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Abstract—The reaction of 1-(o-methoxyphenyl)-3,4-diphenylcyclopentadienyl potassium with gadolinium
chloride tetrahydrofuranate gives, depending on the stoichiometry, either tetranuclear complex [{[η5-(Ph2(o-
CH3OC6H4)C5H2)Gd(Thf)]2(μ2-Cl)2(μ3-Cl)3K(Thf)}2] (I) or mononuclear complex [(Ph2(o-
CH3OC6H4)C5H2)2GdCl] (II) (CIF files CCDC nos. 2116742 (I), 2116741 (II)). In complex I, the oxygen
atom of the methoxy group is not coordinated to the gadolinium cation, whereas in complex II, the Gd3+ cat-
ion is coordinated to the oxygen atoms of both methoxy groups. Complex II crystallizes in the chiral space
group P41212.
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INTRODUCTION
Cyclopentadienyl lanthanide complexes play an

important role in the organometallic chemistry of 4f
elements and are the first known organic derivatives of
lanthanides [1–4]. The importance of cyclopentadie-
nyl complexes in lanthanide chemistry is due to the
ease of modification of cyclopentadienyl ligand via
replacement of the hydrogen atoms of the five-mem-
bered ring with various organic groups. Lanthanide
complexes with unsubstituted and alkyl- and silyl-sub-
stituted cyclopentadienyl ligands have been most stud-
ied; arylcyclopentadienyl ligands still play a modest
role in the lanthanide chemistry, despite their obvious
benefits related to the diversity of possible modifica-
tion pathways of these compounds by introduction of
substituents into the aryl moiety [5, 6]. Previously, we
showed that by using di-, tri-, and tetraphenylcyclo-
pentadienyl ligands, it is possible to obtain various
structural types of mono-, bis-, and tris-cyclopentadi-
enyl complexes of gadolinium, neodymium, and ter-
bium [7–9]. Owing to the presence of noncovalent
interactions contacts involving prepurified phenyl
substituents in the cyclopentadienyl ligands, various
structural types of these complexes were formed, rang-
ing from mononuclear and binuclear structures to
coordination polymers [9].

The purpose of this study is to elucidate the coordi-
nation possibilities of polyaryl-substituted cyclopenta-
dienyl ligands containing methoxyphenyl substituents.

It was expected that methoxy groups capable of coor-
dination to lanthanide ions would give rise to concep-
tually new complexes.

EXPERIMENTAL
All synthetic operations were carried out in the atmo-

sphere of purified argon in anhydrous solvents using a
SPEKS-GB2 glove box. Prior to use, THF was dried over
NaOH and distilled from potassium/benzophenone.
Hexane was distilled from potassium–sodium alloy/ben-
zophenone. Toluene was distilled from sodium/benzo-
phenone. GdCl3(THF)2.1 was prepared by a known pro-
cedure [10]. Benzyl potassium was obtained using a
modification of the procedure reported in the literature
[11]. 1-(o-Methoxyphenyl)-3,4-diphenylcyclopentadi-
ene was obtained by a published procedure [12] and sub-
limed in a high vacuum. Elemental analysis was carried
out on a Thermo Scientific FLASH 2000 CHNS/O
Analyzer.

Synthesis of [{[η5-(Ph2(o-CH3OC6H4)C5H2)Gd-
(Thf)]2(μ2-Cl)2(μ3-Cl)3K(Thf)}2](Thf)3 (I). A solution
of benzyl potassium (0.265 g, 2.04 mmol) in THF
(10 mL) was slowly added with stirring to a solution
of 1-(o-methoxyphenyl)-3,4-diphenylcyclopentadiene
(0.648 g, 2 mmol) in THF (10 mL). The reaction mix-
ture was stirred for 15 min, and the resulting solution
of 1-(o-methoxyphenyl)-3,4-diphenylcyclopentadie-
nyl potassium was slowly added to a stirred suspension
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Table 1. Main crystallographic data and structure refinement details for I and II

Parameter
Value

I II

Molecular formula C120H124Cl10O10K2Gd4, 3(C4H8O) C48H38ClO2Gd
M 3004.20 839.48
T, K 120 100
System Triclinic Tetragonal
Space group P41212

Z (Z ') 1(0.5) 4(0.5)
a, Å 12.0214(6) 9.8421(2)
b, Å 14.0206(7) 9.8421(2)
c, Å 19.7574(10) 39.0260(12)
α, deg 74.5980(10) 90
β, deg 80.9890(10) 90
γ, deg 83.9800(10) 90
V, Å3 3163.8(3) 3780.33(19)

