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Abstract—The reaction of triphenylcyclopentadienyl potassium with praseodymium and erbium chloride tet-
rahydrofuranates gives, depending on the reactant ratio, tetranuclear ate complexes, [{(Ph3C5H2)-
Pr(THF)}2(μ2-Cl)2(μ3-Cl)3K]2(C7H8)4 (I) and [{(Ph3C5H2)Er(THF)}2(μ2-Cl)2(μ3-Cl)3K(THF)]2 (III), or
binuclear ate complexes [(Ph3C5H2)2LnCl(KCl)]2 Ln = Pr (II), Er (IV) (CCDC nos. 2224244 (I),
2224243 (II), 2224245 (III), 2224242 (IV)). The structurally similar complexes I and III are based on the
{[Ln2(μ-Cl)3]2(μ-Cl)2K2} core, and in III, the potassium cation is additionally coordinated to the THF mol-
ecule. The isostructural complexes II and IV have the binuclear [Ln(μ-Cl)2K]2 core.

Keywords: lanthanides, triphenylcyclopentadienyl ligand, X-ray diffraction
DOI: 10.1134/S107032842370063X

INTRODUCTION
Substituted cyclopentadienyl ligands play an

important role in the design and synthesis of organo-
metallic compounds of 4f elements [1–4]. The large
variety of these ligands and, simultaneously, the inter-
est in these ligands is due to the ease of modification
of the cyclopentadienyl moiety. Aryl-substituted
cyclopentadienyl ligands are especially promising in
this respect, since they can be modified both by using
different numbers of substituents in the cyclopentadi-
enyl ring and by introducing substituents into the aryl
moiety [5–8]. Previously, we reported the synthesis of
a series of polyphenyl-substituted gadolinium, neo-
dymium, and terbium cyclopentadienyl ate com-
plexes. In the series of mono- and bis-triphenylcyclo-
pentadienyl complexes, two stable structural motifs
were found: the binuclear [Ln(μ-Cl)2K]2 core for the

bis-cyclopentadienyl complexes [ Ln(μ2-Cl)(μ3-
Cl)K(THF)n]2, n = 0 (Ln = Gd, Tb), n = 2 (Ln = Nd),
and the tetranuclear {[Ln2(μ-Cl)4]2(μ-Cl)2K2} core for
the monocyclopentadienyl complexes {[CpPh3Ln-
(THF)]2(μ2-Cl)2(μ3-Cl)3K(THF)n}2, n = 0 (Ln =
Nd), 1 (Ln = Gd, Tb) [9–11].

It appeared of interest to study the structural fea-
tures of analogous triphenylcyclopentadienyl com-
plexes of lanthanides located in the middle of the
4f series with ionic radius either greater or smaller than

the terbium and gadolinium radii. It was assumed that
movement towards the beginning and/or end of the
4f series, accompanied by the corresponding change in
the ionic radius, would result in rearrangement of the
coordination sphere of the lanthanide ions in these
complexes.

The purpose of this work is to synthesize and study
the structures of erbium and praseodymium mono-
and bis-triphenylcyclopentadienyl complexes and to
compare their structural features with those of related
compounds of terbium, gadolinium, and neodymium.

EXPERIMENTAL
Compounds I–IV were synthesized in a prepuri-

fied argon atmosphere using anhydrous solvents and a
SPEKS-GB2 glove box. Tetrahydrofuran was pre-
dried over NaOH and distilled from potassium/ben-
zophenone. Hexane was distilled from potassium
sodium eutectics/benzophenone. Toluene was dis-
tilled from sodium /benzophenone. PrCl3(THF)2 and
ErCl3(THF)3 were obtained by a known procedure
[12]. Benzyl potassium was prepared according to a
modified published procedure [13]. 1,2,4-Triphenyl-
cyclopentadiene was synthesized by a reported proce-
dure [14], recrystallized from absolute ethanol, and
dried in a dynamic vacuum. Elemental analysis of
complexes I–III was carried out on a Thermo Scien-
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tific FLASH 2000 CHNS/O Analyzer. Elemental
analysis of complex IV was performed on a Perkin-
Elmer 24000 Series II elemental CHNS/O instru-
ment. The metal content was determined by complex-
ometric titration with EDTA using xylenol orange
indicator.

