
RUSSIAN JOURNAL OF C
pounds considered above, the intermolecular interac-
tions are mainly H…H and C…H contacts, in the case
of V, stacking interaction with the C…C distance of
3.45 Å is implemented (Fig. 4).

As we noted above, the presence of intramolecular
stacking interaction can be assumed for the crystals of
I–V in all cases (Fig. 5). This is attributable to the fact
that the chloride anions and nitrogen atoms in these
complexes are located approximately in the same
plane (the standard deviation is not more than 0.05 Å).
This plane is coplanar to the cyclopentadienyl ligand,
which, enables the overlap of the π-systems of the phe-
OORDINATION CHEMISTRY  Vol. 50  No. 5  2024
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Fig. 5. Character of overlap of the π-systems involved in the intramolecular stacking interactions.

Er(1)

N(1)

Cl(2) Cl(1)

N(2)
nyl substituents and the bipyridine ligand. In view of
the fact that the phenyl groups in positions 1 and 2 are
always rotated relative to the cyclopentadienyl ligand,
the only possible pair of rings to form the stacking
interactions are the phenyl group in position 4 of
cyclopentadienyl and bipyridine. The efficiency of the
stacking interaction is also controlled by the ionic
radius of the rare earth element ion.

It is noteworthy that in the three different types of
complexes (as regards the crystal symmetry), the type
of overlap of the π-system actually does not change,
with the angles between the phenyl group in position 4
and the pyridine ring being 8.6° in complexes I and II,
17° in III and IV, and 19° in V. The shortest distances
between carbon atoms of different aromatic rings are
in the range of 3.1–3.3 Å.

In this study, we obtained and structurally charac-
terized mono- and binuclear heteroleptic REE triph-
enylcyclopentadienyl bipyridine complexes, com-
monly characterized by the coplanar arrangement of
two different π-systems (triphenylcyclopentadienyl
ligand and bipyridine), which may implement stack-
ing interaction. Interestingly, this pattern holds for
both mononuclear and binuclear complexes. Since the
indicated π-systems can act as π-type (triphenylcyclo-
pentadienyl) and σ-type (bipyridine) antenna ligands,
this opens up the possibility of preparing also hetero-
metallic complexes promising as regards the photo-
physical properties using the same set of ligands.
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