ρ(calcd.), g cm−3 1.577 1.475

μ, cm−1 24.06 18.64
F(000) 1508 1692
2θmax, deg (completeness) 58

(0.999)
60

(0.998)
Number of measured reflections 52431 40619
Number of unique reflections 16804 5510
Number of ref lections with I > 2σ(I) 14553 5152
Number of refined parameters 732 237
R1 0.0275 0.0307
wR2 0.0731 0.0630
GOOF 1.008 1.022
Residual electron density (max/min), e Å−3 2.350/−1.201 0.636/−0.393

1P
of GdCl3(Thf)2.1 (0.830 g, 2 mmol) in THF (10 mL).
The reaction mixture was stirred for 12 h and centri-
fuged. The solution was concentrated to a volume of
10 mL, and hexane (20 mL) was carefully added,
avoiding mixing of the layers. The crystalline precipi-
tate of I formed within 5 days was dried in a dynamic
vacuum. The yield of I was 1.200 g (92%).

The crystals suitable for X-ray diffraction were pre-
pared by slow diffusion of hexane into a solution of I
in tetrahydrofuran.

Synthesis of [(Ph2(o-CH3OC6H4)C5H2)2GdCl]
(II). A solution of benzyl potassium (0.265 g,
2.04 mmol) in THF (10 mL) was slowly added with
stirring to a solution of 1-(o-methoxyphenyl)-3,4-
diphenylcyclopentadiene (0.648 g, 2 mmol) in THF
(10 mL). The reaction mixture was stirred for 15 min,

For C64H70O6Cl5Gd2

Anal. calcd., % C, 52.77 H, 4.97
Found, % C, 52.69 H, 4.63
RUSSIAN JOURNAL OF C
and the resulting solution of 1-(o-methoxyphenyl)-
3,4-diphenylcyclopentadienyl potassium was slowly
added to a stirred suspension of GdCl3(Thf)2.1 (0.415 g,
1 mmol) in THF (10 mL). The reaction mixture was
stirred for 12 h and centrifuged. The solution was con-
centrated to dryness, and the resulting viscous oil was
triturated with hexane. The precipitate was separated
from the solution by centrifugation. Toluene (7 mL)
was added to the precipitate, and the potassium chlo-
ride precipitate was separated by centrifugation. Hex-
ane (30 mL) was carefully added to the solution,
avoiding mixing of the layer. The crystalline precipi-
tate of II formed within 7 days was dried in a dynamic
vacuum. The yield of II was 0.582 g (69%).

For C48H38ClO2Gd
Anal. calcd., % C, 68.69 H, 4.53
Found, % C, 68.32 H, 4.38
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The crystals suitable for X-ray diffraction were pre-
pared by slow diffusion of hexane into a solution of II
in toluene.

X-ray diffraction analysis of complexes I and II was
carried out on a Bruker Quest D8 diffractometer
(MoKα radiation, graphite monochromator, ω-scan
mode). The structures were solved by direct methods
and refined by the least squares method in the full-
matrix anisotropic approximation on . The
absorption corrections were applied semiempirically
on the basis of equivalent reflections. The disordered
groups were refined using constraints on the atomic
displacement parameters and positional parameters
(DFIX and EADP). The hydrogen atoms in all struc-
tures were calculated and refined using the riding
model. All calculations were carried out by the
SHELXL-2014/2017 software package. The main

crystallographic data and refinement parameters for
compounds I and II are summarized in Table 1.

The atomic coordinates and other structural
parameters were deposited with the Cambridge Crys-
tallographic Data Centre (CCDC nos. 2116742 (I),
2116741 (II), deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION
The reaction of a THF solution of the potassium salt

of 1-(o-methoxyphenyl)-3,4-diphenylcyclopentadiene
with a suspension of gadolinium trichloride tetrahydro-
furanate gives, depending on the reactant ratio, either
mono-cyclopentadienyl ate complex [{[η5-(Ph2(o-
C6H4OCH3)C5H2)Gd(Thf)]2(μ2-Cl)2(μ3-Cl)3K(Thf)}2] (I)
or bis-cyclopentadienyl complex [(Ph2(o-
C6H4OCH3)C5H2)2GdCl] (II) (Scheme 1).

Scheme 1.