Synthesis of [{(Ph3C5H2)Pr(THF)}2(μ2-Cl)2(μ3-
Cl)3K]2(C7H8)4 (I). A solution of benzyl potassium
(0.265 g, 2.04 mmol) in THF (5 mL) was slowly added
with stirring to 10 mL of a THF solution of 1,2,4-
triphenylcyclopentadiene (0.588 g, 2 mmol). The
reaction mixture was stirred for 15 min, the resulting
solution of 1,2,4-triphenylcyclopentadienyl potassium
was slowly added to a stirred suspension of
PrCl3(THF)2 (0.783 g, 2 mmol) in THF (6 mL). The
reaction mixture was stirred for 12 h, then centrifuged
to separate the precipitated potassium chloride. The
precipitate was washed with THF (5 mL) and centri-
fuged once again. The supernatants were combined
and evaporated to dryness. The resulting viscous oil
was dissolved in toluene (15 mL), and hexane (20 mL)
was carefully added to the solution, while avoiding
mixing of the phases. After 10 days, bright green crys-
tals of complex I were formed. The crystals were dried
in a dynamic vacuum. The yield of complex I was
0.764 g (0.289 mmol, 58%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
I in toluene. According to X-ray diffraction data, the
unit cell of complex I contained four toluene mole-
cules. Two of these molecules were lost during vacuum
drying.

Synthesis of [(Ph3C5H2)2PrCl(KCl)]2 (II) was per-
formed by a procedure similar to that used for I start-
ing from benzyl potassium (0.530 g, 4.08 mmol),
1,2,4-triphenylcyclopentadiene (1.176 g, 4 mmol), and
PrCl3(THF)2 (0.783 g, 2 mmol). The yield of II was
0.787 g (0.470 mmol, 47%).

Synthesis of [{(Ph3C5H2)Er(THF)}2(μ2-Cl)2(μ3-
Cl)3K(THF)]2 (III) was performed by a procedure
similar to that used for I starting from benzyl potas-
sium (0.265 g, 2.04 mmol), 1,2,4-triphenylcyclopen-
tadiene (0.588 g, 2 mmol), and ErCl3(THF)3 (0.979 g,

For C122H116O4Cl10K2Pr4

Anal. calcd., % C, 55.45 H, 4.43 Pr, 21.35
Found, % C, 55.70 H, 4.65 Pr, 20.87

For C92H68Cl4K2Pr2

Anal. calcd., % C, 65.96 H, 4.10 Pr, 16.84
Found, % C, 66.05 H, 4.19 Pr, 16.99
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2 mmol). The yield of complex III was 0.641 g
(0.237 mmol, 47%).

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

Synthesis of [(Ph3C5H2)2ErCl(KCl)]2 (IV) was per-
formed by a procedure similar to that used for I start-
ing from benzyl potassium (0.265 g, 2.04 mmol),
1,2,4-triphenylcyclopentadiene (0.588 g, 2 mmol),
and ErCl3(THF)3 (0.490 g, 1 mmol). For the isolation
of IV, the viscous oil formed upon evaporation of the
reaction mixture after centrifugation was washed with
toluene (10 mL), and the pink precipitate was sepa-
rated by centrifugation and dissolved in THF (15 mL).
Hexane (20 mL) was carefully added to the solution,
while avoiding mixing of the phases. After 10 days,
pink crystals formed. After vacuum drying, the yield of
the crystals was 0.062 g. One more portion of hexane
(20 mL) was added to the mother liquor; this addition-
ally gave 0.139 g of IV. The total yield of IV was 0.201 g
(0.201 mmol, 23%).

The crystals suitable for X-ray diffraction were
obtained by slow diffusion of hexane into a solution of
IV in THF. The low elemental analysis data and a low
yield of complex IV suggest that the isolated single
crystalline sample was not the major product of this
reaction, but only one of several products. Indeed,
when the synthesis of IV was reproduced, 1,2,4-triph-
enylcyclopentadienylpotassium solvate was isolated in
some cases in the crystalline state from the reaction
mixture.

X-ray diffraction study of complexes I–IV was car-
ried out on a Bruker Quest D8 diffractometer (Pho-
ton-III detector, MoKα radiation, graphite mono-
chromator, ω-scan mode). The reflection intensities
were obtained using the SAINT software [15]. The
absorption corrections were applied semiempirically
on the basis of equivalent reflections in the SADABS
software [16]. The structures were solved by direct
methods using the SHELXT software [17] and refined
by the least-squares method in the anisotropic full-
matrix approximation on  using the SHELXL-
2018 software [18]. In the refining of disordered
groups, constraints on the atom displacement param-
eters and positional parameters (DFIX and EADP)
were used. The hydrogen atoms in all structures were
located by the rigid-body model (C–H distance is

For C116H116O6Cl10K2Er4

Anal. calcd., % C, 51.45 H, 4.32
Found, % C, 51.75 H, 4.34

For C92H68Cl4K2Er2

Anal. calcd., % C, 63.95 H, 3.97
Found, % C, 62.94 H, 4.09

2
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Table 1. Main crystallographic data and structure refinement details for compounds I–IV

Parameter
Value

I II III IV

Molecular formula C108H100O4Cl10K2Pr4, 
4(C7H8)

C92H68Cl4K2Pr2 C116H116O6Cl10K2Er4 C92H68Cl4K2Er2

M 2826.74 1675.28 2707.82 1727.98

T, K 112 105 100 123

Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic

Space group C2/c Iba2 P21/n Iba2

Z (Z') 8 (1) 8 (1) 2 (0.5) 8 (1)

a, Å 24.9719(14) 17.5395(8) 13.3267(2) 17.420(3)

b, Å 17.1060(10) 25.2497(15) 33.6011(6) 25.059(3)

c, Å 29.7298(16) 16.9294(10) 13.5223(2) 16.884(3)

β, deg 102.940(2) 90 116.6339(7) 90

V, Å3 12377.2(12) 7497.5(7) 5412.65(15) 7370.6(18)

ρ(calcd.), g cm−3 1.517 1.484 1.661 1.557

μ, mm−1 1.883 1.585 3.447 4.744

F(000) 5696 3376 2680 3448

2θmax, deg (completeness) 58
(0.998)

58
(0.999)

60
(0.999)

52
(0.999)

Number of measured reflections 51262 34379 195071 15698

Number of unique reflections 16384 9932 15766 7163

Number of ref lections with I > 2σ(I) 12284 7169 14559 5174

Number of refined parameters 709 452 668 452

R1 (I > 2σ(I)) 0.0530 0.0561 0.0287 0.0626

wR2 (all data) 0.1161 0.1166 0.0625 0.1460

GOOF 1.030 0.990 1.116 0.945

Residual electron density (min/max), 
e Å−3

−1.120/1.098 −0.815/0.906 −1.501/1.604 −0.828/1.627
0.950 Å for aromatic, 0.990 Å for methylene, and 1.000 Å
for cyclopentadienyl hydrogen atoms) and refined in
the relative isotropic approximation Uiso(H) =
1.2Uequiv(C). The main crystallographic data and
refinement parameters for compounds I–IV are sum-
marized in Table 1.