The structures of the products were established by
X-ray diffraction. Tetranuclear complex I (Fig. 1,
Table 2) consists of two {[η5-(Ph2(o-
C6H4OCH3)C5H2)Gd(Thf)]2(μ2-Cl)2(μ3-Cl)3K(Thf)}
moieties connected through two K−Cl bonds of the
planar K2Cl2 unit. The Gd3+ cation (C.N. = 8) is
η5-coordinated to the cyclopentadienyl ligand, THF
molecule, and four chloride ligands; one of the gado-

linium cations in each moiety is surrounded by three
μ2-chloride ligands and one μ3-chloride ligand, while
the second cation is surrounded by two μ2-chloride
ligands and two μ3-chloride ligands. Two carbon
atoms of the phenyl ring of one of the two arylcyclo-
pentadienyl ligands in each of the moieties form short
contacts (C…K, 3.260(4)–3.396(3) Å) with the potas-
sium cation. In complex I, the methoxy group of the
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Fig. 1. General view of complex I with atoms being represented by thermal vibration ellipsoids (p = 50%). The carbon atoms of
the coordinated THF molecules and the hydrogen atoms are not shown for clarity.
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phenyl substituent is not involved in intra- or intermo-
lecular coordination to gadolinium, which is surpris-
ing, in view of the known oxophilicity of lanthanides
[13]. As a result, the structure of I proves to be similar
to the structure of the complex with the parent tri-
phenylcyclopentadienyl ligand, [{[η5-(Ph3C5H2)-
Gd(Thf)]2(µ2-Cl)2(µ3-Cl)3K(Thf)}2] (III) [9], devoid
of electron-donating substituents. The methoxyphe-
nyl group of the cyclopentadienyl ligand is arranged in
space similarly to the phenyl group in the same posi-
tion of the cyclopentadienyl ring in complex III.

It is of interest that, whereas the rotation angles of
phenyl substituents in I and II are similar (30.1°−37.8°
and 28.4°−39.3°), the rotation angle of the methoxy-
phenyl group is markedly greater (30.6°−32.8°) than
that of the phenyl group in position 1 of complex III
(18.1°−20.4°). This pronounced rotation of the
methoxyphenyl substituent is surprising, since the pla-
nar arrangement is favorable not only for conjugation
with the cyclopentadienyl ring, but also in terms of the
possible intramolecular C−H…O contact with hydro-
gen of the cyclopentadienyl ligand (Cp). Analysis of
the intramolecular contacts suggests that the oxygen
atom is involved in the intramolecular contact with the

bridging chloride ligand with Cl(1m)…O(1) and
Cl(1m)…O(1A) distances of 3.170(2) and 3.220(2) Å,
respectively (Fig. 2). This type of contacts is also indi-
cated by the magnitude of the OClGd angles
(161°−162°); this is in line with the possible charge
transfer from the oxygen atom to the antibonding
orbital of the Gd–Cl bond.

Complex II (Fig. 3), which belongs to bis-cyclo-
pentadienyl derivatives, is built in a basically different
way. The gadolinium cation in II is η5-coordinated to
two cyclopentadienyl ligands, a chloride anion, and
oxygen atoms of both methoxy groups. In complex II,
C.N.(Gd) = 9. The molecule of II crystallizes in the
chiral space group P41212 and occupies a special posi-
tion: a 2-fold axis that passes through the Gd−Cl
bond. Crystallization in a chiral space group, in turn,
implies the formation of a conglomerate: a mechanical
mixture of enantiomers in which the chiral conforma-
tion is stabilized by Gd…O bonds. Like in the case of
complex I, the rotation angles of the unsubstituted
phenyl rings (25.2(2)° and 31.8(2)°) virtually do not
differ from those in I or III (see above). The rotation
angle of the methoxyphenyl substituent is, as
expected, significantly larger (71.4(2)°) as a result of
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48  No. 5  2022
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Table 2. Selected structural parameters of complexes I, II

Parameter I II

Gd−CCp 2.700(3)−2.781(3) 2.662(4)−2.753(3)
Gd−Cl 2.6392(6)−2.8750(6) 2.600(1)
Gd−OTHF 2.399(2)−2.402(2)
Gd−OOMe 2.617(3)
K…CPh 3.260(4)−3.396(3)

Fig. 2. Fragment of complex I illustrating Cl…O intramolecular interactions.
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the Gd…O interaction. Although the Gd…O distance
in II (2.617(2) Å) falls in the range of the longest
Gd…O(Me)−Ph bond lengths (the average Gd…O
distance is ~2.55 Å), the O−C bond length in II
(1.391(5) Å) is much longer than that in I (1.362(3) Å).

Thus, in relation to the structure of complexes I
and II, it was shown that the 1-(o-methoxyphenyl)-
3,4-diphenylcyclopentadienyl ligand is coordinated to
the central metal ion in conceptually different modes,
depending on the type of the complex being formed
(mono- or bis-cyclopentadienyl complex); in bis-
cyclopentadienyl complex II, both methoxy groups
are involved in coordination, which leads to increase
in the gadolinium C.N. to 9 and to a regular lengthen-
ing of the Gd−CCp distances.
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