The atom coordinates and other parameters of
structures of I–IV were deposited with the Cambridge
Crystallographic Data Centre (CCDC no. 2224242–
2224245, deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk/data_request/cif).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
RESULTS AND DISCUSSION

Treatment of a suspension of praseodymium chlo-
ride tetrahydrofuranate PrCl3(THF)2 in THF with a
solution of 1,2,4-triphenylcyclopentadienylpotassium
in THF resulted, depending on the reactant ratio, in
the formation of ate complexes [{CpPh3Pr(THF)}2(μ2-

Cl)2(μ3-Cl)3K]2 (I) or [ PrCl(KCl)]2 (II) (THF is
tetrahydrofuran, CpPh3 = 1,2,4-triphenylcyclopenta-
dienyl) (Scheme 1).

Ph3
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Scheme 1.

The structures of the products were established by
X-ray diffraction. Complex I consists of two equiva-
lent [{CpPh3Pr(THF)}2(μ2-Cl)2(μ3-Cl)3K] moieties
combined by two K–Cl bonds (Fig. 1). Complex I is
isostructural to the related neodymium complex
[{CpPh3Nd(THF)}2(μ2-Cl)2(μ3-Cl)3K]2 [11], but dif-
fers from the gadolinium and terbium triphenylcyclo-
pentadienyl complexes [{CpPh3Ln(THF)}2(μ2-
Cl)2(μ3-Cl)3K(THF)]2 [9] (Ln = Gd, Tb) in the coor-
dination environment of potassium ions. In complex I,
the potassium ion is coordinated by four μ3-bridging
and one μ2-bridging chlorine atoms and is η6-coordi-
nated by the phenyl substituent of one cyclopentadie-
nyl ligand. Meanwhile, in [{CpPh3Ln(THF)}2(μ2-
Cl)2(μ3-Cl)3K(THF)]2, the potassium ion is coordi-
nated, along with five chloride ligands, by the THF
oxygen atom and is also η2-coordinated by the phenyl
group.

Each of the two non-equivalent praseodymium
cations in I is coordinated by four bridging chloride
ligands, the THF oxygen atom, and the η5-cyclopen-
tadienyl anion (coordination number 8). The rotation
angles of the phenyl groups relative to the cyclopenta-
dienyl ring range from 8.7° to 44.9°; furthermore, the
rotation angles of the phenyl groups in position 4 of
the cyclopentadienyl anion are markedly smaller than
those for the phenyl groups in positions 1 and 2 (see
Table 2).

It is of interest that almost all lanthanide
monoarylcyclopentadienyl complexes containing no
other ligands except the cyclopentadienyl and halide
ligands have the [M4K2Cl10] structural motif [9, 11,
19–21]. The only exception is the [CpPh3YCl2(THF)3]
complex, which is mononuclear [22]. An example of
such structure is also known in the d-metal chemistry
[23].

Bis-cyclopentadienyl complex II, like complex I, is
located at the inversion center (Fig. 2). It refers to the
ate complex structural type unusual for organolantha-
nide chemistry in which the alkali metal cation is not
coordinated by the O- or N-donor ligand:
[Cp2LnX2M], where Cp is substituted or unsubstituted
cyclopentadienyl, X is an anionic ligand, and M is an
alkali metal cation. For praseodymium, complexes of
this type have been unknown before.

In complex II, praseodymium is coordinated by
two η5-cyclopentadienyl ligands and two chloride
ligands (coordination number 8), as in complex I. The
Pr–  distance is somewhat shorter in the bis-
cyclopentadienyl complex (on average, 2.498 Å) than
in the monocyclopentadienyl complex (on average,
2.510 Å). At the same time, the average rotation angles
of the phenyl rings relative to the cyclopentadienyl ring
are much greater in II than in I. The average values of
the rotation angles are 38.1° (II) and 29.3° (I) for the
phenyl groups in positions 1 and 2 of the cyclopenta-
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Fig. 1. Molecular structure of complex I with atoms represented by thermal ellipsoids (ρ = 50%). The hydrogen atoms, some of
the phenyl groups, and disorder of the coordinated THF molecules are omitted.
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dienyl ligand and 18.9° (II) and 11.7° (I) for those in
position 4. This considerable difference may be indic-
ative of greater steric crowding of praseodymium in
complex II in comparison with complex I.

Complex II is isostructural to the previously
described related compounds of gadolinium and ter-
bium [9].

The erbium complexes [{CpPh3Er(THF)}2(µ2-

Cl)2(µ3-Cl)3K(THF)]2 (III) and [Cp ErCl(KCl)]2
(IV) were prepared by analogy with praseodymium
complexes (Scheme 2). Complexes III and IV were
isolated by recrystallization from THF–hexane mix-
tures.

Scheme 2.
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Table 2. Selected structural parameters of complexes I–IV

Parameter I II III IV

Ln−CCp bond lengths, Å 2.733(5)–2.833(5) 2.735(8)–2.829(8) 2.626(2)–3.751(3) 2.61(1)−2.71(2)

Ln−Cpcentroid distances, Å 2.505, 2.516 2.497, 2.500 2.393, 2.405 2.358, 2.364

Ln−Cl bond lengths, Å 2.692(1)−
2.920(1)

2.680(2), 2.721(2) 2.5658(9)–2.8750(7) 2.560(4), 2.598(4)

Ln−OTHF bond lengths, Å 2.449(3), 2.461(3) 2.338(3)–2.345(2)

Rotation angles of phenyl 
rings in positions 1 and 2 
of cyclopentadienyl, deg

28.9, 44.9; 38.4, 40.9 35.1, 38.6; 19.3, 59.4 35.6, 38.3; 30.1, 37.4 36.2, 39.8; 18.0, 58.7

Rotation angles of phenyl 
rings in position 4 of cyclo-
pentadienyl, deg

8.7; 14.8 15.4; 22.5 18.1; 19.5 16.9; 22.8

K…CPh distances, Å 3.050(5)–2.562(4) 3.05(1)–3.513(9) 3.234(4), 3.332(4), 
3.580(4)

3.06(2)–3.41(2)
The structure of complex III was also established
by X-ray diffraction analysis. Complex III (Fig. 3) is
structurally similar to I. The key difference between
the structures of I and III is in the coordination envi-
ronment of the potassium ion. In praseodymium com-
plex I, the potassium ion is coordinated by five chlo-
ride ligands and the π-system of one of the phenyl sub-
stituents in triphenylcyclopentadienyl; in erbium
complex III, the potassium ion is coordinated by five
chloride ligands and a tetrahydrofuran molecule.
RUSSIAN JOURNAL OF C

Fig. 2. Molecular structure of complex II with atoms represented
of the phenyl groups are omitted.
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Complex III is isostructural to the gadolinium and
terbium complexes [{CpPh3Ln(THF)}2(µ2-Cl)2(µ3-
Cl)3K(THF)]2 [9] (Ln = Gd, Tb), which actually was
to be expected in view of the similarity of the Gd3+,
Tb3+, and Er3+ ionic radii.

The structure of IV (Fig. 4) was also established by
X-ray diffraction. According to the results, complex IV
is isostructural to II and to related terbium and gado-
linium complexes [20].
OORDINATION CHEMISTRY  Vol. 49  No. 8  2023
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Fig. 3. Molecular structure of complex III with atoms represented by thermal ellipsoids (ρ = 50%). The hydrogen atoms, some
of the phenyl groups, and carbon atoms of the THF molecules are omitted for the sake of simplicity.
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In this study, we prepared and structurally charac-
terized erbium and praseodymium mono- and bis-
triphenylcyclopentadienyl chloride complexes. All of
the obtained compounds are ate complexes. Praseo-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 4. Molecular structure of complex IV with atoms represented
of the phenyl groups are omitted for the sake of simplicity.
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dymium monocyclopentadienyl complex I is isostruc-
tural to the related neodymium complex, erbium com-
plex III is isostructural to terbium and gadolinium
complexes, while bis-cyclopentadienyl complexes of
  Vol. 49  No. 8  2023
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praseodymium II and erbium IV are isostructural to
analogous terbium and gadolinium bis-cyclopentadie-
nyl complexes.
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